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ABSTRACT 

 

Since the microelectronic revolution, its technological evolution has been aimed at 

searching for more compact, reliable, and rugged electronic devices or integrated systems, 

offering as much performances and functionalities as possible at a lower cost. This has not only 

allowed them to complement or replace in many applications other systems based on mechanic, 

electromechanic, hydraulic, and pneumatic principles (e.g., communication systems, more 

electric aircrafts or railway traction), but also has fostered innovating working scenarios (e.g., 

internet of things or autonomous vehicles) facing societal challenges. However, these targets 

entailed several consequences in terms of microelectronic devices and systems 

manufacturability (optimize fabrication process), reliability (virtual prototyping), and testability 

(system assessment and performance evaluation), in which local functional inspection is crucial 

and partially ensured by accessing pads. However, local accessibility to the whole die is not 

possible externally, and has been worsened by the current monolithical integration capabilities, 

posing new challenges in the reliability and performance assessment at die level. In this 

scenario, local off-chip characterization with non-invasive spatially-resolved imaging 

techniques has become one of the most promising solutions. 

As a solution to such problems in more-than-Moore domain, this work proposes to 

thermally study the surface of such Microelectronic devices and systems with an imaging 

infrared thermography (IRT) system by applying lock-in detection strategies. When modulating 

heat sources in frequency, lock-in detection improves the sensitivity of the IRT system, and 

depending on the modulation and frequency, allows sensing thermal variations below noise 

equivalent thermal difference (NETD) limit of the camera, without any influence of boundary 

conditions and blurring effects due to heat spreading. Consequently, acquired thermal maps 

make possible locally monitoring weak heat sources not only for failure analysis (mainstream 

use, state-of-the-art), but also for electrical testing in frequency domain, figures of merit 

extraction, or device physical parameters determination (novelty of this work). 

Facing these challenges have supposed understanding the Physics underlying the 

performed measurements, designing and implementing a thermal and electrical biasing system 

for the samples, and setting up an Infrared Lock-in Thermography (IR-LIT) system, optimizing 

the thermal image acquisition procedure. In order to access the potential in the current 

Microelectronic scenario, the following case studies have been addressed (going from less to 

more complex situations):  

i) intradie and packaging parasitic phenomena inspection (parasitics deembedding),  

ii) wide bandgap (WBG) power devices failure analysis under overload conditions,  

iii) local abnormal electrical behavior study in WBG power devices ,  
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iv) thermal and electrical local testing of microwaves and RF power amplifiers,  

v) functional and consumption analysis of RFID wireless pad-free sensor systems. 

When required, the main conclusions of each study have been feedback to design engineers to 

improve or make more rugged the inspected device or system. As a result, the proposed 

approach has been assessed and demonstrated as a powerful and innovative tool, not only for 

failure analysis and electrical parameters extraction in power electronics, but also to perform a 

deeper behavioral study on more complex microelectronic systems to determine their possible 

electrical misbehaviors and propose design improvements. Besides, the presented approaches do 

not reduce to infrared acquisition systems, but also allow being implemented with any thermal 

monitoring equipment with higher spatial resolution. 
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RESUMEN 

 

Desde los inicios de la revolución microelectrónica, su evolución tecnológica siempre se ha 

visto marcada por la búsqueda constante de dispositivos y sistemas electrónicos monolíticos 

más compactos, fiables y robustos, ofreciendo mejores prestaciones y funcionalidades a un 

coste razonable. Ello no sólo ha permitido su uso para complementar o sustituir en muchas 

aplicaciones a otros sistemas basados en elementos mecánicos, electromecánicos, hidráulicos, y 

neumáticos (sistemas de comunicación, more electric aircrafts o tracción ferroviaria), sino que 

también ha dado lugar a nuevos conceptos o campos de aplicación (internet of things o 

vehículos autónomos) afrontando retos sociales. Todo ello ha conllevado ciertos contratiempos 

relacionados con los procesos de fabricación, fiabilidad, y caracterización de dispositivos y 

sistemas electrónicos monolíticos, superados gracias al acceso al chip ofrecido por los pads de 

interconexión. No obstante, la accesibilidad local a todo el chip no es posible externamente, y 

esta situación se ha visto agravada por la alta capacidad de integración monolítica actual. En 

este escenario, la caracterización externa no invasiva local mediante técnicas de imagen se ha 

convertido en una solución muy prometedora. 

Esta tesis doctoral propone estudiar térmicamente la superficie de dispositivos o sistemas 

microelectrónicos mediante un sistema de termografía infrarroja (TIR) por imagen aplicando 

estrategias de detección lock-in. Cuando se modulan fuentes de calor en frecuencia, la detección 

lock-in mejora ostensiblemente la sensibilidad del sistema (por debajo de los niveles de ruido de 

la cámara infrarroja) y, en función del tipo de modulación y su frecuencia, sin influencia alguna 

de las condiciones de contorno ni de los efectos de “desenfoque” (blurring effects) debidos a la 

propagación de calor (heat spreading effect). En consecuencia, la monitorización local de 

fuentes débiles de calor es factible a nivel chip, no tan sólo para realizar análisis de fallos 

(principal tendencia en el estado del arte), sino que también para la caracterización local 

eléctrica en frecuencia, extracción de figuras de mérito, o determinación de parámetros físicos 

de un dispositivo o sistema integrado (novedad propuesta en esta tesis doctoral). Así, se 

proporciona una alternativa i un enfoque novedoso para la caracterización local a nivel chip. 

Para llevar a cabo esta investigación, ha sido primordial la comprensión de la física de las 

medidas realizadas, el diseño e implementación de instrumentación adicional para polarizar 

eléctrica y térmicamente la muestra, y la puesta a punto de un sistema TIR, optimizando su 

proceso de adquisición. Para mostrar la potencialidad de la solución propuesta, se han analizado 

los siguientes casos de estudio: 

i) caracterización de parásitos de interconexión y de acoplo por sustrato a nivel 

encapsulado y chip, respectivamente; 
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ii) mecanismos de fallo de diodos de potencia de gap ancho (WBG) bajo condiciones de 

sobrecarga, 

iii) estudio local del comportamiento eléctrico anómalo en dispositivos de potencia WBG, 

iv) caracterización local eléctrica y térmica de amplificadores de potencia para RF y 

microondas, 

v) análisis funcional y de consumo sistemas sensores integrados RFID inalámbricos. 

Las conclusiones de cada estudio han sido proporcionadas a los diseñadores del dispositivo 

o sistema inspeccionado para mejorar sus prestaciones o robustez. Se ha puesto de manifiesto 

que la solución propuesta es una herramienta potente e innovadora, no sólo para el análisis de 

fallos, sino que también para extraer los parámetros físicos locales en dispositivos y caracterizar 

eléctrica y funcionalmente sistemas microelectrónicos complejos. Además, las metodologías 

presentadas son extrapolables a otros equipos de medida de temperatura con mayor resolución 

espacial. 
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RESUM 

 

Des dels inicis de la revolució microelectrònica, la seva evolució tecnològica sempre s'ha 

encaminat cap a la recerca de dispositius i sistemes electrònics monolítics més compactes, 

fiables i robustos; garantint més prestacions i funcionalitats a un menor cost. Això no tan sols ha 

permès el seu ús per a complementar o substituir en moltes aplicacions altres sistemes basats en 

elements mecànics, electromecànics, hidràulics, i pneumàtics (per exemple, sistemes de 

comunicació, more electric aircrafts o tracció ferroviària), sinó que també ha fomentat nous 

conceptes o marcs d’aplicació (internet of things o vehicles autònoms) afrontant reptes socials. 

Aquesta recerca ha superat diversos contratemps relacionats amb la fabricació, la fiabilitat, i 

caracterització elèctrica de dispositius i sistemes electrònics monolítics, gràcies a l’accés al xip 

ofert pels pads d‘interconnexió externa. No obstant, l’accessibilitat local a tot el xip no és 

possible externament, i s’ha vist reduïda per l’alta capacitat d'integració monolítica actual; 

afegint nous reptes en l'avaluació de la fiabilitat i el rendiment de fabricació de dispositius i 

sistemes electrònics monolítics. En aquest escenari, la caracterització local no invasiva per mitjà 

de tècniques d'imatge s'ha convertit en una de les solucions més prometedores. 

Aquesta tesi proposa estudiar tèrmicament dispositius o sistemes electrònics monolítics 

combinant un sistema de termografia infraroja (TIR) per imatge amb estratègies de detecció 

lock-in. Quan les fonts de calor es modulen en freqüència, la detecció lock-in millora 

ostensiblement la sensibilitat del sistema (per sota del nivells de soroll tèrmic de la càmara 

infrarroja) i, en funció de la modulació i la freqüència, sense cap influència sobre les mesures de 

les condicions de contorn ni el “desenfocament” (blurring effect) causat per la propagació de 

calor (heat spreading effect). En conseqüència, la monitorització local de fonts febles és factible 

a nivell xip, no tan sols per a realitzar anàlisi de fallades (principal tendència a l’estat de l’art), 

sinó que també per la caracterització local elèctrica en freqüència, extracció de figures de mèrit, 

o mesura de paràmetres físics locals d’un dispositiu (novetat d’aquesta tesi). D’aquesta manera, 

es proporciona una alternativa i un enfocament innovador per realitzar la caracterització local a 

nivell xip. 

Per dur a terme aquesta activitat, ha estat cabdal la comprensió de la física de les mesures 

realitzades, el disseny i implementació d'un sistema per la polarització elèctrica i tèrmica de la 

mostra, i la posada a punt d’un sistema TIR, optimitzant el seu procés de mesura. Per tal de 

mostrar la seva potencialitat, s’han analitzat els següents casos d’estudi: 

i) paràsits d’interconnexió i d’acoblament per substrat a nivell d’encapsulat i xip, 

respectivament; 

ii) mecanismes de fallada en dispositius de potència de gran amplada de gap (WBG) sota 

condicions de sobrecàrrega; 
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iii) comportament elèctric anòmal en dispositius de potència WBG sota condicions de 

sobrecàrrega; 

iv) caracterització tèrmica i elèctrica local d’amplificadors de microones i RF; 

iv) anàlisi funcional i de consum de sistemes de sensors integrats inalàmbrics RFID. 

Les principals conclusions de cada estudi han estat proporcionades als dissenyadors del 

dispositiu o sistema inspeccionat per millorar-ne les seves prestacions o robustesa. Com a 

resultat, la solució proposada ha evidenciat ser una eina potent i innovadora, no només per a 

l'anàlisi de fallades, sinó que també per extreure paràmetres físics locals en dispositius i estudiar 

amb major profunditat el comportament elèctric de sistemes microelectrònics complexos. A més 

a més, les metodologies presentades són realitzables amb altres tècniques termogràfiques amb 

major resolució espacial. 
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INTRODUCTION AND MOTIVATION 

  1 

1 INTRODUCTION AND MOTIVATION 

1.1 Yield, reliability and local electrical testability: a historical overview 

Yield and reliability in electronics have been a major issue since the fabrication of the first 

vacuum tubes in 1906. For instance, the first computer (ENIAC, 1946) was fabricated with 

17.468 vacuum tubes that frequently broke down, hence impoverishing its reliability. When the 

Bell Labs invented the transistor in 1947, it meant a revolution. Complex circuits were 

manufactured, soldering each component in place and connecting them with metal wires. 

However, it was very difficult to manufacture a computer, assembling a huge number of tiny 

components without any faulty connection, reducing the number of wires and improving the 

performances of the final design (the so-called tyranny of numbers). 

Some years later, this issue seemed to be mitigated with the appearance of 

Microelectronics. In 1958, Jack Kilby invented the first integrated circuit as a first solution to 

tyranny of numbers: electronic system performances were improved by integrating multiple 

devices in one substrate. However, it emerged another problem: it was very difficult to 

interconnect them. Robert Noyce solved this by adding a metal layer on their top, thus 

interconnecting them properly [1]. This reduced enormously the cost of complex circuits, 

allowing the mass production of integrated circuits (ICs), and yielding some years later the 

creation of the IBM 5150, the first commercial personal computer, in 1981. Furthermore, the 

system performance was extremely improved. However, something was lost: local electrical 

testability of the devices, i.e., not all nodes were available to perform a local performance 

characterization within the integrated circuit (testability at device level). 

In addition to the loss of electrical testability at device level, miniaturization of devices has 

entailed new challenges to reliability and yield studies. The area of the chip has barely increased 

in the last 30 years, but the number of devices has been multiplied by one million, self-fulfilling 

the Moore’s law [2]. Moreover, device shrinkage has evidenced new failure modes [3]. 

Therefore, a huge research effort has been made in order to obtain good yields. On the other 

hand, chip packaging has become a source of reliability problems, for instance, in the so-called 

system-in-package. The integration of different technologies, material combinations and 

processes in one package [4] can provoke more failure modes, because of the different material 

interfaces. In this scenario, local electrical testability plays an important role: it allows 

determining whether all parts of the integrated circuit work properly. However, not all 

interconnection nodes are externally accessible and, when they are, problems could arise from 

the IC performance point of view. Then, built-in solutions or off-chip techniques are becoming 

more and more interesting to tackle this problematic issue. Another clear potential of local 

electrical testability is the measurement of figures of merit of IC blocks or, even, individual 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

2 

monolithically integrated devices. Therefore, yield, reliability and local electrical testability in 

devices and microelectronic systems are hot topics from the early stages of electronics up to far 

beyond 2020 horizon, as envisaged by nano-microelectronic specialists. Several efforts have 

been addressed to improve such figures using on- or off-chip characterization techniques. 

Among them, the most extended in Microelectronics are based on thermal monitoring, as stated 

further on. 

1.2 Reliability assessment and failures in Microelectronics 

The relationship between yield and reliability has been proven [5]. The information relating 

both characteristics is useful to find an optimal burn-in policy so as to eliminate the infant 

mortality and increase the reliability of the commercialized product [6]. Such technique is 

widely employed in the foundries, and it is very useful to reduce system deployment costs. But, 

burn-in tests present some drawbacks: they are expensive, do not provide so much information 

about the failure mechanisms of the devices, and, in many situations, do not reveal the physical 

failure signature location to carry out debugging [7,8]. Therefore, complementary tests and local 

characterization techniques are required in order to locate such failure signatures and identify 

their nature or origin: process variation or layout design. Manufacturing process variability is an 

important factor. The amount of process variation has become particularly pronounced with 

devices shrinkage. Fortunately, this variation causes measurable and predictable variance in the 

output performance of all integrated systems or devices, more pronounced in analog circuits due 

to internal mismatches. If the variance causes the measured or simulated performance of a 

particular output metric (bandwidth, gain, rise time, etc.) to fall below or rise above the 

specification for the particular circuit or device, it reduces the overall yield for that set of 

devices. On the other hand, when failures are provoked by a non-optimum layout design (latch-

up, short circuits in metal tracks, open circuits, etc.), this information can be used to re-design 

the circuit or device (circuit or device debugging). They also can be identified as process-

induced defects, allowing, when it is possible, the process improvement so as to increment the 

yield and in turn, reduce the burn-in tests cost. Failures can also be triggered by unavoidable 

crystallographic lattice defects in emerging semiconductors (like micropipes in SiC or stacking 

faults in GaN) or by packaging-induced structural damages. It is interesting to also investigate 

them to relate the lattice or packaging defect with the failure physics. 

Usually, failure mechanisms in Microelectronics are local physically-driven phenomena 

that alter the proper behavior of the device or microelectronic system [9]. Depending on the 

severity of the failure, the operability of the entire chip may be damaged. Basically, there are 

four causes of failure in electronics: temperature (55%), vibrations (20%), dust (6%) and 

humidity (19%). As it can be seen, the main reason is an excess of temperature caused mainly 

by a local current density increase (current crowding phenomena), which yields in a non-
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uniform temperature distribution, sometimes concentrated in a hot spot. It is interesting to use 

these thermal non-uniformities to locate failures, in order to thoroughly evaluate their nature. 

However, thermal non-uniformities are not always related with a failure mechanism: they are 

present in all electronic devices. As an example, in a complex IC system, a non-homogeneous 

temperature distribution can be due to the different power dissipated in each IC block by design, 

hence not being caused by a failure. Therefore, capturing such thermal maps can also be used to 

have a better insight on the IC operation, and also to obtain some electrical figures of merit with 

spatial resolution, which is not possible in some circumstances by electric means.  

Therefore, from the Microelectronics early stages, local testability and reliability have been 

consolidated as a must to improve yield, deal with safety requirements of any electronic 

application, and reduce the electronic waste, as well as its subsequent health and environmental 

effects. Depending on certain applications, safety requirements are very exigent, mainly when 

they deal with managing high levels of energy (e.g., motor drives or traction) or involve human 

beings as final users (e.g., consumer electronics or implantable sensors). The next sections 

present the current demands in reliability and testing in two hot topics in which this thesis has 

contributed: energy conversion (power semiconductor devices) and wire-less communications 

(RF integrated systems in complex integrated circuits). 

1.3 Reliability and testing demands for devices in energy conversion 

As the energy demand increases every year, it is mandatory to exploit clean energies and 

promote energy saving strategies so as to reduce the environmental pollution [10]. Power 

Electronics is one of the enabling technologies to tackle such challenges, as it efficiently 

manages, distributes and generates electric energy (energy conversion) respecting environment. 

Currently, several efforts at European and National level are being carried out to develop more 

efficient power electronic systems for energy saving (~25% reduction of EU energy 

consumption) [11] and for favoring smart, green and integrated transport (e.g., electric car [12] 

or more electric aircraft [13]). Obviously, such power systems should be reliable and meet the 

safety requirements, due to the high voltage and current ratings involved [14]. In this 

framework, power devices design for robustness is expected to play an important role, as they 

are one of the most fragile parts of the power converter [15]. Sometimes, abnormal and 

undetected overload transients can induce them to fail [16, 17], though they have passed all 

electrical stress and overloading tests (e.g., JEDEC standards). For instance, amongst all energy 

saving scenarios, motor drives present the highest power device failure rates (most stressful 

working conditions) with expensive maintenance actions (> 80% of the system cost) in all their 

subfields, affecting them differently [18]. In traction (e.g., railway or electric car), the cost 

impact is much higher due to safety regulations [18]. In wind energy (17.5% of total failures 

due to electric system [19]) and industrial power systems, it is intended to reduce unscheduled 
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maintenance [20] and claim for new approaches to current reliability methods [18], respectively. 

One solution to this situation is understanding the die failure physics to improve the device 

ruggedness (device designers) and determine electrical failure indicators for system robustness 

enhancement (final users) gathering standard electrical stress tests, ground-breaking local 

characterization approaches at die level, and predictive electro-thermal physical simulations. 

With regards to power device destruction mechanisms, they always originate from 

overcoming the Safe Operating Area (SOA) of the power device as a result of an electrical 

and/or thermal overload [16, 21], as previously stated. This occurs within the die, starts from a 

local electro-thermal phenomena (high temperature and current levels reached locally) at very 

short timescales (ns-s range), and can be enhanced by materials degradation (wear-out of 

packaging and chip) [21, 22]. Sometimes, the origin of such catastrophic phenomena is 

unknown (mostly for breakdown voltages > 1 kV), is non-repetitive, and depends on the device 

layout [23] or its inherent structure [24]. From the failure physics knowledge, semiconductor 

manufacturers can improve the device ruggedness by means of protection logic/sensors 

integration (smart power) or the device layout improvement [24]. Moreover, exploring SOA in 

power devices manufactured with new materials (Wide-Band-Gap –WBG–; SiC, GaN, or D) is 

a very promising research [25, 26]. They could show new failure mechanisms based on the 

physics of these materials (e. g., in SiC, stacking faults [27] or dielectric interface traps). Even, 

it is possible to improve the device technological processes, since they are not as mature as 

those in Si. With the electrical failure signatures, final users can implement new strategies to 

take advantage of overload indicators monitoring to control destructive events (e.g., hot spot 

formation and thermal runaway), reduce the intervention cost (no device explosion), have an in-

depth knowledge of device working conditions, and determine electro-thermal stress 

experienced by the device after several abnormal events specifically related to the final 

application (die degradation due to ageing). As detailed further on, this thesis will contribute to 

this field by analyzing SiC power diodes under overcurrent conditions and correlating electrical 

failure signatures with overloading tests. 

1.4 Reliability and testing demands in RF Systems-on-Chip 

Despite of this scaling-down career in electronic devices, one of the main achievements of 

the last decade has been to integrate in electronic systems other blocks with different 

functionalities along with digital processing subsystems to create an added value on the final 

system (More-than-Moore domain). For instance, this is the case of integrating wireless 

communication modules, sensors and actuators, power management and lighting in a single 

electronic integrated system. The integration of several elements, that belongs to digital and 

non-digital processing worlds to add more functionality and make more attractive for a final 

user the final electronic product (Heterogeneous Integration domain), can be performed in a 
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given chip (System-on-Chip –SoC–) or using packaging technologies (System in Package 

–SiP–). Monolithically integrated electronic systems, as well as their constituting blocks, should 

accomplish several requirements regarding on their design for manufacturability (optimize 

fabrication process of all parts), reliability (virtual prototyping), and testability (system 

assessing), as a consequence of the current nano-microelectronic trends: device miniaturization, 

operating frequency increase, and heterogeneous integration. Furthermore, process variability 

can be another added drawback that should be taken into account in the design phase to mitigate 

its negative effects. For instance, one clear example of market trends is the so-called “internet of 

things” or individual objects communication [28]. Object-to-object communication allows 

creating a net of sensors wirelessly connected that in real time, detect and monitor changes in 

their physical status to control a given parameter in a big volume. This technology is benefited 

from sensors and RF systems monolithical integration to implement Radio Frequency 

Identification (RFID) and wireless sensor networks [29]. This can be widely used in military, 

environmental monitoring and forecasting, healthcare, intelligent home, intelligent transport 

vehicles, warehouse management, and precision agriculture [29]. 

In this framework, time and costs in analog, RF or sensor blocks testing (almost 80%) 

make SoC’s manufacturing expensive [30]. To reduce this also improving yield and SoC 

performances, Built-In Self Test circuits (BIST) are used to locally test them on-chip [31, 32, 

33]. BIST’s design require to ensure its optimum layout placement, manufacturability, and 

testability (a challenge in 3D stack) [30]. Concretely, RF blocks pose the most challeging design 

restrictions on BIST’s in terms of placement and loading effects [34]. In such blocks, the power 

amplifier (PA), low noise amplifier (LNA), Mixer, and voltage local oscillator are the most 

critical elements [35]. Their monitoring with BIST’s requires electrically contacting them, 

which increases the complexity of their design, and can degrade the SoC performances [32, 33]. 

One solution is measuring with BIST’s a non-electrical IC variable, e.g., temperature (thermal 

sensors) [31, 36]. In this scenario, the use of off-chip thermal techniques can be crucial to 

locally assessing the IC electrical performances, identifying the optimum BIST placement 

(better sensitivity without electrical coupling), and carry out BIST’s thermal characterisation 

[37]. Even, image diagnostic off-chip systems could be very interesting to aid for the analysis of 

SoC’s in production plants or foundries for in-situ testing, extracting FOM’s frequency response 

or aid to its debugging under operation conditions. In this field, this thesis will contribute to off-

chip thermally analyze a microwave power amplifier, extract figures of merit in frequency of an 

RF power amplifier, and functionally and consumption analyze a wireless RFID chip.  

1.5 Non-invasive off-chip local testing in Microelectronics scenario 

Non-invasive off-chip characterization with spatially-resolved techniques has been 

consolidated as one of the most suitable solutions to address local testing [38, 39, 40]. However, 
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a single technique suitable for all cases is not available, and usually multiple approaches are 

used to tackle this problem. Such techniques split into passive (local stimulation, no device 

activation) or active (inspecting the device or circuit under operation), are available in the time 

or frequency domain, access to the die by its top or backside surfaces, and provide a map of the 

monitored physical property by scanning (point-by-point measurements) or single-shot imaging 

(referred from now on as imaging). Their main requirements to address the characterization 

needs are: to have a versatile, active, imaging technique working in both time and frequency 

domains, and without electrically loading the die. Currently, single-frame imaging systems 

capable of monitoring non-repetitive phenomena at short time scales (e.g., destructive 

phenomena in power devices) are available [40, 41]. They are preferred instead of scanning 

measurements to reduce the test time. When monitoring a magnitude in the frequency domain 

(lock-in measurements), the maximum lock-in frequencies achievable during acquisition are 

limited, not reaching the operation frequency of the inspected device or integrated system. This 

can be overcome using smart procedures, such as the use of frequency-modulated excitation to 

down convert the high frequency electrical information to a lower frequency for local extraction 

of Figures of Merit in frequency (FOM) or functional analysis in Integrated Circuits (IC’s) [42, 

43, 44], as this thesis has aided to set-up in the state-of-the art. 

To avoid electrically loading the die, optically-based techniques have been widely used 

[45, 46, 47]. Some of them have been focused on studying hot spots, since sensing thermal field 

offers the following benefits: it monitors the dissipated heat (no electric coupling), and allows 

using the heterodyne approach for electrical information/FOM’s down conversion in frequency 

[42, 37, 38, 44, 47, 48]. In fact, hot spot detection and location is a common practice in failure 

analysis and functional design debugging [38, 48] in complex IC’s and advanced devices at die 

level. Typically, hot spots location has been based on the measurement of temperature [38] or 

MOSFET hot-carriers’ luminescence [49, 50] accessing to the die through the its top (frontside 

techniques) or bottom (backside techniques) surfaces. Frontside techniques are sometimes 

limited by top metal layers (attenuation of temperature [38] and photon emission [51]), whereas 

a background specific preparation is required in the case of backside approaches [51]. All them 

have faced and solved some microelectronic challenges: IC non-proper operation due to process 

variability [52], FOM degradation in Radio Frequency (RF) ICs [53], or new failure modes in 

emerging semiconductor materials for energy conversion applications (e.g., Gallium Nitride –

GaN–, Silicon Carbide –SiC– and Diamond –D–) [42, 37, 54]. Concretely, this thesis will use 

lock-in infrared thermography to characterize the devices and systems stated above. 

1.6 Thesis Scope and objectives  

Among all possible approaches to carry out off-chip characterization by optical techniques, 

the present work focuses on infrared thermography. Infrared thermography uses an infrared 
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measuring system (e.g., an infrared camera) to determine the surface temperature map of any 

hot object in the time domain. However, this procedure has not as much thermal resolution as 

desired, because the temperature variation induced by a monitored signal or failure signature is 

usually orders of magnitude lower than the average temperature of the whole chip. 

Nevertheless, the sensitivity of infrared thermography can be improved by applying the lock-in 

correlation strategy: an averaging method that improves the thermal resolution in some orders of 

magnitude [55, 56, 57]. This procedure consists in applying the lock-in detection strategy pixel 

by pixel, where the average temperature and the harmonic content out of interest is eliminated, 

acquiring only the variations of temperature due to a particular excitation harmonic. To do that, 

it is of paramount importance to determine how the device under test must be biased: the results 

of this lock-in detection are strongly influenced by the bias parameters, and this fact can be used 

to decouple different conduction mechanisms, triggering different conduction paths, or 

activating some weak spots or defective IC blocks.  

Thus, this thesis intends to explore the use of infrared lock-in thermography to acquire and 

analyze the thermal fields originated on top of microelectronic devices and systems, not only for 

obtaining the location of physical failure signatures (hot spots) and determine what their origin 

is, but also to detect their electrical misbehaviors, or even carrying out electrical testing or 

figures of merit extraction in the frequency domain in non-faulty systems. The selected proof-

of-contcept to test the developed thermographic system to cover some hot topics in more than 

Moore domain stated before are: 

i) intradie and packaging parasitic phenomena analysis (exploitable in heterogeneous 
integration domain),  

ii) wide bandgap power devices failure mechanisms and its abnormal behavior 
analysis,  

iii) RF electrical testing by off-chip approaches in SoC parts (e.g., power amplifiers),  
iv) and complex RFID wireless sensoric systems. 

To this end, the present work is mainly divided into two parts. The former one focuses on 

setting up and optimizing a Lock-in Infrared Thermography (LIT) system establishing a 

measurement procedure, so as to correctly identify surface heat sources in the frequency 

domain. All parameters, the experimental setup, and the best measuring conditions are properly 

identified and pointed out. Several resources in collateral topics, as for instance emissivity 

correction, vibrations and ambiental noise sources have also been analyzed. The second part 

exploits the IR-LIT system to inspect and study heat sources to extract relevant information 

related with electrical, functional or failure information. This is carried out for a variety of 

different microelectronic devices and systems, going from the less to the more complex 

scenarios. The measurements will be also used as a feedback to microelectronic design 

engineers, so as to aid the device or SoC improvement during the debugging phase. 
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1.7 Organization and brief description of the thesis 

This thesis has been organized in 9 chapters, covering several hot topics in off-chip 

characterization from more-than-Moore domain: packaging parasitics, reliability and local 

measurements in SiC power diodes, RF power amplifiers figures of merit determination and 

thermal resistance local extraction (analog design), and an RFID system for pH measurements. 

This work has been reported in the follows. Chapter 2 describes the Infrared thermography 

approach, providing some limitations and solutions for electrical testability and heat source 

detection, as well as the setup developed in this work, which consists of a lock-in infrared 

thermography system based on an infrared camera. Once the setup is optimized, it is used, in all 

the other Chapters (from Chapter 3 to Chapter 8), to evaluate the thermal fields originated in 

different case studies, representative of different applications with higher complexity, 

innovation and interest. 

Chapter 3 presents a case study of electrical testability in the frequency domain of 

monolithically integrated devices by infrared measurements: the electrical frequency response 

of a Thermal Test Chip (TTC) [58, 59, 60, 61]. This chip emulates the typical behavior of a 

vertical or IC under operation: heat generates on the top and after travels through the die up to 

its backside. This heating is carried by a heating resistor, which is sensed by a thermal sensor 

located in the middle of the top surface. This chapter aims at analyzing the electrical coupling 

between the thermal resistor sand the sensor, which has been measured until 30 MHz thanks to 

using heterodyne excitation.  

In Chapter 4, several Silicon Carbide Schottky Barrier Diodes (SiC SBDs) have been 

inspected non-invasively by Infrared Lock-In Thermography (IR-LIT) to determine their 

structural weak spots, resulting from their manufacturing, thermal ageing tests or destructive 

surge current tests. To do that, it is proposed to modulate the thermal map over the diodes 

surface in the frequency domain with different techniques, so as to decouple and identify failure 

mechanisms or weak spots depending on the device operation regime. This has been possible 

thanks to two powering circuits designed for this purpose. 

One of the modulation techniques proposed in Chapter 4, the Small Signal Modulation for 

Thermal Analysis or SIMTA, is exploited in Chapter 5, to further study one of the studied SiC 

SBD’s, presenting a multibarrier behavior. SIMTA thermally modulates in frequency the weak 

spots responsible for this behavior with a small signal voltage, while the device is electrically 

biased in an operating point of its static I/V curve. This allows quantitatively studying them in 

thermal steady state as heat sources by lock-in thermography depending on the device operating 

regime. Using SIMTA, the barrier height and the area of each weak spot were determined by 

thermal means, yielding to an electrical model that fits the observed multibarrier behavior.  

Chapter 6 supposes an increase on the complexity of the case study, and describes a new 

procedure to non-invasively extract the local thermal resistance of a Monolithic Microwave 
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Integrated Circuit (MMIC) by IR means. The thermal resistance in HEMTs considers its local 

maximum temperature and the power generated in the whole device, but an experimental 

approach for such measurements (mainly power dissipated per device) is not currently available 

when they are monolithically integrated in MMICs. However, thanks to thermal field 

confinement offered by frequency modulation, the power distribution among the active 

transistors can be inferred, making feasible their individual thermal resistance extraction.  

Chapter 7 deals with another application scenario for lock-in infrared monitoring: the 

analysis of a class A feedback cascode amplifier for RF applications. The purpose of this 

chapter is to: thermally and locally study its electrical frequency behavior (from 100 MHz up to 

2 GHz), propose a new methodology based on thermal imaging to extract both its power gain 

frequency response and its 1dB Compression Point (referred as 1dBCP) for linearity 

characterization (figures of merit), and explore the possibility of integrating monitoring circuits 

to embed them to act as Built-In Self-Test (BIST) elements. Besides, an integrated temperature 

sensor will be also analyzed to discuss and understand the results obtained. To perform such 

measurements, heterodyne driving of the studied amplifier was carried out.  

Chapter 8 details the analysis of signal processing IC’s, whether qualitatively or 

quantitatively, to detect the origin of their misbehavior and debug their design. In this case, 

several Radio Frequency IDentification (RFID) tags (the most complex IC analyzed), featuring 

monolithically integrated sensors, and powered by Inductive Power Transfer (IPT) have been 

analyzed. They presented an abnormal behavior, whose origin was not possible to be detected 

by conventional (electrical) means, as they did not feature any connection pad. This lack of 

connectivity also obstructs a proper electrical characterization, being neither possible to extract 

any electrical parameter. Therefore, these issues have been tackled by using InfraRed Lock-In 

Thermography (IR-LIT), while modulating the RFID IC powering scheme in the frequency 

domain. In this framework, the present work extends the use of IR-LIT to failure, functional and 

consumption analyses of RFID IC’s with Inductive Power Transfer (IPT) systems. 

Finally, in Chapter 9, the most interesting conclusions regarding the complete thesis, are 

drawn. Finally, three annexes are including, providing more details about: the IR-LIT system 

configuration and optimization (Annex A), the structure of the presented TTC, jointly with it 

thermal frequency domain study (Annex B), and how the equations and theoretical 

considerations have been inferred in Chapter 7 (Annex C).  
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2 LOCK-IN INFRARED THERMOGRAPHY 

This chapter provides a brief introduction on Infrared thermography, its interest as a non-

invasive tool for thermal characterization in Microelectronics, and solutions proposed to solve 

its limitations in this framework. Moreover, it also demonstrates that non-invasive electrical 

testing is possible by means of infrared thermal measurements, as indicated by recent works 

found in the literature. Then, this chapter is organized as follows: firstly, a historical overview, 

its physical principles and the emissivity correction problems are stated for a better 

understanding of the measurement process, finally highlighting its thermal and spatial resolution 

limitations. Secondly, the lock-in approach is presented as a solution to improve the signal-to-

noise ratio of the output signal coming from the camera. Thirdly, some concepts on frequency 

modulation of heat sources and their resulting thermal fields are detailed, finally showing how 

the spatial resolution of hot spots can be improved by frequency modulation. Fourthly, the 

benefit of using both approaches together is indicated in Microelectronics not only to locate 

failure signatures on the die surface, but also to non-invasively monitor electrical figures of 

merit of certain devices by means of working in the frequency domain (thanks to frequency 

down conversion techniques). 

2.1 The Infrared Thermography 

2.1.1 Historical overview 

It is well known that all objects, by the mere fact of being at a temperature above absolute 

zero, emit electromagnetic radiation, and they can be also heated up by applying this radiation 

with the same efficiency [1] (Kirchoff’s law). In 1777, Landriani discovered that, decomposing 

with a Newton’s prism the several spectral components of the visible light, they heated up a 

thermometer to different temperatures depending on the used wavelength (radiation absorption). 

Herschel expanded the experiment: he tried to find the wavelength range at which this radiation 

absorption was maximum. As a result, he concluded that it occurred in the “infrared band” [2], 

outside the visible spectrum. 

Since this discovery, there has been a huge effort to measure the object temperature by 

means of infrared radiation, using any of their smaller bands: Near-InfraRed (NIR, 0.75-

1.4 µm), Short-Wavelength InfraRed (SWIR, 1.4-3 µm), Mid-Wavelength InfraRed (MWIR,3-

8 µm), Long-Wavelength InfraRed (LWIR, 8-15 µm) and Far-wave InfraRed (FIR, 15-

1000 µm). In 1880, Langley invented the bolometer, which sensed the infrared emission with a 

blackened strip of platinum connected in one arm of a Wheatstone bridge [3]. The two world 

wars promoted the evolution of the infrared sensing systems, developing the image converter 

and the photon detector. The first “night vision camera” was invented by using the infrared 
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band, but its sensibility was very low to detect enemy soldiers, so the scene had to be 

illuminated with infrared light, involving the risk of giving the observer’s position to the enemy. 

That fact provided impetus to develop passive systems where no lighting was necessary, but 

those discoveries began to be revealed in the 1950’s [4,5]. Nowadays, those discoveries have 

yield to digital thermal cameras based on focal plane arrays (FPAs), which are matrix of 

infrared sensors, either based on microbolometers or on quantum well infrared photodetectors. 

To better understand the physics behind infrared thermography, next section discusses its 

measuring principle and shows the problematic of such measurements. 

2.1.2 Physics of infrared thermography and measured magnitudes 

According to Kirchhoff’s law of thermal radiation [6], there are some objects (called 

blackbodies) that are capable of absorbing electromagnetic radiation at any wavelength and also 

are equally capable of emitting it. Max Planck described the spectral radiant emittance at 

wavelength λ from a blackbody W,bb  [7,8] as: 

 

 ,bb 	 (2.1) 

 

where c is the velocity of light, h is the Planck’s constant, k is the Boltzmann’s constant and T is 

the absolute temperature in Kelvins. From this equation, it can be inferred that the maximum 

emittance occurs at different λ values depending on the temperature, which is known as the 

Wien’s displacement law.  

 

 
Figure 2.1. Dependence of blackbody spectral radiant emittance on λ at different temperatures. 
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Figure 2.1 plots Equation (2.1) at several temperatures, showing this effect. Nevertheless, 

real objects cannot always be considered as blackbodies, because a fraction of the incident 

radiation may be absorbed, reflected, or transmitted. These phenomena are wavelength 

dependent and they are referred as spectral absorbance (), reflectance (), and transmittance 

(). As a main property, their sum equals unity according to the energy conservation law. 

Usually, objects inspected by infrared thermography are opaque (i.e., =0), leading to +=1. 

Related to , another important property in infrared thermography is the object surface 

emissivity. It relates any given material to the behavior of a blackbody, since all materials only 

emit a fraction  (spectral emissivity) of the radiant emittance when compared with a 

blackbody at the same temperature and wavelength.  

According to Kirchhoff’s law, =  holds, and + = 1 is verified by an opaque 

material. Depending on  behavior, three different types of radiation sources can be considered.  

 Blackbody:  no longer depends on  and always equals 1. 

 Graybody:  no longer depends on  and is a constant less than 1. 

 Selective radiator:  varies with , being equal or less than 1. 

Almost all radiation sources can be considered as graybodies and their spectral radiant 

emittance W,g relate to W,bb as follows: 

 

 ,g ,bb	 (2.2) 

 

In infrared thermography, the sensed magnitude is the fraction of W,bb that reaches the 

infrared sensor (spectral irradiance). In particular, spectral irradiance is sensed with an infrared 

camera that features an FPA. The detected infrared radiation is processed as follows: when the 

camera is focusing an object at a given temperature, its infrared radiation reaches the FPA 

through the lens. Then, each pixel generates a current Im (measured signal), which provides a 

signal proportional to the received radiation within the FPA responsivity’s spectral range. Then, 

the resulting signal and their corresponding parameters are no longer dependent on [9]. 

However, Im can be decomposed in several terms when the inspected surface corresponds to a 

graybody:  

 

 1 1  (2.3) 

 

where  is the surface emissivity of the object and  is the transmittance of the atmosphere. Ibb, 

Irefl, and Iatm correspond to signals proportional to the equivalent irradiance coming from a 

blackbody at the same temperature than that of the object, radiation reflections coming from the 

surroundings and atmosphere radiation emissions, respectively. All terms shown in 
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Equation (2.3) have been considered, since not only the infrared radiation of the object reaches 

the detector, but also both the reflected radiation on the object surface or surrounding elements 

and the atmosphere radiation. Usually, the surroundings of the inspected object can be 

considered to remain at the same temperature, which allows defining a global term Ioffset as 

follows: 

 

 1 1  , (2.4) 

 

simplifying the calibration as explained further on. Next, Im is converted into voltage, which is 

compensated and digitized for each pixel, obtaining for each pixel the so-called camera output 

signal OS.  

Considering a graybody and Equation (2.3) the image mapping of the output signal 

measured by the camera [OSm (x,y)], in which x and y represent the coordinates of the inspected 

object surface, is given by [8]: 

 

 , , , ,  , (2.5) 

 

where OSbb (x,y) and OSoffset (x,y) result from first converting Ibb(x,y) and Ioffset(x,y), respectively, 

into a voltage level, and after digitizing them. The camera is connected to a computer, where, 

with the correct calibration, the digital levels are correlated to temperature for each point of the 

final image matrix. The result is a temperature image of the inspected object surface (surface 

thermal mapping).  

As it can be inferred from Equations (2.4) and (2.5), surface thermal mappings are not a 

straightforward task and several parameters should be corrected or known during measurements. 

The most important is the emissivity map [(x,y)], since OSoffset can be minimized with the used 

thermographic setup [10] and can be approximated to 1 when working close to the inspected 

objects [8]. In addition, this technique presents some limitations related on the camera 

sensitivity and spatial resolution, apart from those inherent to the sensed wavelength. They 

originate from the electrical noise introduced by the camera, heat spreading at the hot spot 

location, and influence of the boundary conditions. In next sections, some details on each of 

them are provided.  

2.1.3 Infrared cameras calibration and emissivity contrast correction 

As detailed by M. Vellvehi et al. in [8], the IR thermographic systems must be first 

calibrated using blackbody sources [10] to provide thermal measurements. Using these sources, 

the relationship between OSbb and T can be inferred. To do that, the OSbb (x,y) corresponding to 

several blackbody sources at known values of T are measured, and then, using a non-linear 
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least-square algorithm pixel by pixel, the experimental results are fitted to the following 

expression: 

 

  , (2.6) 

 

where B, R and F are the fitting parameters. This equation is a semi-empirical adaptation of 

Equation (2.1) known as Sakuma-Hattori equation, which models the amount of thermal 

radiation, radiometric flux or radiometric power emitted from a perfect blackbody or received 

by an IR detector [8,11]. As the blackbodies present  = 1, and the calibration setup allows for 

accomplishing Ioffset(x,y) = 0 [i.e., OSoffset(x,y) = 0] [10], and hence OSm(x,y) = OSbb(x,y) during 

calibration. In this situation, the temperature measured by this thermometric system [true 

temperature map, Ttrue(x,y)] corresponds to the equivalent temperature of a blackbody placed in 

a vacuum chamber, i.e.: 

 

 ,
	

,

 . (2.7) 

 

However, this only holds during calibration, since in a real measurement, the inspected 

surfaces do not correspond to blackbodies. Therefore, (x,y) and OSoffset(x,y) should be 

determined and compensated to obtain real temperature readings. When no compensation is 

performed, the IR thermographic system reports an apparent temperature image [Tapp(x,y)], 

which writes as: 

 

 ,
	

,

 . (2.8) 

 

It worths pointing out that Tapp(x,y) is not the same as Ttrue (x,y), since to calculate the latter 

in Equation (2.7), OSbb is used instead of OSm, hence ε(x,y) and OSoffset(x,y) from Equation (2.5) 

are not considered. Therefore, for finally obtaining Ttrue(x,y), (x,y) is required. Two approaches 

have been explained in [8], which are the thermal map-based and the irradiance-based 

emissivity corrections. Another approach to correct the object emissivity is to apply a thin 

uniform coating with a high emissivity onto the sample surface (e.g., graphite–free black paint). 

The heat of the sample is conducted to the coating surface, thus emitting an infrared radiation 

with a known and constant emissivity . The latter will be used in this work, as will be detailed 

further on. 
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2.1.4 Limitations of infrared thermography: boundary conditions, read-out 

noise, and temperature blurring. 

In infrared thermography, there are basically three parameters that can degrade the 

measurement sensitivity and its lateral resolution: the boundary conditions (effects included in 

OSoffset and ambient temperature), the detector electrical noise, and the temperature blurring due 

to the heat spreading effect. The boundary conditions fix the temperature and variation rate of 

the inspected area, thus shielding some temperature variations that would be important to detect. 

Moreover, OSoffset, i.e. the surrounding air radiation emission and radiation reflections, can lead 

to measurement problems, as stated in the previous section. 

The electric noise related with the read-out circuitry (1/f noise, transistor white noise, reset 

noise, fixed pattern noise, amplifier glow problem, etc.) limit the minimum sensitivity of the 

camera [12]. Taking into account all electrical noise sources, the Noise Equivalent Temperature 

Difference (NETD) is defined as the amount of sensed temperature that would be needed to 

match the internal noise of the detector and fixes the detector sensitivity threshold. In that case, 

the signal to noise ratio (SNR) is equal to 1. NETD depends on several elements of the camera 

apart from the detector itself and writes as follows [30]: 

 

 
√ , ∗

 (2.9) 

 

where N is the numerical aperture of the lens, A is the area of the detector, OP is the optical 

transmission of the lens, a and b are the limits of the infrared spectral range, W,g is the 

spectral radiant emittance of a graybody, D*(λ) is the spectral specific detectivity and tint is the 

integration time of the detector. 

The spatial resolution in infrared thermography not only can be limited by the optics, but 

also by the heat spreading effect. When a heat source is dissipating, the heat spreads everywhere 

according to heat conduction law. This leads to a thermal field, in which locating the heat source 

can be impossible (blurred temperature fields), limiting more the spatial resolution than the 

optical Rayleigh criteria [13]. This effect is more pronounced in steady-state than during 

transient conditions, but, when the heat source is externally activated, the blurring of the 

temperature field cannot be controlled. 

For failure analysis purposes, sometimes, it can be interesting to detect surface temperature 

variations below NETD limit in a small area. For this reason, the approach commonly followed, 

based on tracking the thermal mapping in the time domain, can be useless. This limitation can 

be overcome employing advanced signal processing and die biasing strategies in the frequency 

domain, i.e.: the lock-in detection approach and heat source periodic modulation, respectively. 
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Lock-in detection approach allows recovering a temperature signal coming from a periodically 

modulated heat source by using averaging techniques. When they are applied in infrared 

thermography, this approach is called lock-in infrared thermography. Both the lock-in detection 

and the heat source modulation are described in the next sections. 

2.2 Principles of lock-in detection approach 

The most simple procedure for lock-in detection (or also known as lock-in correlation) 

consists of multiplying an input signal containing a broad frequency information [F(t)] by a 

reference signal [K(t)], and integrating the result (low-pass filtering) as follows:  

 

 sin 2 ∑ sin 2  (2.10) 

 2 sin 2  (2.11) 

 	 cos  (2.12) 

 

where A and  are the amplitude and phase lag of the harmonic component of F(t) 

corresponding to f1, respectively. Xn and n are the amplitude and phase lag of the other 

harmonic components of F(t) corresponding to fn. F0 is DC level of F(t). tacq is the total 

acquisition time, which corresponds to several acquisition periods of . As it can be 

inferred from Equation (2.12), F0 and all other harmonics different to f1 are suppressed in S with 

high  (i.e., tacq >> 2/1), leading to the product A·cos(). In some applications, such result 

may be useful, but normally the amplitude and phase are required. In this case, a two-channel 

lock-in correlation must be performed. It consists of performing two lock-in correlations, one 

multiplying by the sine (0º, is the former reference signal), and another one multiplying by the 

cosine (+90º in advance of the reference signal), as follows: 

 

 0° 2 sin 2 1  (2.13) 

 90° 2 cos 2 1   (2.14) 

 	 ° ° 	 cos  (2.15) 

 	 ° ° 	 sin  (2.16) 

 

Performing these correlations, A and  of K(t) at f1 can be derived from S0º and S90º: 

 

 ° °  (2.17) 

 arctan
°

°  (2.18) 
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In a two-channel lock-in correlation for a signal sampled in time K(k), the signal low 

filtering is performed as follows:  

 

 	 ∑ 	 	  (2.19) 

 

where i refers to 0º or 90º, and nf is the number of samples acquired. To have a satisfactory 

lock-in correlation, it is required obtaining a defined phase lag. In other words, reliable lock-in 

detection is performed when no phase lag noise is obtained. From now on, this f1 will be 

referred as lock-in frequency and will be named as flock-in. Notice that its value is fixed externally 

and it is used in the same way as a radio station is locked in a radio receiver. 

2.3 Temperature fields induced by heat sources under periodic excitation 

2.3.1 Temperature fields originated by periodic dissipation sources 

When a punctual heat source located at (x0, y0) on the top of a die dissipates a power 

density P (t, x0, y0, f0) into heat with amplitude |P0 (x0, y0)| following a sine-like function of time 

of a determined frequency f0, i.e.: 

 

 , , , | , | 	cos 2 , (2.20) 

 

the temperature field T(r, t, f0) created at a certain distance r from the heat source obeys the 

following equation [14]: 

 

 Δ , , | , | | , | cos 2 ,  (2.21) 

 

where (r, f0) is a complex transfer function obtained from solving the heat conduction equation 

under the Laplace transform method and applying the condition of steady-state sinusoidal 

regime, being | (r, f0)| and  (r, f0) its module and phase lag, respectively. In fact, T(r, t, f0) 

varies with frequency and presents a phase lag with respect to the power dissipated in the 

system. For a given value of r, (r, f0) behaves as a low pass filter in the spatial domain with a 

cut-off frequency around hundreds of kilo-Hertz. In other words, when dissipated power is 

changing very fast, heat does not have time enough to diffuse or propagate around the heat 

source, being confined in a radius and becoming null outside. For instance, if we have a semi-

spherical heat source of radius r0, dissipating a harmonic power function of frequency f, and 

located inside a semi-infinite homogeneous medium, | (r, f0)| and  (r, f0) are: 
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where  and k correspond to the thermal diffusivity and conductivity of the media, 

respectively. C is a constant expressed as (considering temperature continuity, not heat flux for 

simplicity reasons): 

 

 
	 ⁄

⁄

⁄
1

/

 . (2.24) 

 

Considering that the heat source is punctual (i.e., r>>r0) and ⁄  << 1, the 

temperature follows the expression: 

 

 Δ , , | , | cos 2  , (2.25) 

 

and C becomes: 

 

 
	√

	 ⁄
 . (2.26) 

 

This expression shows a thermal field with an amplitude decreasing with the distance r and 

with frequency f0, where ⁄ . At high frequencies, the temperature goes to almost 

zero at distances close to the heat source (outside r0). The temperature has also a linear phase 

lag with the distance r, with a slope depending on f0. From these dependences two conclusions 

can be outlined: on the one hand, the higher f0, the lower T(r, t, f0) is. Therefore, the 

temperature field can be confined around the heat source at a distance  by the appropriate 

selection of f0. As a consequence, this allows avoiding the problems in locating hot spots arisen 

from ambient temperature (boundary conditions independent) or heat spreading (confinement of 

thermal field) effects. On the other hand, a heat source locates where both the thermal amplitude 

and phase lag surface mappings present a local maximum. 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY   

22 

In Microelectronics, the best way to make dissipate a heat source is by electrical means, 

i.e., by imposing an external current or voltage with an external power supply. Usually, a 

voltage is selected since it is easier to control. Then, the power delivered to the sample is always 

positive, so it has a mean value that causes heat dissipation, leading to a background or DC 

temperature and another that corresponds to T(r, t, f0). Both are superposed, but, thanks to 

lock-in detection technique, T(r, t, f0) can be properly monitored. To make dissipate heat 

sources, there are basically two techniques: homodyne and heterodyne approaches. They apply a 

single (homodyne excitation) or two superposed sinusoidal voltage waveforms at the same time 

(heterodyne excitation). They are described in the next sections. 

2.3.2 Homodyne excitation 

Homodyne excitation consists in applying a single sinusoidal voltage on the heat source, 

as: 

 

 cos 2  . (2.27) 

 

This voltage, in the case of being a linear electric system, produces a current density 

depending on the position , , ,  (considering inhomogeneous current conduction), 

which is calculated as follows: 

 

 , , , | , , | cos 2 , ,  , (2.28) 

 

where Ad is the area of the device conducting the current, and (x0, y0, fexc) is the electric 

transfer function of the heat source, | (x0, y0, fexc)| and  (x0, y0, fexc) being its electrical 

amplitude and phase lag, respectively. Then, the power density delivered by the power source to 

the heat source can be written as: 

 

 

 , , | , , |  

 cos , , cos 2 2 , ,  (2.29) 

 

But, all power delivered by the electrical power supply is not dissipated into heat, only the 

components in phase with the applied voltage locally increases the temperature (according to 

Joule effect). Thus, the power density converted into heat corresponds to: 
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 ′ , 0, 0
| , , 2 | cos , , 2 1 cos 2 2  (2.30) 

Under these conditions, the temperature field T (r, t, f0 = 2fexc) on the surface of the die 

can be written as follows: 

 

 ∆ , , 2 , cos 2	2  , (2.31) 

  

where P2fexc (x0, y0) from Equation (2.20) writes as: 

 

 , | , , | cos , ,  (2.32) 

 

and f0 = 2fexc. This is a very interesting result for linear and passives systems, since using the 

lock-in detection, setting flock-in = 2fexc, we can decouple electrical excitation from our 

measurement. Again, we can define our characteristic distance  as: 

 

   (2.33) 

 

Therefore, the amplitude of T (r, t, f0 = 2fexc) depends on both the electrical properties of 

the heat source and 2fexc, whereas the phase lag of T (r, t, f0 = 2fexc) depends on only 2fexc. 

2.3.3 Heterodyne excitation 

Heterodyne excitation consists in biasing the sample with the following voltage waveform: 

 

 , cos 2 , , cos 2 , 	 (2.34) 

 

which corresponds to the superposition of two sinusoidal voltage functions of frequencies fexc,1 

and fexc,2, with a low difference in frequency (Δf = fexc,2 - fexc,1). Due to the nonlinear character of 

Joule effect, a fraction of the total power dissipated into heat will be present in a spectral 

component at Δf. Let’s see this effect. 

In the case of a passive component (linear behavior) and considering that each voltage is 

homogeneously applied across the device, J (t, x0, y0) is calculated as follows: 

 

 , , , , , , cos 2 , , , ,  

                         , , , , cos 2 , , , ,  (2.35) 
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If fexc,1 ≈ fexc,2 = fexc,0 >> f, then | (x0, y0, fexc,1)| ≈ | (x0, y0, fexc,2)| = | (x0, y0, fexc,0)|. The 

electrical phase lags would also be the same in each position, i.e.,  (x0, y0, fexc,1) 

=  (x0, y0, fexc,2) =  (x0, y0, fexc,0). Moreover, if V0,1 and V0,2 have the same value V0, the total 

electrical power density P’(t,x0, y0) delivered to the heat source will be: 

 

 ′ , , , ,   (2.36) 

 

and this writes as: 

 

													 , , , , , cos , , , 		cos 2πΔ

																										cos , , , cos 2 2 , , ,

																																						
, , , , , ,  (2.37) 

 

Being the power density converted into heat P’(t,x0, y0): 

 

 							 ′ , , , , , cos 	 , , , 1 cos 2 Δ

																																															cos 2  (2.38) 

 

Therefore, with a high frequency excitation, some of the applied power locally heats up the 

die surface and this effect appears in a low frequency harmonic detectable by lock-in strategies 

at Δ . In order to observe this effect more in detail, let’s focus on the thermal field 

generated at Δ , which writes as: 

 

             Δ , , ∆ , , , cos , , ,  

 cos 2 Δ  (2.39) 

 

Now, we can define again our characteristic distance  as: 

 

   (2.40) 

 

As it can be seen, the amplitude of Δ , , ∆ 	 contains electrical information from 

the electrical high frequency behavior of the heat source down-converted to a lower frequency 

f, which is manifested in the thermal measurements. Therefore, current inhomogeneities at 
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high frequency can be observed at lower frequencies, with a lateral resolution depending on the 

value of f. This result is very interesting to be used in failure analysis (high temperature field 

confinement) or even for determining electrical variables by means of thermal measurements 

[15,16,17,18,19,20,21,22], as will be discussed in the next sections, and further validated in 

Chapter 3. 

2.4 Lock-in infrared thermography 

Applying lock-in and heat source modulation techniques on infrared thermography allows 

determining T (r, t, f0) from the mean value and other harmonic content by setting flock-in=f0, 

according to the lock-in principle. This leads to a higher signal to noise ratio than the classical 

thermography, and it is capable of detecting local small temperature variations (local hot-spot 

detection). In 1988, it appeared the first publication about the use of the lock-in procedure in 

thermography applications [23], and it became popular in the early 90’s as a non-destructive 

technique to evaluate the weakest spots in mechanical pieces. This technique also began to be 

used in the Max Planck Institute to image small leakage currents in solar cells [24,25]. It also 

emerged the utility of the system to test many other electronic devices such as integrated circuits 

[26,27,28,29]. In the next sections, the implementation of lock-in detection in infrared 

thermography, as well as the heat source modulation for this purpose, is presented. 

When the lock-in approach is used in infrared thermography, the sampling rate is 

controlled by the frame rate frequency fr (time discretization) and each pixel from each OS(x, y) 

is lock-in correlated individually. The internal lock-in amplifier of the camera sends the 

information to a computer with a dedicated software, which processes the information in order 

to show the images corresponding to the thermal mean value, amplitude and phase lag, 

following the two channel lock-in approach [30,31]. For a better understanding of this 

procedure, Figure 2.2 illustrates this strategy in infrared thermography [28,30,31], highlighting 

the time discretization process (frames acquisition) and the followed correlation approach. In 

fact, in lock-in thermography, -90º correlation is performed instead of the 90º one. This is very 

important to understand the performed measurements: now hot spots will be detected when in a 

certain area, the thermal amplitude presents a local maximum and the thermal phase lag shows a 

local minimum.  

Moreover, there is something interesting when computing : it does not depend on the 

surface emissivity map, as it can be inferred from Equations (2.18) and (2.5), in which  

arctan (S-90º/S0º) and Si  OSm (x, y), respectively. However, this compensation is not 

effective when the thermal amplitude image is considered. 

Taking into account this lock-in processing technique, two different excitation approaches 

can be performed in lock-in infrared thermography: homodyne and heterodyne. In fact, the 

reported approaches up to now have been mostly based on homodyne excitation. In order to 
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make a functional distinction between the classical lock-in thermography with the new 

heterodyne method, the former will be referred from now on as “Homodyne IR lock-in 

thermography”, whereas the latter will be called from now on as “Heterodyne IR lock-in 

thermography”. 

 
Figure 2.2. Principle of the lock-in detection in infrared thermography. 

2.5 Use of the lock-in infrared thermography for local failure analysis and 

electrical figures of merit extraction  

In Microelectronics, one of the potential applications of lock-in infrared thermography is 

the non-invasive failure analysis. Usually, monolithically integrated devices fail because of the 

presence of local structural problems. Their origin can be linked to its processing (e.g., wafer 

state in the case of Silicon Carbide, leakage current due to thinner oxides) or the failure 

mechanism itself, which can provoke a physical signature at die level (e.g., hot spot formation 

due to a current crowding phenomenon), as stated in Chapter 1. In any case, homodyne lock-in 

infrared thermography allows locating such failure signatures or defects on the die surface. 

When a local defect is present in a monolithically integrated device, it affects its electrical 

behavior: the current will flow through such local defect in a different way. The temperature 

distribution will be no longer homogeneous, as the current through the defect will cause a single 

or multiple hot spots located on the die surface. Normally, the defects produce areas of higher 

conductivity, such as GOS (Gate Oxide Short) defects, bridges or short circuits in ICs, or open 
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gate and drain defects [14]. This yields to higher currents flowing through this local area (or 

lower currents in case of an open gate), causing higher power dissipation (lower power 

dissipation), and therefore a higher temperature (lower temperature) with the subsequent hot 

spot formation (cold spot formation). 

In order to investigate local failure signatures as hot spots, a reasonable high spatial 

resolution is required. In comparison with other techniques, thermoreflectance and 

interferometry techniques present higher spatial resolution in the frequency domain than 

infrared thermography (fixed by the system optics –Rayleigh criteria). However, setting their 

setups or preparing their samples is much more complicated [32]. This is the reason why IR-LIT 

is widely used: there are commercially available systems, and therefore it is easier to implement, 

and the lateral resolution, despite not being the best (up to 4µm compared with 200 nm in 

thermoreflectance), in many applications is enough to locate the aforementioned structural 

defects. The higher resolution IR cameras are those with MWIR sensors. As a result, their 

maximum resolution is limited to 3µm due to the refraction index limit (no oil immersion 

techniques). In some applications, it is possible to use solid immersion lenses in order to 

increase the spatial resolution (4 times the refraction index limit) [33]. 

Another way to improve the lateral resolution is by increasing the frequency when exciting 

the heat source. However, some effects limit the maximum frequency to be used in lock-in 

infrared thermography: the heat source location and tint. When the heat source locates within the 

bulk, flock-in cannot be increased indefinitely: as higher is the frequency, heat confines within the 

bulk and does not reach the surface. Then, its surface temperature field will be extremely 

attenuated, eventually not detecting any thermal information. On the other hand, tint should be 

lower than 1/2 flock-in, so as to sample correctly the temperature variations. As higher is the 

frequency, the shorter should be tint [31], thus increasing the noise in the measurement and 

reducing its sensitivity. Both effects make the high-frequency classical lock-in measurements 

non-viable. 

On the other hand, as depicted in Equations (2.31) and (2.39), the electrical behavior of an 

integrated device properly working can be inspected in the frequency domain. This allows 

extracting certain electrical figures of merit in a non-invasive way. In this scenario, heterodyne 

lock-in thermography can be used. Usually, thermographic systems show a narrower bandwidth 

in terms of the sampling frequency than electrical phenomena. However, down conversion 

techniques from high frequencies to low frequency can be used, as previously indicated. Some 

publications show heterodyne temperature analysis with different measurement systems. In 

[26], a thermoreflectance microscopy is performed. The sample is heated at a frequency f1 and 

illuminated at a frequency f2. The reflectance relative change is analyzed at the difference of 

frequencies f, i.e. f = f2-f1. In [32], the sample is heated by a laser diode, biased with an 

heterodyne modulated signal (two rectangular signals of fexc,1 and fexc,2), and the infrared camera 
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captures the temperature field at f = fexc,2- fexc,1. Another variation is the so-called “modulated 

infrared lock-in thermography” [34,35,36,37,38,39,40,41], used to detect mechanical defects in 

various materials, where the sample can be heated with a modulated light source, or applying an 

ultrasound modulated vibration (mechanical stress) to the sample (ultrasound LIT).  

Some works [15-22] show that the gain of RF amplifier or some electrical parameters of 

analog/RF ICs (figures of merit, central frequency, linearity) can be extracted with temperature 

measurements. These measurements have been performed by embedded temperature sensors or 

by different imaging techniques [42,43] (e.g., laser reflectometer and interferometer). They are 

based on the relationship between these electrical parameters and the dissipated power in the 

circuits. With the proper analysis, varying the input voltage or the frequency, the temperature 

fields can be used to extract the dissipated power, and then extract the electrical characteristics. 

In this work, we will show for the first time as this concept can be performed with lock-in 

infrared thermography and how the biasing is performed to obtain such result. 

2.6 Lock -in infrared thermography system setup: implementation and 

optimization 

In this section, a description of our experimental set-up lock-in thermography system is 

presented. Next, a guide for the appropriate selection of lock-in infrared thermography 

parameters, corresponding to the camera acquisition, lock-in detection, and ambient 

temperature, is also presented. Moreover, the procedure shown for reducing the image 

vibrations is also discussed. 

2.6.1 Experimental setup description 

Figure 2.3 depicts the lock-in thermography setup developed in the framework of this 

work. Its main parts are: 

• A FLIR SC5500 infrared camera (see Figure 2.3, part A) with a maximum frame rate 

(fr) of 383 Hz at full frame (320x256 pixels) and 31.7 kHz at subwindowing mode (64x8 

pixels). It presents an integrated lock-in amplifier (hardware correlation or detection), 

featuring an external reference input signal. This allows performing infrared lock-in 

thermographies on-line. 

• In addition to the internal camera lenses, a set of three external lenses (see Figure 2.3, 

part B) is available. They are G0.5, G1 and G5 magnifying lenses. The proper lens 

should be selected in each case to magnify as necessary to see the surface of interest 

with the highest resolution. 

• An optical table (see Figure 2.3, part C), where the infrared camera and the sample are 

fixed to avoid vibration introduced by external sources. 
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Figure 2.3. Setup for lock-in Thermography: A) Camera; B) Lens; C) Optical table; D) Camera support; E) Sample 

fixing system; F) Instrumentation. 
 

• A camera support (see Figure 2.3, part D), allowing a coarse positioning of the camera 

in the vertical axis respect to the sample (2 degrees of freedom).  

• A sample fixing system consisting of a micropositioning stage (3 degrees of freedom) 

with a sample holder (see Figure 2.3, part E), which allows positioning the sample with 

a higher accuracy. 

• Some instrumentation has been used to electrically bias the samples in the frequency 

domain, to perform electrical measurements for monitoring purposes, and to set initial 

temperatures to the inspected samples (see Figure 2.3, part F). They are: 
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o A function generator Agilent 33522A is employed to perform both homodyne and 
heterodyne excitations on the sample. It presents three outputs: two for waveforms 
generation (output channels) and one for synchronization purposes 
(synchronization signal). Its main characteristic is that the output channels feature a 
very low jitter noise between them (<40 ps). In this way, a high level of 
synchronization between the camera (internal Lock-In detector) and the biased heat 
sources is ensured. 

o A Tektronix TDS 220 Oscilloscope to monitor the electrical signals to bias the 
inspected sample. 

o A Linkam PE120 Peltier stage, with its T95-PE controller, and an Eheim pump, to 
control and fix the initial temperature of the sample. 

o Additional circuitry specifically designed for performing some of the 
measurements (not shown in Figure 2.3). 

• Two acquisition softwares are provided by the camera manufacturer: Altair and Thesa. 

o Altair is the main software, used for selecting some calibration parameters, for live 
view, for capturing a single thermal image or a thermal video, and for extracting 
valuable data from thermographies. 

o Thesa provides the lock-in results. After choosing some parameters, the program 
analyzes with a lock-in correlation the live images (online correlation) or a 
previously recorded video (offline correlation or post-processing), implementing 
the two channel lock-in strategy detailed in Sections 2.2 and 2.3. Therefore, it 
provides the amplitude and phase lag of the thermal field created by the several 
heat sources distributed on the die surface. 

2.6.2 Optimization of lock-in infrared thermography parameters  

The main parameters in lock-in infrared thermography are those that control the camera 

acquisition, lock-in detection, and ambient temperature. Setting them properly is of paramount 

importance to obtain accurate and reliable infrared measurements with a high signal to noise 

ratio. The main parameters for camera acquisition are the frame rate (fr) and integration time 

(tint). On the one hand, fr is the frequency with which the camera acquires the thermal images 

(sampling frequency), and it should be carefully selected when performing lock-in infrared 

thermography, as will be shown further on. On the other hand, tint is the time required by the 

camera read-out circuitry to integrate the output current of each pixel (InSb detector in this 

case). Therefore, it should be optimized so as to avoid saturation but maintaining a good signal 

to noise ratio.  

Concerning the lock-in detection, two parameters have been clearly identified: the 

acquisition time tacq and lock-in frequency flock-in. tacq fixes the cut-off frequency of the low-pass 

filter to recover the spectral information associated to the inspected lock-in frequency flockin. tacq 

can be described as the product of fr with the number of frames acquired during tacq (nf). In fact, 

when fixed fr, nf is the parameter that controls tacq during lock-in detection. 

Finally, ambient or initial temperature (Ti) is also crucial when performing thermographies. 

This parameter can activate processes that change the behavior in semiconductor devices. 
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Moreover, it allows improving the sensitivity of the camera, since its irradiance increases (as 

previously explained). Therefore, this parameter plays two roles: controls internal processes in 

semiconductor devices and improves the sensor sensitivity. 

In lock-in thermography, these parameters cannot be properly adjusted without considering 

their interrelations. Usually, nf must be high to perform lock-in detection and achieving reliable 

measurements: as many frames are used, the noise lowers in the measurement. However, it 

cannot be an infinite number. The sensitivity of the camera increases with Ti, but it also requires 

decreasing tint, which can increase the noise during measurements. fr and flock-in should be 

carefully taken into account to avoid wrong results, since they should follow the Nyquist-

Shannon sampling criterion [44,45]. Therefore, a tradeoff among these parameters should be 

found, which suggests their study in depth. 

Aside from this study, another important fact should be solved in our experimental setup: 

the camera vibrations during acquisitions, especially when working with microscope lenses. 

They are due to the Stirling cooler, which maintains the camera sensor at 77ºK. Obviously, this 

affects the results of the lock-in post-processing, so it should be controlled and suppressed. 

For all these reasons, the lock-in infrared thermography setup should be analyzed and 

optimized. In Annex A, a complete study and optimization of the key parameters above 

mentioned in the lock-in thermography system is presented. A Thermal Test Chip (TTC) has 

been selected as a test vehicle that will be extensively presented in the next chapter. Next, an 

optimization summary table of the main results is presented. 
 

Table 2.1. Optimization summary table 

 

Parameter Optimal configuration 

Frame rate  

(fr) 

376 Hz to avoid vertical bar-like noise 

Neither a multiple or divider of flock-in  

(asynchronous sampling or undersampling) 

Integration time 

(tint) 

Depends on Ti 

As high as possible avoiding saturation (500 µs at Ti = 60ºC) 

Number of 

frames (nf) 

Depends on the signal to noise ratio 

For fault localization, at least 2×104 

Initial 

temperature (Ti)
Range from 50ºC to 75ºC 

Vibration 

reduction 

Do not use a flock-in multiple of 28.5 Hz 

Fix the camera and sample properly, minimizing cantilever problems 

If the vibration noise is critical, use off-line correlation 
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2.6.3 Optimization summary table 

The main results concerning the optimization of the key parameters are summarized in 

Table 2.1: the optimal values for acquisition parameters (i.e., fr, tint, nf and Ti) and the setup 

configuration to minimize the effect of the vibrations on measurements are detailed. Notice that 

the optimal configuration depends on the heat source characteristics and some of the parameters 

cannot be modified in some configurations (e.g., Ti in measurements where several behaviors 

should be extracted). A standard measurement protocol for optimal results has also been 

defined. 

2.7 Conclusions 

The physics underlying an infrared thermography system has been explained so as to 

understand how infrared radiation emitted from a surface is converted into a temperature map. 

The main difficulties encountered to obtain a realistic temperature measurement (emissivity 

correction problem) are also pointed out. The limitations of the time domain approach have 

been shown (boundary conditions, detector electrical noise and temperature blurring due to the 

heat spreading effect), highlighting how the NETD limits the minimum temperature variations 

detectable. They can be extracted from the statistical noise combining the infrared 

thermography with both a periodical modulation of the heat sources (working in the frequency 

domain) and a lock-in strategy. The basis of such procedure has been presented: only the 

temperature field at a certain frequency is captured, dismissing the background temperature (DC 

temperature) and other harmonic content. As a result, the signal to noise ratio is increased.  

Two different excitation approaches (homodyne and heterodyne) to create frequency 

modulated temperature fields have been theoretically analyzed in linear passive systems, so as 

to determine the relationship between the applied excitation and the thermal measurement 

(thermal amplitude and phase lag). Notice that the derived expressions can be applied in any 

system under their appropriate approximation in big/small signal analysis working in linear 

regime and considering all involved parasitic elements, being one of the original results of this 

work. From these equations, the following conclusions have been raised for each excitation 

approach. 

 On the one hand, exciting a linear electric system with a homodyne approach, the 

electrical excitation (at fexc) can be decoupled from the measurement, capturing thermal 

information at flock-in = 2fexc. The thermal amplitude depends on the real part of the system 

admittance, 2fexc and on the sample thermal properties. On the contrary, it has been corroborated 

that the temperature phase lag only depends on 2fexc and the sample thermal diffusivity (heat 

diffusion modulation).  

On the other hand, exciting the same system with a heterodyne approach, an important 

result it is outlined: when fexc,1  fexc,2 = fexc,0 >> f, heat sources created at fexc,0 are modulated at 
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f. This provides interesting properties to the generated thermal field: electrical phenomena 

originated at fexc,0 (high frequency) can be thermally inspected at f (lower frequency). 

According to this, the thermal amplitude depends on electrical parameters (real part of the 

admittance) evaluated at fexc,0, whereas the heat propagation properties are modulated at f. In 

contrast, the thermal phase lag is also independent from the electrical parameters, so if the f 

value is fixed, the thermal phase lag should be the same for different fexc,0.  

Therefore, both excitation approaches combined with the lock-in infrared thermography are 

useful to locate hot spots in microelectronic systems. For this purpose, several guidelines are 

provided to locate these heat sources in both excitation approaches: the thermal phase lag 

(amplitude) presents a local minimum (maximum) value on the heat source. Besides, a well-

defined thermal phase lag is required for reliable measurements. Notice that heterodyne 

approach allows measuring high-frequency electrical characteristics as figures of merit, gains or 

admittances.  
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3 ANALYSIS OF DEVICE’S ELECTRICAL FREQUENCY 

RESPONSE WITH LOCK-IN INFRARED 

THERMOGRAPHY  

This chapter presents a case study of electrical testability in the frequency domain of 

monolithically integrated devices by infrared measurements: the electrical frequency response 

of a Thermal Test Chip (TTC) heating resistor RH, as well as its electrical coupling with the 

embedded thermal sensor RS, is measured by means of heterodyne lock-in infrared 

thermography. From these measurements, not only a resonance frequency of the electrical 

system defined by the TTC itself (RH and RH-RS electrical coupling), packaging parasitics 

(mainly, wire bondings), and connection wires (external cables) are determined, but also the real 

part of its transfer function (in this case admittance) is inferred, as confirmed by electrical 

measurements. To show the benefits of non-invasive measurements against embedded thermal 

sensors, the thermal heterodyne lock-in strategy has also been performed with the TTC 

embedded sensor (RS). As a result, the electrical coupling between both resistors explains the 

observed resonance frequency and the modification of the expected real admittance dependence 

on frequency: a hot spot is created over RS sensing area (mainly in RS pads) which locally 

increases the temperature at this location (higher power density) and in turn, the mean value of 

the thermal amplitude over the TTC surface. This originates from a leakage current through the 

thin oxide that isolates RS from the substrate. 

This chapter is organized as follows: Section 3.2 analyzes this high-frequency local non-

invasive approach, inferring the relation between electrical parameters and thermal 

measurements. In this section, the information that can be extracted from three different 

temperature measurements is discussed in detail: surface average, spot temperature 

measurements in one designated location or spatially resolved (two dimension thermal map). 

Section 3.3 presents the experimental setup to corroborate this approach. As a proof of concept, 

we use a TTC packaged in a chip on board configuration.  This section describes as well all 

setups used for electrical and thermal measurements: electrical measurements have been carried 

out for the frequency response determination of the whole system: TTC, package (wire-bonds 

and tracks) and external wiring. Thermal measurements have been performed biasing the TTC 

under heterodyne excitation by means of two different techniques: by IR-LIT (to perform 

surface averaged and spatially resolved thermal maps) and an embedded temperature sensor 

(that gives temperature measurements of its spot placement). Section 3.4 presents and discusses 

all experimental results, starting with the determination of the TTC frequency response, which 

has yielded to an electrical model that qualitatively explains its behavior. The analysis present in 

this chapter shows how two electrical figures of merit (identification of electrical resonance 
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frequencies and extraction of the real part of the TTC admittance) can be obtained from 

temperature measurements. Latter, a high frequency electrical coupling between the embedded 

temperature sensor and the TTC that affects the TTC frequency response is detected and 

located. Finally, some concluding remarks are presented in Section 3.5. 

3.1 Non-invasive characterization techniques needs 

Electrical characterization, test and debugging of packaged microelectronic systems (i.e., 

semiconductor devices, integrated circuits –ICs–, or systems on a chip –SoC–) become a 

challenging task when their operation frequency increases [1]. On the one hand, it requires of 

more complex and expensive equipment (e.g., network analyzers). On the other hand, systems 

are more sensitive to performance degradation due to non-desired couplings at die level: some 

parasitic effects can lead to undesired modifications in their nominal frequency behavior, being 

very critical the integration of monitoring circuits that measure current or voltage at critical 

system nodes [2,3]. In this sense, capacitive coupling is the most common parasitic or defective 

structure that causes their failure or malfunction. It consists in the transfer of energy between IC 

nodes or embedded blocks through parasitic capacitances [4,5]. By contrast, similar effects can 

be also observed at package level: when the package is not properly optimized for the system 

working frequency, it is possible that not all the power is transferred to the die (package not 

adapted to the load) due to parasitic inductances. In this case, interconnections or contacts 

behave as an open circuit when frequency increases, also inducing delays in signal transmission. 

Another particular case is the skin effect and consists in confining the current flow to the 

material periphery, increasing its effective resistance. This can be observed in solder joints [6], 

wire bonds [7] or transmission lines [8] and it can also degrade the expected frequency response 

of the final encapsulated system. Thus, the study and characterization of such parasitic 

behaviors is of importance at die and package levels to have a higher insight into the 

degradation of the system frequency response during failure analysis or debugging tasks 

(especially when they are design-related). The electrical frequency response is usually evaluated 

by non-spatially resolved electrical techniques that perform high frequency measurements such 

as capacitance-voltage measurements [9] or Smith charts performed by vector network 

analyzers (VNA), as previously mentioned. These techniques only offer macroscopic 

measurements, i.e., only provide the averaged electrical behavior of the packaged 

microelectronic system without distinguishing the coupling effects coming from inside or 

outside the die.  

A solution to perform an accurate characterization and de-embedding is to enhance system 

observability by directly accessing to critical internal nodes at die level. With appropriate 

fixtures, VNA’s also allow local electrical measurements at die level (100 µm pitch). This 

technique provides actual information of its frequency behavior, being very interesting and 
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complementary to other global approaches to account for all mentioned effects during any task 

concerning electrical characterization, test and debugging. However, this invasive technique 

may alter the electrical behavior of the sample, exempting its use for non-destructive tests. 

Moreover, its low spatial resolution obstructs the precise location of structural defects causing 

electric coupling between components or blocks, which can yield to hot spot formation. 

When the microelectronic system is biased by a periodic waveform, the devices that 

dissipate power (so named heat sources) generate periodic steady state IC surface thermal map 

that is measurable using lock-in strategies. Lock-in temperature measurements improve the 

spatial resolution for heat sources location and allows making the system independent from 

boundary thermal conditions, as thermal field confines around them when the frequency 

increases [10], as detailed in Chapter 2. In this scenario, this chapter studies in detail how lock-

in IC surface temperature measurements can be used to:  i) extract the frequency response of 

some electrical parameters of the overall system (i.e., package and chip) including some figures 

of merit (e.g., resonance frequencies), and ii) to non-invasively detect and locate defective 

structures (e.g. capacitive coupling) that are activated when the system operates in the high 

frequency regime, with higher spatial resolution than using VNA’s. Both features provide 

valuable information, which complements the VNA frequency analysis. Two are the key 

elements that grant this fact: i) the power dissipated by devices is a signature of the electrical 

signals flowing through them; therefore, it carries information about the electrical system 

performances and ii) when a frequency dependent structural defect is activated, unexpected heat 

sources may appear [11]. 

Among all non-invasive thermal imaging techniques [12,13], Infrared Lock-in 

Thermography (IR-LIT) has been demonstrated to be one of the best suited options because of 

its commercial availability, minimum requirements in sample preparation, and its higher 

thermal sensitivity [14]. Moreover, its limitation in frequency has been overcome by using a 

heterodyne excitation approach, as demonstrated in [11]: the maximum frequency at which a 

modulated heat source can be detected by the lock-in approach (flock-in) in IR-LIT is limited 

below the megahertz range by the IR sensor sensitivity. Reference [11] shows that this could be 

overcome using a heterodyne excitation approach, which allows down-converting the high 

frequency electrical phenomena (high frequency heat source generation) into low frequency 

thermal information (heat source modulation) [15,16]. Moreover, heterodyne excitation 

provides a silicon surface thermal coupling independent of the system’s electrical frequency 

excitation. Therefore, gathering heterodyne excitation with IR-LIT is a unique solution to 

exploit the benefits reported for each technique: spatial and frequency resolution, as well as 

non-invasive off-chip monitoring.  

Concretely, this solution was demonstrated to be effective in intradie coupling 

characterization in [17, 11], but it has not been extended to the frequency analysis to the rest of 
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the package, as well as to extract figures of merit in microelectronic systems. In the present 

work, we use IR-LIT in combination with electrical measurements to perform a deeper 

frequency analysis of a vehicle test based on a Thermal Test Chip (TTC) packaged in a chip on 

board configuration (typical in high frequency applications), to extend the use of this approach 

in a broader scenario, and gather all information extracted from multiple characterization at 

different levels (die and package). As a result, a physical electrical model in the frequency 

domain of the die considering all parasitic coupling at die, package and external connection 

level is derived, which can be used to analyze its electrical and thermal frequency behavior. 

3.2 Heterodyne approach theoretical basis 

Recalling the equations described in [17], the heterodyne excitation approach consists in 

biasing the sample with the following voltage waveform [see Equation (2.34), Section 2.3.3]: 

 

 , cos 2 , , cos 2 , , (3.1) 

 

which corresponds to the superposition of two sinusoidal voltage functions with amplitudes V0,1 

and V0,2 at frequencies fexc,1 and fexc,2, with a low difference between them (f = fexc,2 - fexc,1, 

beating frequency). When V(t) is applied to the microelectronic system, several heat sources can 

appear due to the Joule Effect. Let’s define  as the position vector of the points belonging to 

the n-th heat source on the IC surface. A complex admittance , ,  can be associated to 

each heat source, where , ,  and  , , ,  are its electrical amplitude and 

phase lag, respectively. Setting V(t) so that fexc,1 ≈ fexc,2 = fexc,0	≫	f and V0,1 = V0,2 = V0 (that 

ensures a 100% degree of modulation) are fulfilled, the electrical power P(t) converted into heat 

(active power) by n heat sources corresponds to: 

 

,  

1 cos 2 Δ cos 2 , ,
, , , (3.2) 

 

where ,  corresponds to: 

 

 , ∑ , , cos  , , , , (3.3) 

 

where Vn is the amplitude of the voltage drop at each heat source. Let’s focus on the spectral 

component f0 = f of the surface thermal field generated at a location r from the coordinates 
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origin [Δ , , , ∆ ]. When f is high enough to confine Δ , , , ∆  within 

the chip dimensions around the heat sources (f > 100 Hz for ICs in a silicon substrate thicker 

than 500 m) [10], Δ , , , ∆  writes as [18]: 

 

 Δ , , , ∆ ,  

 ∑ ∬ ,
, | |

 , cos 2 Δ  ,  (3.4) 

 

where r is the distance from the heat source, dSHS,n is the differential of surface of the n-th hot 

spot, and C is a constant. an corresponds to a fraction of |P0(fexc,0)| dissipated in a given hot spot 

n with an area Ad,n. Assuming a spatial uniform power distribution along each heat source, an 

can be written as: 

 

 , , cos  , , , , , . (3.5) 

 

 ,  is the thermal phase lag related with the heat propagation around a given hot spot n, defined 

as: 

 

 ,
| |

                                                          (3.6) 

 

where  is the thermal diffusion characteristic length and writes as: 

 

α                                                              (3.7) 

 

where D corresponds to the thermal diffusivity of the media and  fixes the external boundary 

condition independence mentioned above [f >> D ∙(2 π)−1, thermally thick condition] [10]. 

Notice that ,n only depends on D, f and the relative location from the n-th hot spot. When 

fexc,0 overcomes the maximum flock-in value (high frequency case), the amplitude of temperature 

increase at the beating frequency Δ , , , ∆  can be sensed. 

Equation (3.4) describes the two key points of the technique used in this paper:  

i) This low frequency temperature map contains information of the electrical high 

frequency behavior of the heat source [i.e., ( ,fexc,0)]. Optimum tracking of the 

electrical frequency response is achieved from temperature measurements if neither 

, the power distribution along the heat sources nor the beating frequency f 

change during the circuit characterization. 
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ii) If this temperature field is measured with good spatial (or lateral) resolution, it is 

possible to observe the creation, destruction or shape modification of heat sources 

(Ad,n) as fexc,0 increases. Therefore, current inhomogeneities (current crowding 

effects) at high frequency due to a modification or creation of heat sources, such as 

in the capacitive coupling case, can be thermally detected and located at lower 

frequencies with a lateral resolution depending on f. 

 In the case of IR sensors, IR radiation emitted from such heat sources will be modulated 

according to Equation (3.4), being possible sensing such effect. For f selection, there is a 

tradeoff between the lateral resolution of the heat source and IR radiation detectable with the 

camera that must be considered: on the one hand,  decreases with frequency [see Equation 

(3.7)], which reduces the thermal blurring, thus increasing the lateral resolution, as detailed in 

Chapter 2. On the other hand, the amplitude of the thermal field decreases with frequency, as 

Equations (3.4)-(3.7) predict, lowering the IR emission. Notice that all information 

corresponding to the frequency response of the system is contained in the amplitude of 

Δ , , , ∆ , that writes from Equation (3.4) as: 

|Δ | , , ∆ , ∑ ∬ ,
, | |

 ,   

2	 ∑ ∬ ,
, | |

 ,   

∬ ,
, | |

 , 	 cos  ,  ,

/
    (3.8) 

 

where the first term of Equation (3.8) depicts the contribution of the power dissipated in each n 

heat source area, whereas the second one represents the interactions among different heat 

sources. 

In this paper we are using three different temperature measurements: spatially resolved, 

spot temperature measurements (i.e. the location of the embedded temperature sensor) and 

surface average. These last measurements will be a signature of the average power dissipated by 

the TTC, which is clearly linked with the overall transfer function of the system under 

characterization. 

To write the surface average temperature increase, |Δ | , , ∆  should be 

integrated over the area of interest (Sdie), i.e.: 

 

∆ , ∆ ∬ |Δ | , , ∆        (3.9) 

 

where Ad and dSdie are the TTC surface area and the differential of surface corresponding to the 

area of interest, respectively. Equation (3.9) can be easily rewritten in terms of |P0(fexc,0)| as: 
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∆ , ∆ η	 Δ , ,    (3.10) 

 

Where η (f, an) comprises all summatory terms included in the previous integral, depending on 

f, the heat source geometry and the power distribution (an). Notice that η (f, an)	is the transfer 

function of thermal coupling and it is constant as long as f and an are not altered. an can be 

modified by fexc,0 when the heat source geometry varies due to ( ,fexc,0) evolution [3]. When 

Sdie is the area of an integrated device, |TAVG,het| can be linked with the power dissipated by this 

device and, therefore, its impedance, finally also reporting the same results obtained from global 

electrical measurements. This approach can be also useful for the evaluation of figures of merit 

in frequency of ICs or more complex blocks by off-chip thermal means. 

3.3 Experimental details 

3.3.1 Test vehicle description 

To verify the presented electrical characterization approach, the following test vehicle is 

used: a TTC [19,20] soldered onto a FR4 PCB substrate and connected to the output pins with 

aluminum wire bonds of 127 µm diameter (chip-on-board configuration). In Annex B a 

complete description of the TTC and the analysis of its thermal behavior with the aid of 3D 

thermal simulations are provided. In addition, experimental results of both homodyne and 

heterodyne lock-in thermographies using this thermal test chip are also presented in this annex. 

Figure 3.1(a) depicts a photograph of the vehicle test detailing a top view of the TTC (white 

dashed line) soldered onto the PCB substrate and all wire-bond attached. This chip integrates 

two distributed resistors over a silicon substrate: a two-terminals heating resistor (RH), used to 

heat up the silicon chip, and a four terminal sensing resistor, to measure the surface silicon 

temperature at the center. Both resistors are deposed over a thin silicon oxide (SiO2) to 

electrically insulate them from the silicon substrate (525 µm thick), which is electrically floating 

[19]. Figure 3.1(b) partly shows the layout of RH, consisting of 130 poly-silicon strips (20 µm 

wide) interconnected in parallel (58 Ω) with 17.2 µm spacing. They are homogeneously 

distributed on the top of a silicon substrate (6 × 6 mm2 area) to uniformly heat up the silicon 

substrate, leaving a square space in the chip center, where RS, made of a platinum strip, is 

located [see Figure 3.1(b)]. 

The interest of using this simple circuit as a proof of concept is that we have observed in 

previous tests the existence of unpredictable thermal coupling between the heating resistor and 

the temperature sensor, which alter the expected frequency response of the heating resistor. 

Therefore, the sample is a good candidate to evaluate the use of temperature measurements to 

extract the frequency response of the heating resistor and the detection of unexpected structural 

defects that are activated when the TTC works in high frequency.  
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The next subsections detail the setups used to carry out all measurements of this study: 

both electrical and thermal (with IR camera and RS resistor). 

 

 

 

 
Figure 3.1. (a) Top view of a TTC (white dashed line) soldered on a PCB substrate. (b) Layout of RH and RS, zooming 

at the central area pointed in Figure 3.1(a), not to scale. 

3.3.2 Electrical measurements set-up 

Concerning the pure electrical measurements, the total admittance of the TTC [i.e., 

, ], corresponding to RH, intradie possible couplings, wire-bonding parasitics and their 

external connection wiring (from now on considered just as RH for simplicity) is extracted by 

biasing RH with a sine-like waveform (RF signal) between VRH
+ and VRH

-
 pads, using a 

waveform generator (Agilent 33522A, 50  output resistance), as depicted in the general 

schematic connections described in Figure 3.2. Then, the RH voltage and current amplitudes  

(|V| and |I|, respectively) and the electrical phase lag between them ( ,AVG) are measured using 

an oscilloscope (Tektronix TDS-220) and a hall-effect current probe (Tektronix A6312 with 
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AM503B amplifier). The voltage measurement is performed following the four-wire Kelvin 

approach, connecting the wires to the PCB pins, as depicted in Figure 3.2. During such 

measurements, only the solid lines on Figure 3.2 are connected. Notice that only the Io and VRS
- 

are grounded: since no current is applied via the DC source to any RS pad, the Ii and VRS
+ pads 

are presumably at the same potential than Io and VRS
- (virtually grounded). 

 

 
Figure 3.2. Schematic biasing connections for measuring the RH frequency response, and IR and RS thermal 

measurements.  

3.3.3 Heterodyne thermal sensing set-ups 

Temperature measurements performed with the IR-LIT camera and the RS embedded 

temperature sensor have been performed with a heterodyne excitation. As depicted in Figure 3.2 

(all dashed lines connected), an Agilent 33522A waveform generator has been used for 

heterodynally biasing RH between VRH
+ and VRH

-
 pads (channel 1, RF signal) and for applying 

the lock-in synchronization signal (channel 2) to the camera and the lock-in amplifier, used 

simultaneously for the RS measurements. Channel 1 was in this case configured to directly 

provide the V(t) described in Equation (3.1), setting a Double Sideband Amplitude Modulation 

with Suppressed Carrier (AM-DSSC). 

As for RS measurements, the same heterodyne excitation approach has been applied to RH 

between VRH
+ and VRH

-
 pads (see Figure 3.2), setting V0 = 2.5 V and f = 98 Hz to improve the 

detection. The chip surface temperature at its specific placement modulates the RS resistance, 

i.e., is a punctual observation of the power dissipated by the different heat sources that may 

appear in the silicon die surface. To measure it, as depicted in Figure 3.2, RS has been biased 

with a fixed current (1mA) applied to the input pads (I I and I O) by a Keithley 2430, and the 

amplitude of the voltage drop between the VRS
+ and VRS

– sense pads (i.e., |VRS|), proportional to 

RS variations, has been monitored with a Signal Recovery 7265 lock-in amplifier at flock-in = f to 

finally measure the thermal information.  

In the IR-LIT case, Δ , , , ∆  has been measured with a FLIR SC5500 thermal 

camera (320 × 256 pixels, 2.5 - 5.1 µm spectral range) featuring an internal lock-in module. 
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This camera presents a nominal Noise Equivalent Temperature Difference (NETD) ≤ 20 mK in 

time-domain operation, the Lock-in procedure drastically reduces this value. Depending on the 

acquisition parameters, NETD can be reduced at values lower than 1mK. A G1 microscopic lens 

(field of view -FoV- of 9.6 × 7.7 mm2, each pixel covering a 30 × 30 µm2 area) has been 

selected to inspect its entire surface (6 × 6 mm2). As depicted in the schematic connections on 

Figure 3.3, the die has been heated up to Ti = 60ºC by means of a Peltier stage refrigerated by a 

water pump, all situated on top of a micropositioning stage. The TTC surface has been coated 

with a high emissivity material to enhance the sensitivity of the camera. This waveform 

generator presents a very low jitter between channels 1 and 2, improving the lock-in detection. 

The image acquisition has been performed at a frame rate (fr) of 376 Hz and tint = 500 µs, 

leading to 105 images processed at flock-in = f.  

 

 
Figure 3.3. Schematic connections of the IR-LIT measurement setup. 

3.4 Results discussion 

3.4.1 Frequency response of the set TTC on board-external wiring and its 

proposed modeling 

From pure electrical measurements, Re[ (fexc,0)]and |P0(fexc,0)| are determined to compare 

them with IR-LIT results. First, | (fexc,0)| and  ,AVG (fexc,0) have been extracted. | (fexc,0)| is 

directly derived with the ratio of |I|/|V|. The behavior of this transfer function can be described 

with the TTC circuit physical model of Figure 3.4(a): on the one hand, the parasitic inductance 

(LW1 and LW2) and capacitance (CW1 and CW2) of wire-bonds and external wires (distributed 

element equivalent model) are considered [21]. On the other hand, the die is considered to 

feature several parallel current paths, which are characterized by RH1 and RH2 resistances, each 

one in series with the inductances LH1 and LH2, respectively. LH1 and LH2 characterize the 
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opposition of the poly-silicon strips to let the current pass through at high-frequency, thus 

increasing their impedance (e.g., signal reflections or skin effect). At high frequency, the current 

is diverted through two parallel capacitive paths triggered through C1 and C2, with equivalent 

resistances R1 and R2, respectively. These current paths run through RS, each one presenting an 

equivalent inductance (L1 and L2, respectively). The values of each component obtained from 

the fitting (only modules considered) are depicted in Table 3.1. Figures 3.4 (b) and (c) compare 

experimental and SPICE simulation results derived from the model depicted in Figure 3.4 (a), 

for |V| and |I|, respectively, showing a good agreement. They feature a low-pass filter behavior 

with two resonance frequencies, at 14.5 MHz and 25.5 MHz. Such results induced us to think 

that the low pass behavior mainly observed on |V| and |I| is fixed by both the external wiring and 

wire-bonds (mainly, series inductance) and the resonance peaks may be related with an 

electrical coupling between RH and RS. The latter behavior appears at a higher frequency than 

the cut frequency observed in |V| and |I| (> 10 MHz).  
 

 

 

 

 
Figure 3.4. (a) Equivalent circuit of the TTC with the parasitic effects of external wiring and wire bonds; Comparison 

between measured (black triangles) and simulated (blue line) voltage(b) and current (c) amplitudes; (d) 

 ,delay(fexc,0)measured (black triangles) and fitted (red line); (e) Comparison between I-V(fexc,0) (black triangles), 

and ,AVG (fexc,0), extracted from simulation (blue line) and corrected measurements (red dots).  
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Table 3.1. Values of the circuit elements of Figure 3.4(a) 

Component Value Component Value 

LW1 1.4µH LH2 0.4µH 
LW2 20nH L1 7µH 
CW1 20pF L2 2.5µH 
CW2 180pF C1 17.21pF
RH1 114.74Ω C2 15.58pF
RH2 114.74Ω R1 100Ω 
RH3 1Ω R2 10.77Ω 
LH1 0.4µH   

 

 ,AVG (fexc,0) does not corresponds to the phase lag defined between I and V [I-V(fexc,0)], as 

the current probe introduces a phase delay  ,delay(fexc,0). From datasheet, only information on 

the response to a step function is provided, but no details on its effects in frequency are 

reported. Then, the phase correction has been carried out by comparing the TTC frequency 

response with the obtained from the electrical lumped aforementioned:  ,AVG (fexc,0) predicted 

by the model is compared with [I-V(fexc,0)] to finally infer  ,delay(fexc,0).  ,delay(fexc,0) is 

plotted in Figure 3.4(d) with a polynomial fit that describes its behavior in frequency. Figure 

3.4(e) compares the  ,AVG (fexc,0) values extracted from electrical measurements and 

simulation. With the expression resulting from the fit in Figure 3.4(d), I-V(fexc,0) can be 

corrected, as Figure 3.4(e) plots, where the error from the fitting is depicted as an error bar. This 

deviation is greater at fexc0 > 10 MHz, especially near the resonance frequencies. In any case, a 

very good agreement is observed between simulation and experimental results. 

With (fexc,0) and  ,AVG (fexc,0), Re[ (fexc,0)]and |P0(fexc,0)| can be calculated as: 

 

Re , | |/| | cos  , ,                               (3.11) 

 

, | | Re ,  ,   (3.12) 

 

where Equation (3.12) results from considering that V0,1=V0,2 =|V|/2 when the generator supplies 

V(t) to perform heterodyne approach [see Equation (3.1)]. 

3.4.2 Extraction of |P0(fexc,0)| and Re[ (fexc,0)] from heterodyne IR-LIT 

measurements 

IR-LIT measurements have been performed setting f = 98 Hz, V0 = 2.5 V and fexc,0 ranging 

from 100 kHz to 30 MHz. f = 98 Hz has been selected, as it provides the best SNR, offers 

enough spatial resolution to study all analyzed phenomena, and maintains the TTC independent 
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of thermal boundary conditions (i.e.,  ≈ 525 µm, thermally thick-thin frontier) [11]. The main 

difference between the electrical and infrared measurements is the access to local spatial 

information, i.e., electrical measurements provide spatially averaged results (spatial information 

is lost) instead of the lateral resolution achievable with IR measurements. The averaged value of 

IR-LIT over the TTC surface (i.e., |TAVG,het|) is compared with |P0(fexc,0)| in Figure 3.5(a), where 

the standard deviation of |TAVG,het| is depicted as an error bar From Figure 3.5(a), electrical and 

averaged IR results are in good agreement, even at the resonance frequencies where the standard 

deviation increases (further analyzed in the following subsection). This concordance confirms 

that the linear relationship predicted by Equation (3.10) is still valid and results at f = 98 Hz 

are consistent with the theory, despite of being at the thin-thick approximation frontier. This can 

be explained in terms of the heat source geometry behavior in frequency and the thermal 

properties of FR4 PCB. The geometry of all heat sources would present a weaker frequency 

response than |P0(fexc,0)|, which is mainly limited by elements outside the die. Then, the second 

term of integrand part of Equation (3.8) nullifies (i.e., the distance between heat sources is 

longer than  for both f values) or can be neglected [as supported by experimental results in 

Figure 3.5(a)]. On the other hand, the FR4 PCB board has much lower thermal conductivity 

than silicon, which difficults the heat penetration and makes the heat flux transferred into the 

sample holder negligible. This allows considering that the temperature near the TTC backside is 

not so much modified when varying fexc,0 and keeping f = 98Hz.   

 

 

 

Figure 3.5. (a) Comparison of |P0(fexc,0)| (black line) with |TAVG,het| (red squares); Frequency response of η	(f, an).  

 

(a) (b)

(a) (b)
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Recalling that |TAVG,het| is related to |P0(fexc,0)| by the parameter η	 Δ , , if it presents a 

constant value, |P0(fexc,0)| is the only term that depends on fexc,0 in Equation (3.10), |TAVG,het| can 

be used to non-invasively measure Re[ (fexc,0)]. η	(f, an) has been extracted by performing the 

|TAVG,het|/|P0(fexc,0)| ratio at each fexc,0. This information is plotted in Figure 3.5(b), where 

η	(f, an) presents an almost constant value (i.e., η	 (f, an) ≈ 83.84ºC/mW). Only the low 

frequency values (<10 MHz) have been taken into account for extracting this result, since 

thermal measurements presents a lower SNR and the complexity of current measurements used 

to calculate |P0(fexc,0)| may slightly disturb the η	 (f, an) value at fexc,0 <10 MHz. This result 

could be interesting, as from low frequency measurements (<500 kHz), the system response at 

high frequency (up to 10 MHz) can be estimated, though the deviation observed at resonance 

frequencies. Besides, the resonance frequencies could also be extracted at higher frequencies 

(figure of merit identification). Notice that η	(f, an) deviate from 83.84ºC/mW at the resonance 

frequencies (14.5 MHz and 25.5 MHz) as the power density locally increases due to current 

crowding effects originated from capacitive couplings, as explained further in Section 3.4.3.  

Using the approximated value of η	(f, an) in Equation (3.10), and considering Equations 

(3.11) and (3.12), the value of Re[ (fexc,0)] can be extracted as follows: 

 

 Re ,
	 ∆ ,

| | .
   (3.13) 

 

Figure 3.6 compares the Re[ (fexc,0)] frequency response inferred from electrical and 

heterodyne IR-LIT measurements, with the model of the parasitic elements previously 

described, and fitted to electrical measurements (see Figure 3.4). From Figure 3.6, several 

conclusions can be extracted. On the one hand, electrical and heterodyne IR-LIT results show a 

good agreement. Two resonance frequencies can be observed at 14.5 MHz and 25.5 MHz 

respectively, in both the thermal and electrical analysis, reaching a higher peak value in the 

thermal ones. This result highlights that we are able to extract Re[ (fexc,0)] and possible 

resonance frequencies from thermal measurements with a very good agreement to electrical 

results. This is of paramount importance, since this approach can be extended to extract other 

electrical figures of merit of microelectronic systems by thermal means, such as the central 

frequency in narrow band RF low noise amplifiers [22]. The differences observed among the 

results depicted in Figure 3.6 can be attributed to two different effects: first, other parasitic 

effects introduced by the wire bonds and not contemplated in the electrical model of Figure 

3.4(a) may cause differences between the active power applied to the PCB (measured) with that 

dissipated by RH. Second, variations of the heat source location or geometry with frequency 

would explain this behavior, the dependency of η	(f, an) with fexc,0 depicted in Figure 3.5(b), 

and the increase of the standard deviation in thermal measurements near the resonance 
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frequencies. On the other hand, the experimental results are in agreement with the model 

previously presented. In the next section, the intradie interactions are going to be assessed and 

analyzed. 

 
Figure 3.6. Re[ (fexc,0)]frequency response extracted with several techniques: electrical (black squares); heterodyne 

IR-LIT (red circles) and electrical simulation (blue line). 

3.4.3 Characterization of electrical coupling between RH and RS with heterodyne 

thermal sensing 

When performing heterodyne thermal measurements with the embedded sensor, we have 

observed an unexpected behavior: |VRS| abnormally increases in a certain frequency range. To 

better understand this phenomenon, Figure 3.7(a) compares |P0(fexc,0)| (electrical result) with 

|VRS| (thermal result), since they should be linearly related. Three behavioral frequency ranges 

of interest are visible: for fexc,0 < 5 MHz, |VRS| presents a constant value, provoked by the RH  

heating. For fexc,0 > 10 MHz, |VRS| follows the same frequency behavior than |P0(fexc,0)|. The 

unexpected behavior appears when fexc,0 ranges from 5 MHz to 10 MHz, where a steep increase 

is observed. A hypothesis is that this increase is self-heating provoked by currents flowing 

though RS at the frequencies fexc,2 and fexc,1 which induce a heterodyne power dissipation. Since 

RS is biased with a DC current, this behavior can only come from RH, which is heterodinally 

biased, through an internal electrical coupling, with capacitive character (high frequency 

short-circuit). Notwithstanding this, |P0(fexc,0)| is not entirely dissipated in RS in this regime, but 

partially dissipated at RH, which causes the small deviation at approximately 14.5 MHz (one of 

the resonance frequencies). Moreover, Figure 3.7(b) shows that the frequency behavior of |VRS| 

has changed after several tests, suggesting a degradation of the insulating dielectric with time.  

The new heat sources, added to the fact that the overall power dissipation is distributed 

between them, explains both the η	(f, an) deviation at high frequency and the higher peak at the 

resonance frequencies, both observed in Figure 3.5(b).  
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Figure 3.7. (a) Comparison of |P0(fexc,0)| (black line) with the frequency response of |VRS | (red triangles) measured 

when exciting RH with the heterodyne approach at f = 98 Hz and scanning fexc,0. (b) Drift observed on the frequency 

response of |VRS| in consecutive measurements. 

 

In order to gain access to the local information, which is absent in the |VRS| measurements, 

the aforementioned behavior has been further analyzed by using the spatially resolved IR-LIT 

results, so as to detect the position and origin of new heat sources that appear. Figure 3.8 shows 

the amplitude maps corresponding to the first set of measurements of Figure 3.7(b) (before 

further degradation, same measurements used in previous sections), captured at fexc,0 ranging 

from 5 to 30 MHz. This figure provides valuable information to understand the electrical 

behavior observed in Figures 4.4, 4.6 and 4.7, revealing a change in the heat source location, 

from the RH area at fexc,0 ≤ 5 MHz, [Figure 3.8(a)], to small areas (hot spots) over RS for 

fexc,0 > 5 MHz [Figure 3.8(b) to 8(j)]. This indicates that as current flows through these locations 

at fexc,1 and fexc,2, local hot spots at f due to a current crowding phenomenon are created. Figure 

3.8(b) to (d) explain the steep increase of |VRS| observed in Figure 3.7(a): the |TMAX| of this 

hot spot increases with fexc,0 from 6.5 MHz (18.2 mºC) to 10 MHz, where it reaches a maximum 

(126.2 mºC). Then, it tends to decrease for fexc,0 > 10 MHz, except for the measurements at the 

resonance frequencies observed in Figures 3.4 and 3.6 (fexc,0 = 14.5 and 25.5 MHz), where the 

hot spot temperature presents two local maxima of 178.54 mºC and 41.8 mºC, respectively.  

To better observe those effects over RS, Figures 3.9 (a), (b), (c) and (d) shows the thermal 

amplitude map obtained with another microscopic lens (FoV=1.9 × 1.4mm2, each pixel covering 

a 6 × 6 µm2 area), at fexc,0 = 20.9, 25.5, 26.3 and 30 MHz respectively (RS layout superposed), 

corresponding to the second set of measurements of Figure 3.7(b). Despite Figure 3.8 and 3.9 

present small discrepancies at 20.9 and 30 MHz due to the degradation of the insulating 

(a) (b)

(a) (b)
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dielectric [see Figure 3.7(b)], both show similar hot spot patterns. Figure 3.9 highlights three 

locations where the hot spots may appear near the RS pads: the first location, between the VRS
+ 

pad and the nearest strip, the second one near the platinum strip connecting I ° and VRS 
-, and the 

third one between the VRS
- and VRS

+ pads. At 20.9 and 25.5 MHz, the first location appears 

hotter than the second one [see Figures 3.9 (a) and (b), respectively]. This hot spot pattern 

changes for fexc,0 = 26.3 and 30 MHz [Figures 3.9 (c) and (d), respectively], because the current 

crowding changes its location when increasing fexc,0. This fact suggests that a non-uniform oxide 

thickness causes several current paths with different n(rn, fexc,0) values: at fexc,0 = 26.3 MHz and 

30 MHz, the interconnection strip between VRS
- and I ° pads presents a higher n(rn, fexc,0) than 

that in the VRS 
+ pad, the former collecting all the current. The inverse situation can be observed 

at fexc,0 = 6.5, 14.5 and 25.5 MHz, and at fexc,0 = 8.5, 10, 13 and 20.9 MHz both locations are 

similarly heated, as they present a similar n(rn, fexc,0) value. Moreover, the area between the 

VRS
- and VRS

+ pads is only heated at 13 and 30 MHz [see Figure 3.8 (e) and 3.9(d)]. 

 

 

Figure 3.8. T ( , , t, f0 = f) over the TTC, biasing RH heterodynally at: (a) fexc,0 = 5MHz; (b) fexc,0 = 6.5 MHz; (c) 

fexc,0 = 8.5 MHz, (d) fexc,0 = 10 MHz, (e) fexc,0 = 13 MHz, (f) fexc,0 = 14.5 MHz (first resonance frequency), (g) 

fexc,0 = 21.7 MHz, (h) fexc,0 = 25.5 MHz (second resonance frequency), (i) fexc,0 = 26.3 MHz and (j) fexc,0 = 30 MHz. 

Color scales in mºC. 

 

The current can be flowing from RH to RS via two possible paths: through the substrate or 

directly through oxide shorts between RH and RS. To assess any of these possibilities, the heat 

source geometry change with fexc,0 has been monitored. Figures 3.10 (a) and (b) compares the 

profiles of thermal amplitude and phase lag respectively, along a homodyne lock-in 

thermography (i.e., the RH is biased with only one sinusoidal voltage function) at fexc = 98Hz/2 

(black line) with several heterodyne ones at various fexc,0 (color lines), crossing the white dashed 

line depicted in Figure 3.10(c) (center of the heat source formed by RH). The homodyne result is 

used as a reference, since it provides the actual geometry of the heat source at 2fexc = f. 

Although the low-pass filter behavior forces the SNR to decrease with fexc,0, the mean values are 

accurate and representative for the performed thermal characterization. Figure 3.10 shows two 
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trends: the thermal amplitude in the central zone decreases with fexc,0 [see Figure 3.10(a)] and 

the thermal phase lag does not change abruptly between colder and hotter areas [see Figure 

3.10(b)]. At fexc,0  ≥  8.5 MHz, the RH central area  is no more the heat source as the amplitude in 

this area does not present a maximum. Therefore, all these results provide additional data to 

confirm our hypothesis: the leakage current flows through the oxide from RH to the substrate in 

the direction indicated by the white arrow, next, travels though it to the RS area passing through 

the oxide to the sensor pads. There, current passes through different shorts between the sensor 

pads (see Figures 3.8 and 3.9) and comes back to the substrate to finally output again through 

the poly-silicon. 
 

 
Figure 3.9. Δ , , , ∆  in the RS terminals biasing RH heterodynally at: (a) fexc,0 = 20.9 MHz,  

(b) fexc,0 = 25.5 MHz, (c) 26.3 MHz and (d) 30 MHz. 
 

In order to have a closer insight into coupling effects at die level and partly justify the TTC 

model depicted in Figure 3.4(a), Figure 3.11 models in more detail the TTC, summarizing all 

observed effects from local thermal measurements. The model takes into account the TTC 

internal structure, where equivalent resistors, inductors and capacitors are depicted over a TTC 

cross section view. In this case, we assume possible interactions with RS. Re resistors represent 

the distributed resistance of the poly-silicon strips, and Le takes into account the distributed 

character of the former LH1 and LH2. Cp represents the oxide capacitance between the substrate 

and the poly-silicon or platinum strips, Rp1 and Rp3 represents the equivalent resistances of the 

substrate, and Lp and Rp2 represents the inductance and resistance of the platinum pad where 

the current flows (Rp2 symbol not drawn for visibility convenience). Table 3.2 describes the 

physical meaning of each circuit element of Figure 3.11 and relates them to all circuital 

elements shown in Figure 3.4(a) and collected in Table 3.1. Figure 3.11 shows the current flow  
 

240
210
180
150
120
90
60
30
0

(a) 20.9 MHz

(c) 26.3 MHz

(b) 25.5 MHz

(d) 30 MHz

I
i

I
i

I
i

I
i

I
o

I
o

I
o

I
o

VRs

VRs

VRs

VRs

+

+

+

+

VRs

VRs

VRs

VRs

-

-

-

-160
140
120
100
80
60
40
20
0

160
140
120
100
80
60
40
20
0

24
21
18
15
12
9
6
3
0



ANALYSIS OF DEVICE’S ELECTRICAL FREQUENCY RESPONSE WITH LOCK-IN IR THERMOGRAPHY 

  55 

  
Figure 3.10. (a) Δ , , , ∆  and (b)   profiles for 98Hz homodyne measurement and several fexc,0 

heterodyne measurements, corresponding to the cut depicted in (c) as a white dashed line. 

 
Figure 3.11. Equivalent circuit showing the electrical behavior of the current through RH (Re and Le) and through RS 

(Cp, Lp and Rp) depending on the frequency. 

Table 3.2. Physical meaning of each circuit element of Figures 3.4(a) and 3.11 

Model 
part 

Figure 
3.4(a) 

Figure 3.11 Physical meaning 

Wires LW1 - Inductance (external wires) 
LW2 - Inductance  

(wire bondings) 
CW1,CW2 - Equivalent capacity 

TTC RH1, RH2 Re2+Re3 Ideal resistive component of RH 
RH3 Re1+Re4 Small percentage of RH which still dissipates power at 

f 
LH1, LH2 Le2+Le3 Admittance decrease with frequency (skin effect) 
L1, L2 Lp Inductance caused by RS strips 
C1, C2 Cp1+Cp2 

+Cp3+Cp4 
Conduction path through the substrate 

R1, R2 Rp1+Rp2+ 
Rp3 

Resistivity of the conduction path 
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direction at frequencies lower than 10 MHz, when resonances start to appear. As frequency 

increases, the current passes through the substrate (see Figure 3.10) giving rise to two possible 

capacitive couplings in the structure (as depicted in Figures 3.8 and 3.9). On the basis of this 

representation, a closer description of the process can be modeled and used for their simulation. 

3.5 Conclusions 

The electrical frequency response of a Thermal Test Chip (TTC) has been measured with 

two approaches: pure electrical and heterodyne lock-in thermal measurements. The latter has 

been performed by means of the TTC embedded temperature sensor (RS) and infrared lock-in 

infrared thermography (IR-LIT). All results have been processed, analyzed and compared. First, 

by comparing the electrical and infrared results, it has been demonstrated that the heterodyne 

thermal amplitude averaged over the die surface depends on the electrical response of the 

heating resistance (RH). In this way, its electrical frequency response (heat sources at higher 

frequencies) is thermally sensed at lower frequencies through infrared measurements (frequency 

down conversion by joule effect). Consequently, the real component of RH admittance and the 

resonance frequency defined by the TTC and its parasitic elements have been inferred, showing 

a good agreement with the electrical results. Second, the heterodyne approach followed with the 

embedded sensor has revealed an electrical coupling between RH and RS, which has been 

verified by further analysis of IR-LIT measurements.  

In addition, the internal coupling between RS and RH has been characterized, analyzed and 

modeled qualitatively, showing a good agreement with thermal and electrical measurements, 

and explaining the electrical coupling between RH and RS by a capacitive path through the oxide 

and substrate. The model gives an idea of the parasitics introduced by external wiring, whose 

characterization is important in high frequency applications. Moreover, we have detected a 

phase delay introduced by the current probe, which has been corrected thanks to the simulation 

information. 

The results highlight the benefits of the presented approach: although embedded thermal 

sensors (built-in technology) can be used for heterodyne thermal measurements, electric 

coupling mechanisms can disturb the results, but this can be avoided using a non-invasive off-

chip approach, as it is the heterodyne IR-LIT. Moreover, unlike electrical and embedded sensor 

results, this technique provides information about the spatial location of heat sources, which is 

useful to detect high frequency failures, as leakage current through oxides, when the heterodyne 

excitation approach is used. This procedure complements the spatially-averaged information 

given by VNA’s, with spatially-resolved electrical information. The heterodyne IR-LIT 

technique has been also used for debugging wireless pad-free ICs [23] and locating capacitive 

current paths, but for the first time, these measurements have been employed to test the 

electrical behavior of microelectronic systems in the frequency domain, demonstrating its ability 
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to extract figures of merit such as the real admittance or resonance frequencies. Despite VNA’s 

are more accurate for electrical figures of merit extraction, IR-LIT allows correlating them with 

different blocks inside the IC and associate such measurements with spatial information. 

Moreover, the presented procedure can also be used to observe the frequency response of 

different parts or blocks of more complex IC’s, even when they do not feature connection pads 

to be analyzed by a VNA. Moreover, with a proper configuration, this approach can be even 

more precise than electrical measurements involving current probes, since they introduce 

unavoidable phase lags that can perturb the measurements of active power |P0(fexc,0)| or real part 

of the admittance Re[ (fexc,0)], effects that are not present in thermal measurements. 
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4 LOCALIZATION AND EVALUATION OF DEFECTS IN 

SILICON-CARBIDE SCHOTTKY BARRIER DIODES 

In the present chapter, several Silicon Carbide Schottky Barrier Diodes (SiC SBDs) have 

been inspected non-invasively by Infrared Lock-In Thermography (IR-LIT). Due to the 

excellent properties of 4H Silicon Carbide (4H-SiC) over Silicon, such as its larger band gap 

(3.2 eV versus 1.12 eV) and its higher thermal conductivity (3.7 W cm-1 ºC-1 versus 1.3 W cm-

1 ºC-1), comparative analyses have indicated that SiC Schottky Barrier Diodes (SBDs) are one 

of the best suited options for harsh environment, high voltage and high power applications (e.g., 

aerospace solar inverters, railway or automotive traction, welding) [1, 2]. IR-LIT are used to 

determine the structural weak spots of the SBDs, resulting from their manufacturing, thermal 

ageing tests or destructive surge current tests. To do that, in this Chapter it is proposed to 

modulate the thermal map over the diodes surface in the frequency domain with different 

techniques, so as to decouple and identify failure mechanisms depending on the device 

operation regime. Namely, the diodes are studied under electrical forward and reverse biasing 

conditions (Small Signal Modulation for Thermal Analysis approach -SIMTA-), or during its 

transition between on- and off-state (rectifying mode) at low (Rectifying Mode Modulation for 

Thermal Analysis -REMTA-) and higher (Heterodyne Rectifying Modulation for Thermal 

Analysis -HEMTA-) frequencies. Once the weak spots have been located by IR-LIT, a Focused 

Ion Beam (FIB) has been used to reveal the internal structure of the most interesting samples. 

Then, these locations have been analyzed with Scanning Electron Microscope (SEM) and 

Energy-Dispersive X-ray spectroscopy (EDX), so as to determine the geometry and 

composition of the materials involved in the physical failure signature. In some of the samples, 

a lamella at the failure location has been extracted and further analyzed by Transmission 

Electron Microscope (TEM) and Electron Energy Loss Spectroscopy (EELS) to identify the 

different materials with higher spatial resolution. For the first time, a complete procedure has 

been established to locate and analyze structural defects in power electronics, being a key tool 

for debugging the design of power diodes which can be extended to analyze power devices.  

 This chapter is organized as follows: Section 4.1 presents the devices under test, their 

fabrication parameters, the screening tests during which each one of them failed, and the 

deviations from their corresponding static I/V curves. Also, this chapter fully describes the 

measurement setup, including the biasing circuits specifically designed for this purpose, the 

biasing techniques used (SIMTA, REMTA and HEMTA), and the physical failure signature 

evaluation techniques used. Section 4.2 details the results and discussion, sorting the results by 

the screening test at which each device failed: packaged electrical characterization, thermal 

cycling or surge current tests. Finally, some concluding remarks are presented in Section 4.3. 
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4.1 Experimental Details 

In this section, the devices under test and the characterization techniques used are 

presented. First, Section 4.1.1 presents the structure and properties of the analyzed SiC SBDs. 

They present some electrical failure signatures, detected during different screening tests, which 

are also presented in this subsection. Second, Section 4.1.2 describes the setup used to locate the 

physical failure signature. Third, the biasing techniques used in combination with IR-LIT, as 

well as the biasing setups, are presented in Section 4.1.3. Finally, Section 4.1.4 briefly depicts 

the materials characterization techniques used to analyze the physical failure signatures in some 

of the devices.  

4.1.1 Devices under test: SiC SBD’s 

SiC SBD’s are fabricated, like microelectronics, in semiconductor wafers following a set of 

clean-room processes such as photolithography, ion implantation, thermal diffusion of 

impurities, oxide growth, etching, and deposition of materials layers (e.g., metals or 

polysilicon). After them, the wafers are cut into dies containing a single system or device, which 

are encapsulated or placed in a package (e.g., DO or TO standards) to protect them from 

external agents and improve the heat extraction [3] (packaging process). To connect each die 

with external circuitry, the device terminals are connected to the package pads following 

different procedures such as ball bonding [4,5], wedge bonding [6] or flip chip connection [7]. 

All these processes, the wafer quality (measured in number of defects per unit area) and the 

device design influence the fabrication yield and reliability of microelectronic devices. 

Information about these characteristics is useful to find an optimal burn-in policy so as to 

eliminate the infant mortality and increase the reliability of the commercialized product [8], by 

uncovering latent defects that are activated during the system operation. The combination of 

burn-in techniques with other screening tests is widely employed in the foundries to reduce 

system deployment costs. But, screening tests present some drawbacks: they are expensive, do 

not provide so much information about the failure mechanisms of the devices, and, in many 

situations, do not reveal the physical failure signature location [9,10]. 

For this reason, we have analyzed several SiC SBD’s presenting an unexpected electrical 

behavior which was manifested, during different screening tests, as a deviation of their I/V 

characteristics, referred here as ISch. D1 and D2 presented after their manufacturing a double 

barrier behavior, most noticeable for D1, which also presented an elevated reverse leakage 

current. Whereas, D3 and D4 have suffered thermal cycling tests (from -150ºC up to 230ºC) at 

constant forward current (0.8 A), failing after 2000 and 4000 cycles by an increase of their 

leakage current in 5 and 7 orders of magnitude, respectively. Finally, diodes D5, D6 and D7 

were subjected to ageing tests (3.2×104 cycles), not showing significant degradation. After that, 

they were subjected to surge current capability tests until failure (loss of blocking capabilities). 
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Table 4.1 summarizes the maximum DC reverse voltage and forward current, some fabrication 

details (Schottky metal, top metal, bonding type and package standard) and the screening test 

during which the failure was detected. 
 

Table 4.1. Summary of the principal features of each tested diode. 

Diode 
Reverse 
voltage 

Forward 
current  

Schottky 
metal 

Top 
metal 

Bondings Package 
Failure 
detected 
during: 

D1 300 V 5 A Nickel Aluminum 12, Ball  TO-257 Electrical 
characterization 

after package D2 300 V 5 A Nickel Aluminum 12, Ball  TO-257 

D3 300 V 5 A Tungsten Gold 8, Ball  TO-257 Thermal 
cycling D4 300 V 5 A Tungsten Gold 8, Ball  TO-257 

D5 1200 V 10 A Tungsten Aluminum 3, Wedge TO-220 Maximum 
surge current 

capability tests D6 1200 V 10 A Tungsten Aluminum 3, Wedge TO-220 

D7 1200 V 10 A 
Tungsten 

Aluminum 3, Wedge TO-220 
Electrical char. 
and Max. surge 

 

 

4.1.1.1 Fabrication and structure 

On the one hand, the Schottky diodes D1, D2, D3 and D4, depicted in Figures 4.1 (a), (b), 

(c) and (d) respectively, were designed for the BEPI-COLOMBO space mission (operation 

temperature ranging from -150ºC to 260ºC). They were fabricated with the technology 

described in [11,12]: the 5µm-thick epilayer is N-type doped with a concentration of 

1x1016 cm-3. The devices have an active area of 2.8×2.8 mm2, and they are terminated with a 

Junction Termination Extension (JTE), implemented through aluminum (Al) implantation at 

high temperature (300ºC), followed by an annealing step at 1600ºC, except for D2, which has 

followed a different energy implantation process in the definition of its edge termination. While 

D1 and D2 were fabricated with nickel (Ni) as Schottky contact (100nm thick) and an Al anode 

pad (3µm thick), D3 and D4 were fabricated with Tungsten (W) Schottky contact (100nm-thick 

layer) and a gold (Au) anode pad (3µm thick). Figures 4.1 (c) and (d) show a slight color 

difference between D3 and D4: it is due to inhomogeneities on the gold anode thickness and 

roughness over the same wafer due to the electroplating process. The dies are packaged into 

TO-257 cases from Kyocera, with internal insulation ceramic BeO layer [see Figure 4.1 (e)], 

and connected to the pads with 12 [D1 and D2] or 8 [D3 and D4] parallel gold wires soldered by 

ball bonding, and distributed to the two anode pins [13]. To facilitate IR-LIT inspections, the 

wire-bondings have been mounted perpendicularly to the chip surface so that they stand out of 

the depth of field of the used lens, minimizing their influence on measurements.   

On the other hand, devices D5, D6 and D7 [see Figures 4.2 (a), (b) and (c), respectively] 

were fabricated with an area of 2.1×2.1 mm2, and the same technology used for fabricating the  
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Figure 4.1. Diodes D1 (a), D2 (b), D3 (c), and D4 (d); (e) SiC SBD mounted in a TO-257 case [28]. 

 

 
Figure 4.2. Diodes D5 (a), D6 (b), and D7 (c); (d) SiC SBD mounted in a TO-220 ceramic package; (e) Schematic 

view of a vertical cut on the periphery of the device, having a closer look at field stopper area. 

 

JBS’s described in [14]. The devices are soldered on ceramic TO220 packages and wedge-

bonded with three Al wires, as depicted in Figure 4.2 (d). Figure 4.2 (e) shows the structure of 

the tested diodes and provides some technological details: the drift layer is 12 µm thick with N-

type doping concentration of 5×1015 cm-3. Concerning design parameters, a W layer contacts the 

P-type field stopper over 10 µm and the Al layer passes over the thick SiO2 oxide layer, 

isolating the SiC surface from W layer. The devices are terminated with a Junction Termination 

Extension (JTE) assisted by guard and field stopper rings [14]. Assisting Guard Rings (AGR) 

and field stopper are done by implantation of Al impurities to obtain a profile 200 nm deep 

doped at 1019 cm-3. Resulting from this process, the field stopper presents a parasitic PN 

junction on the active area periphery, which is connected in parallel with the main Schottky 

junction (device active area): the contact between W and p-type 4H-SiC is rectifying and affects 

the threshold bias of the parasitic PiN diode associated to the field stopper [14].  

Finally, it is worthy to point out that no encapsulation material has been deposed over any 

device to easily have access to the surface inspection. 
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4.1.1.2 Screening tests in SiC-SBD’s 

 Electrical characterization after packaging 

Usually, there is one first device screening carried out by on-wafer (before packaging) 

electrical characterization (I/V static characteristics extraction), to detect the fabrication-related 

defective dies: this test determines the so-called “fabrication yield”, i.e. the percentage of 

functional devices over all the fabricated ones. After that, the functional devices are 

encapsulated. Some examples of contaminations and mechanisms responsible for yield loss are: 

a) particles of matter deposited from the environment or tools; b) process induced defects as 

scratches, cracks, and particles, overlay faults, and stress; c) process variations yielding e.g., 

into non-uniform doping profiles or layer thicknesses; d) deviations in the layout due to a 

defective photolithography process; and e) diffusion of atoms through different layers [15]. The 

devices are also tested after encapsulation, since the bonding procedure or the package itself 

may disturb the electrical characteristics of the sample. In this sense, diodes D1 and D2 

presented an electrical failure signature during this electrical characterization: a dual barrier 

behavior. 

One of the most common failures detected in SBD’s is the appearance of inhomogeneities 

in the Schottky barrier, usually causing dual-barrier behavior, as in the case of diodes D1 and 

D2. It has been observed mostly in on-wafer measurements, being attributed to a variety of 

defects: crystal defects in the bulk wafer such as threading dislocations [16], or defects in the 

epitaxial layer, such as sharp-apex growth pits [17], or surface defects like carrots or scratches 

[18]. The most suitable physical effect relating those defects with barrier inhomogeneities is the 

localized Fermi-level pinning due to deep level defect states [19,20]. However, we have found 

that this barrier inhomogeneity can appear during the packaging process, which has not been 

reported in the literature and hence deserves further investigation.  

The ion implantation in SiC has also been a major concern [21]: since dopant diffusion 

needs unaffordable high temperatures, high-energy ion implantation and subsequent annealing 

is the only method for selective doping in SiC with sufficient depth [22]. This high energy 

implantation disturbs the SiC crystalline structure, provoking e.g., roughening of the device 

surface [22] and deep level traps which affects both the forward (lowers on resistance) and 

reverse (increases leakage current) electrical characteristics of SiC SBDs. Despite these effects 

can be minimized by controlling some parameters such as the impurity flux, or the implantation 

and annealing temperatures [23,24], they generate deep level traps which can disturb the high-

frequency behavior of the SiC devices [25].  
 

 Ageing of diodes by thermal cycles (burn-in) 

Despite most of the defects mentioned in the previous subsection are detected by on-wafer 

measurements, not all them change the initial device properties [15]. Some defects do not affect 
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at all the electrical characteristics of the device in its lifetime, and others generate latent failures, 

which are activated and detected during burn-in tests. Different burn-in tests are applied to SiC 

SBDs depending on their final application. The diodes for BEPI-COLOMBO mission that 

passed the previous stage (diodes D3 and D4) were subjected to a burn-in test consisting on the 

following procedure: a) the diodes were exposed to mechanical vibrations; b) their electrical 

performance was measured to observe the effects of vibrations; c) electro-thermal 

characterization: I/V behavior at -170ºC, room temperature and 285ºC; d) 4000 thermal cycles 

(from -150ºC to 230ºC) while driving 0.8 A forward current, and e) electro-thermal 

characterization.  

 

 Current cycling and maximum surge current capability tests (burn-in) 

Some SBDs fabricated at IMB-CNM are designed to withstand high surge current peaks 

without electrical degradation. To test their surge current capability, first, two groups of 5 

SBD’s , previously electrically (leakage current and forward voltage drop at ambient 

temperature) and IR-LIT characterized, have been submitted to 3.2×104 surge current cycles 

(amplitude of 40 A) at room temperature (device ageing). Next, electrical and IR-LIT 

measurements, as well as visual inspection, have been carried out again to determine whether 

any variation was observed. After, they have been submitted to surge current capability tests: a 

single half sine pulse was applied on the diode, in which the current amplitude was gradually 

increased up to 50 A by steps of 5 A and then by steps of 2 A. During these tests, the current 

density balance between the Schottky active area and the PiN equivalent diode formed by the 

field stopper is dictated by the temperature at which the test is performed, as the equivalent 

resistance of each structure presents negative and positive temperature coefficients, respectively. 

In order to observe how this current density balance affects the ruggedness of these devices, a 

first group of five samples, including D5 and D7, was tested at room temperature (RT, 25ºC), 

and the second one, including D6, was tested at 200ºC.  

This has been repeated up to observe a degradation of device direct or reverse 

characteristics, carried out after each surge current step (destructive test). When devices failed, 

IR-LIT measurements were performed to correlate them with electrical measurements. In all 

tests, consecutive surge current cycles were separated by enough time and cooled with nitrogen 

flux to ensure that the device was at room temperature before applying a new pulse. To perform 

both tests, a homemade test bench according to the MIL-STD-750E4000 Series standard  [26] 

capable of providing 10 ms half sine current (current cycle) up to a maximum amplitude of 500 

A was used [27,28]. Figure 4.3 depicts its electrical schematic and picture (see the insert). 
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Figure 4.3. Simplified schematic of the test bench used. The insert shows a photo of the setup. 

 

4.1.1.3 Deviations in the I/V curve  

All the failures have been first detected as a deviation of their I/V characteristics, referred 

as ISch. To describe all the possible conduction mechanisms on the inspected diodes at reverse 

as well as at forward bias, ISch should write in a general form as: 

Δ ∗
, 〈 〉 exp ,

〈 〉
exp , , ,

〈 〉
1  

exp , , , , 2 〈 〉
/

 

, 	 , 〈 〉 exp , , , 〈 〉 1  

, 	 〈 〉 	 , , , , ,
/

 

∑ , 	 〈 〉 	 , , , , ,
/

,                 (4.1) 

 

where 〈 〉, A0,i, J0,i B,i, , 〈 〉 , Nr, Vbi, and ni are local temperature, area, current density, 

barrier height, junction saturation current, deep level trap concentration, built-in voltage, and the 

ideality factor of each structural weak spot, respectively. kB, Q,  A* and  correspond to the 

Boltzmann constant, a proportionality constant, a function of the trap emission rate, the 

Richardson constant of the thermionic emission and the permittivity of SiC, respectively. RS,i 

and RS,i’ are the series input resistances found in the active area and edge termination, 
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respectively, expressed as separate equivalent resistances for each structural weak spot. Notice 

that a nonzero ISch value represents a deviation of the diode I-V nominal static curve. In this 

sense, weak spots can be seen as patches forming additional current conduction paths differing 

from the homogeneous Schottky contact, which conducts a nominal current In,Sch, defined as: 

,
∗

, 〈 〉 exp ,

〈 〉
exp , ,

〈 〉
1   

 exp , , , 2 〈 〉
/

    (4.2) 

 

where the edge termination conduction is obviated, as it is already considered in Equation (4.1). 

Therefore, at a fixed operating point in current (I0) and voltage (V0), I0 can be expressed as: 

, Δ      (4.3) 

Considering Equations (4.1)-(4.3), the existence of weak spots affect the calculations of 

dynamic resistance Rd, defined from the diodes static I/V curves as ∂V ∂⁄ , . As will 

be detailed along this section, this fact allows detecting ISch deviations, representative of each 

operating regime, by thermal means. 

4.1.2 Measurement setup 

Usually, the ISch deviations in power electronics are triggered by local phenomena that 

alter the proper behavior of the device, also known as weak spots. The main failure reason is an 

excess of temperature caused by a local current density increase (current crowding phenomena), 

which yields in a non-uniform temperature distribution, sometimes concentrated in a hot spot. 

Hence, it is interesting to use these thermal non-uniformities to non-invasively locate and study 

such weak spots that lead to a ISch, simultaneously determining the influence of each spot on 

the total ISch externally observed. This can be measured by several non-invasive thermal 

imaging techniques [29,30], such as infrared thermography, liquid crystal thermography, or 

thermoreflectance. Among them, IR-LIT [31] has also been employed for this case study, due to 

the reasons detailed in Chapter 2, using the setup described in the same chapter. The G5 

microscopic lens (6 µm lateral resolution) has been selected to inspect with higher spatial 

resolution the diodes surface (2.1×2.1 mm2). Encapsulated dies have been finally placed over a 

Peltier-thermo-regulated micropositioning stage to allow their correct focusing, displacement, 

and fixing their initial temperature (Ti). Besides, setting Ti = 60ºC allows improving images 

signal to noise ratio (SNR) [31,32]. Some of the diodes (D1 and D2) have been coated with a 

high emissivity material ( = 0.94) to enhance the camera sensitivity [33] and to measure 

Δ , , ,  (see Equation (2.25) in Section 2.3.1), acquiring its amplitude |T| and phase lag 

 maps. In contrast, the rest of the diodes (D3, D4, D5, D6 and D7) have been uncoated and 
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their lock-in amplitude |ST|, proportional to the IR radiation emitted by the diodes surface 

(emissivity contrast affectation), has been measured. Despite this, the aforementioned criterion 

to locate heat sources applies in both cases, which show the ruggedness of proposed approach to 

the emissivity correction problem.  

4.1.3 Biasing techniques 

In other IR-LIT application fields, Δ , , ,  is modulated by periodically turning-on 

and -off the inspected device or biasing it at high reverse voltage with a square waveform 

periodically [34,35]. This chapter proposes to use the modulation itself to decouple and identify 

failure mechanisms depending on the device operation regime. Namely, the diodes are studied 

under electrical forward and reverse biased conditions (Small Signal Modulation for Thermal 

Analysis approach -SIMTA-), or during its transition between on- and off-state (rectifying 

mode) at low (Rectifying Mode Modulation for Thermal Analysis -REMTA-) and higher 

(Heterodyne Rectifying Modulation for Thermal Analysis -HEMTA-) frequencies. This 

subsection first analyzes the operation principles of each modulation technique, and the power 

dissipated by them. Then, the biasing setups used to carry out each modulation technique are 

presented. 

4.1.3.1 Operation principles 

Forward- and Reverse-SIMTA consist on biasing the device at a fixed operating point (or 

DC bias point) in current (I0) and voltage (V0) of its static electrical output, and then adding a 

sine-like voltage of amplitude v < V0 and frequency fS. As a result, a Δ , , ,  (see 

Equation (2.25) in Section 2.3.1) is obtained, with a |P0 (f = fS)|: 
 

| | Δ 	  .    (4.4) 
 

In contrast, REMTA directly applies to the diode a sine-like voltage waveform with 

amplitude |VG| and frequency fG. REMTA approach generates power dissipation similar to that 

obtained with a square current waveform, but with smoother turn-on and -off transitions. Thus, 

this avoids the degradation of the component and distortion of the thermal measurements due to 

harmonics addition, which decreases the signal to noise ratio (SNR). Setting |VG| much lower 

than the diode breakdown voltage, no significant power is dissipated at reverse bias, so REMTA 

induces a Δ , , ,  with a |P0 (f = fG)| corresponding to: 
 

| | | | | |
 ,     (4.5) 

 

where a series resistance RS external to the diode is considered (generator output resistance). 

However, this technique is limited in terms of maximum flock-in. This can be improved using the 

heterodyne excitation reported on [32], which is the basis for HEMTA. In HEMTA, the diode is 
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directly biased with two sinusoidal voltage functions with amplitude |VG|/2 at frequencies f1 and 

f2, so that f1 ≈ f2 = fH >> f2 - f1 = fH. Therefore, the thermal map at fH [Δ , , , ∆ ] 

shows, at a lower frequency, the heat sources generated by a current distribution at a higher 

frequency fH [32]. In this case, Δ , , , ∆  is generated by a |P0 (f = fH)|: 
 

| ∆ | | |

	 ⁄ ⁄
 ,    (4.6) 

 

which is higher than |P0 (f = fG)|. Notice that all the modulation techniques cause a |P0 (f = fS, fG, 

fH)| that is affected by Rd, which is affected, as detailed in Section 4.1.1.3, by Isch, enabling its 

detection by thermal means. 

4.1.3.2 Biasing setups 

To electrically drive the diodes in the biasing conditions detailed above, four different 

setups are used. As explained before, the SIMTA approach applies a sinusoidal voltage with an 

amplitude v that should be superposed to a constant voltage level V0. To apply this approach at 

reverse and forward biasing conditions to the device under test (DUT), which in this case are the 

diodes, two different setups have been designed, as the electrical specifications are different in 

each case.  

On the one hand, at reverse bias, the setup should be able to provide a V0 up to 600 V, with 

low current capability (typical reverse leakage currents range below 10-6 A). In this case, the DC 

and AC voltages are merged in the DUT by using the schematic circuit depicted in Figure 4.4 

(a): the high-voltage capacitor C (2×1 µF, 1000 V maximum voltage) actuates as a high-pass 

filter, letting the AC current coming from the waveform generator (Agilent 33522A) to pass 

through and reach the DUT, but not the DC current in the opposite direction (C is charged at 

V0). This generator presents an output resistance RS = 50 Ω, and a low jitter level to synchronize 

the driving voltage with the lock-in reference. The resistor R (22 kΩ) avoids a virtual short 

circuit between the waveform generator and the DC source (Keithley 2410, maximum output 

voltage V0,MAX = -1100V), reducing the ripple current. Moreover, R and C values fix the 

frequency range of the high-pass filter, from 5 Hz to 30 MHz. To avoid ripple current to reach 

the DC source, it is derived to ground with a parallel capacitor CP (100 nF). Finally, the 

transformer T provides a galvanic isolation between the high-voltage components and the 

waveform generator, protecting the latter from possible circuit failures. 

On the other hand, at forward bias, the setup should be able to provide an I0 up to 10 A, 

with low voltage capability (typical diode voltage drop in the range of some volts). In this case, 

the DC and AC voltages are merged in the DUT by using the schematic setup depicted in Figure 

4.4 (b). A resistor would not be suitable to avoid the virtual short-circuit due to the elevated I0 

value during this biasing approach: in spite of this, we use a choke inductor of L = 15.6 mH 

(low-pass filter behavior). To obtain such elevated inductance value, three coils have been 
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handmade, by wiring AWG-15 copper wire in three iron powder toroidal cores (Micrometals 

T650-34), as depicted in Figure 4.5 (a). The coils have been placed in a metallic case, which 

features external banana sockets to externally connect each coil [see Figure 4.5 (b)]. To 

refrigerate them, a fan and a grating have been placed in opposite walls of the case to create an 

air flux across the toroids central holes. Now, the lower pass frequency is fixed by C 

(10×100 µF = 1 mF) and Rd (depends on the diode), while the upper frequency limit is fixed by 

L, the coils parasitic resistance and Rd. Considering the worst case (Rd = 1 Ω), the frequency 

range of this circuit goes from 15 Hz to 10 MHz. An Agilent 33522A and a Delta SM66-AR-

110 DC source (maximum output current I0,MAX = 110A) are used as waveform generator and 

DC source, respectively.  

 

 
Figure 4.4. Biasing circuitry for (a) reverse and (b) forward SIMTA, (c) REMTA and (d) HEMTA approaches. 

 

Two printed circuit boards (PCB’s) have been designed to solder the components of the 

reverse (T, R, C and CP) and forward (C) circuits, respectively [see Figure 4.6 (a)]. The PCB’s 

have been placed in a metallic case, connecting them to several external banana and BNC 

sockets located in the case front panel [see Figure 4.6 (b)]. The waveform generator is 

connected via the BNC sockets, while the DUT, DC source and coils are connected to the 

PCB’s via the banana sockets. The circles in Figures 4.6 (a) and (b) indicate the interconnection 

points between the circuit, DUT, coils and voltage sources (banana and BNC sockets) in each 

case. The fabrication of both the coils and the final circuits experienced several delays, this 

forcing to use different setups for measuring the diodes D1 to D4. For reverse-SIMTA 

measurements, a TTi QL564P DC source (V0,MAX = 56 V, I0,MAX = 4 A) was used instead of the 

Keithley source, with the circuit components soldered in a prototyping board. For forward-

SIMTA measurements, the Agilent 33522a was used to apply both v and V0.  
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Figure 4.5. (a) Hand-made power coils for forward-SIMTA approach; (b) Coil case featuring external banana sockets, 

fan and grating. 

 

 
Figure 4.6. (a) PCBs designed for reverse- and forward-SIMTA; (b) Front panel with external connections of the 

metallic case containing both PCBs. 

In contrast to reverse- and forward-SIMTA approaches, REMTA and HEMTA do not need 

additional circuitry to bias the sample. Figures 4.4 (c) and (d) depict the setups for REMTA and 

HEMTA approaches, respectively: the voltage in both cases is directly applied to the sample by 

the waveform generator (Agilent 33522A). REMTA applies a single sine-like voltage to the 

diode in REMTA, while, in HEMTA, it applies the sum of two sine-like voltages at f1 and f2. 

4.1.4 Physical failure signature evaluation techniques 

Once the physical failure signature is located by IR-LIT means, some conclusions can be 

extracted by analyzing the electrical and thermal information. While diodes D1 to D4 were used 

as a proof of concept to demonstrate the hot spot location capability of the proposed techniques 
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[36,37], diodes D5 to D7 are state-of-the-art devices, whose reliability is currently under study 

[38,39]. The study of the failure locations of diodes D5, D6 and D7 may give some valuable 

information about the surge current capability limitations of these devices, which is a key 

resource for designers to increase the ruggedness of these diodes under overloading conditions.  

To reveal the internal structure of the diodes at the failure signature locations detected by 

IR-LIT, these areas have been milled, with gallium (Ga) ions, by a Zeiss CrossBeam 1560XB 

Focused Ion Beam (FIB) available at IMB-CNM. It is coupled with a Scanning Electron 

Microscope (SEM), which has been used to observe the structural modifications occurred in the 

defect area. Some of the samples present interesting structural modifications. To study the 

materials involved in the failure, these structures have been further analyzed by means of the 

Energy-Dispersive X-ray Spectroscopy detectors available at the EVO MA10 (Thermionic 

Emission Gun) SEM. In some samples, further structural and compositional studies have been 

carried out by extracting a lamella from the defect location by FIB millings. Then, the lamellas 

have been analyzed using a Transmission Electron Microscope (TEM), Jeol ARM200, at Centro 

Nacional de Microscopía Electrónica (CNME) in Madrid, which features a Quantum electron 

spectrometer to perform Electron Energy Loss Spectroscopy (EELS). 

4.2 Results and Discussion  

This section analyzes the electrical and IR-LIT measurements for each diode, as well as 

SEM, EDX, TEM and EELS results in the case of diodes D5, D6 and D7, which are used to 

infer the most suitable causes of failure in each case. 

4.2.1 Failures detected in packaged electrical characterization (D1, D2) 

All images have been acquired at fr = 376 Hz and tint = 460 µs, leading to nf = 105 images 

processed at flock-in = fS, fG or fH, depending on the biasing approach followed. Figures 4.7 and 

4.8 show the most interesting IR-LIT measurements for the modulation techniques more 

appropriate to study the behavior of diodes D1 and D2. Figure 4.7 depicts, for D1, REMTA 

[Figures 4.7 (a) and (b)] and reverse-SIMTA [Figures 4.7 (c) and 1(d)] lock-in results. They 

result from setting fG = 998 Hz and |VG| = 10 V in Equation (4.5), and fS = 498 Hz, V0 = -55 V 

and v = 10 V in Equation (4.4), respectively. REMTA |T| and  maps [see Figures 4.7 (a) 

and (b), respectively] present a uniform distribution across the active area with some artifacts 

due to coating thickness inhomogeneities, being in agreement with forward-SIMTA results and 

suggesting a homogeneous current distribution in on-state. In contrast, when the diode is 

reversely biased in the SIMTA approach, |T| and  [see Figures 4.7 (c) and (d), respectively] 

indicate that, according to the aforementioned criteria, hot spots appear near three different 

wire-bond attaches (hot spots HS 1, HS 2, and HS 3). In these figures, the white dashed line 

indicates the active area edge. This suggests that wire-bonding process has locally modified B, 
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modifying the device blocking capability in comparison to on-wafer measurements (i.e., 

generating a non-zero ISch). This is observed in its I/V curves depicted in Figures 4.7 (e) and 

(f), showing an elevated reverse leakage current (I0 = -135 µA @ V0 = -100 V) and multibarrier 

behavior (double knee) at forward bias. In order to correlate such behavior with the local B 

shifts revealed by IR-LIT means, the experimental I/V curves will be fitted to a multibarrier 

model in Chapter 5, whose parameters will be extracted by thermal means. Such weak spots 

have not been detected by REMTA and HEMTA approaches, as they did not dissipate enough 

power. This result is in agreement with previous publications, which show that external 

mechanical stress can cause the propagation of preexisting internal defects [40,41,42,43]. 

Figure 4.8 depicts, for D2, the REMTA [Figures 4.8 (a) and (b)] and HEMTA [Figures 4.8 

(c) and (d)] IR-LIT results. They originate from setting fG = 998 Hz and |VG| = 10 V in Equation 

(4.5), and fH = 498 Hz and fH = 10 MHz in Equation (4.6), respectively. In the REMTA case, 

|T| and  maps mostly show a current crowding phenomenon over the diode periphery 

(especially on the corners) and a hot spot in the central part of the active area (B modified at 

low electric fields) [see Figures 4.8 (a) and (b), respectively]. This is confirmed by the D2 static 

I/V curves presented, in forward mode, an additional barrier at V0 < 0.6 V with very low current 

conduction [see Figure 4.8 (e)], and low reverse leakage current (not shown). The inset in 

Figure 4.8 (e) depicts the |T| and  maps at fG = 48 Hz, where the current crowding 

phenomenon over the periphery is still visible even at lower frequency. This discards that this 

effect is caused by any problem due to a non-uniform Schottky diode input capacitance (related 

with Ni-SiC contact). According to this, we conclude that there is not a uniform Al-Ni contact 

resistance: in the center of the active area, there is a defective Al-Ni contact causing a higher 

contact resistance, this yielding to a lower current conduction (lower power dissipation) than at 

the periphery.  

Besides, reverse-SIMTA did not reveal any further information (not shown), which 

confirmed that multiple barrier behavior do not predominate at reverse bias. In contrast, 

HEMTA modulation has provided much more information: |T| and  maps [see Figures 4.8 

(c) and (d), respectively] suggest that, at fH, the current is further diverted through some points 

at the device edge termination, as new hot spots have appeared in comparison to REMTA 

results, which have been detected with a higher spatial resolution. Accounting for the 

manufacturing information, we can conclude that these traps were induced by a high energy 

implantation of p-wells at the edge termination (as previously indicated) [25].  

Similar effects have been observed in other publications, in 4H-SiC [44,45,46] as well as in 

6H-SiC [47,25] wafers, all them contributing to a higher capacitance on the SiC epilayer. While 

in [44] such traps were attributed to intrinsic defects of 4H-SiC epitaxial layers, in [45] and [46] 

they were attributed to defects created during Cl implantation and proton irradiation, 

respectively. Whereas, [47] and [25] show that the defects in the corresponding 6H-SiC 
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epitaxial layers were created during Be implantation. In addition, it has ben also detected that 

different doping materials cause different activation energies and capacitances in 6H-SiC [47], 

which is extendable to 4H-SiC, as suggested in [25]. From these studies, it can be seen that also 

higher implantation energy in some locations can increase the density of such deep level traps, 

as observed in the present chapter. 

 

 

 
Figure 4.7. |T| [(a) and (c)] and  [(b) and (d)] maps over D1 using the REMTA [(a) and (b)] and SIMTA [(c) and 

(d)] approaches; D1 static I/V curves under (e) reverse and (f) forward biasing conditions. 
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Figure 4.8. |T| [(a) and (c)] and  [(b) and (d)] maps over D2 using the REMTA [(a) and (b)] and HEMTA [(c) and 

(d)] approaches. D2 static I/V curve under forward biasing conditions (e) and inset showing IR-LIT results at 

fG = 48 Hz. 

4.2.2 Failures detected during thermal cycling (D3, D4) 

Figures 4.9 and 4.10 show the most interesting IR-LIT measurements for the modulation 

techniques more appropriate for the studied behavior of diodes D3 and D4. Figure 4.9 depicts, 

for D3, the REMTA [Figures 4.9 (a) and (b)] and reverse-SIMTA [Figures 4.9 (c) and (d)] lock 

in results. They arise from setting fG = 748 Hz and |VG| = 10 V in  Equation (4.5), and fS = 998 

Hz, V0 =  40 V and v = 10 V in Equation (4.4), respectively. Concerning the acquisition 

parameters, they were set to fr = 376 Hz, tint = 460µs, nf = 105, and flock-in = fG or fS, in each case 

For REMTA, |ST| and  maps [see Figures 4.9 (a) and (b), respectively] display a 

homogeneous current distribution across the active area, where only the wire-bond attaches 

show a lower IR emission. The same results have been obtained with the forward-SIMTA and 

HEMTA approaches, both with lower SNR (not shown). Whereas, Figures 4.9 (c) and (d) show 
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|ST| and  images for the reverse-SIMTA modulation captured in the area highlighted in 

Figures 4.9 (a) and (b), respectively. The red dotted line indicates the active area edge. A current 

crowding area collecting almost all the reverse leakage current is clearly visible in the upper 

right side of the active area. This can be linked to the elevated reverse leakage current 

(I0 = -22 µA @ V0 = -40 V) observed in the D3 reverse I/V curve depicted in Figure 4.9 (e). 

This current crowding area was originated during thermal cycling: I/V curves before cycling 

showed a leakage current lower than 1 nA in this voltage range. 

A further analysis on the current crowding area reveals that the failure signature is not a 

single weak spot, but an area with approximately 30 µm diameter, describing a ring shape. In 

addition, the fact that D3 does not present multi-barrier behavior (no double knee detected at 

forward bias) suggests that thermo-mechanical effects during thermal cycling provoked the 

propagation of a preexisting internal defect (dislocation segments in the basal plane) up to the 

surface, forming a threading screw dislocation, as indicated by the ring geometry of the hot 

spot. This dislocation yields in a local increase on the deep level trap concentration that emits 

current in reverse bias. In addition, such defect can also locally raise the electric field, 

enhancing the observed increase on the reverse leakage current. Similar defects have been 

previously reported to have an impact on the reverse characteristics of 4H-SiC SBDs [48,49], 

PiN diodes [50] and Junction Barrier Schottky diodes [51]. 

Figure 4.10 depicts, for D4, the REMTA [Figures 4.10 (a) and (b)] and reverse-SIMTA [Figures 

4.10 (c) and (d)] lock-in results, and the reverse I/V static curve [Figure 4.10 (e)]. Thermal 

results arise from setting fG = 198 Hz (thermally thin-thick frontier) and |VG| = 10 V in Equation 

(4.5), and fS = 498 Hz, V0 = -55 V, v = 10 V in Equation (4.4), respectively. In this case, they 

were captured setting tint = 980 µs and nf = 5×104 in order to improve the camera sensitivity in 

the areas with lower emissivity. However, notice that the relationship tint < 1/(2fS), needed to 

reliably detect the thermal fields in case of using fR < 4 flock-in (as stated in [31]), is fulfilled. Such 

tint yielded to a good SNR, thus nf = 5×104 was set in this case, as higher nf values did not 

provide any further SNR improvement. In the REMTA results, |ST| features a darker active area 

than the edge termination due to the Au metal contact, which presents a lower IR emissivity. 

Despite this, the  map, not affected by the emissivity contrast, is well defined and 

presents the minimum value inside the active area, therefore being the main conduction path. In 

addition, as reported by the halos observed in the termination in both |ST| and  maps, the 

corners inside the active area conduct a lower current level than the rest of the chip, which is 

verified by forward-SIMTA results. In the reverse-SIMTA case, |ST| and  [see Figures 4.10 

(c) and (d), respectively] depict a current crowding area, where reverse leakage current is 

collected. Despite Figure 4.10 (c) may lead to confusion with respect to the hot spot location, 

Figure 4.10 (d) shows that it is located inside the active area, presenting a minimum in  map. 

Since the periphery presents a higher emissivity than the active area, it presents a |ST| is higher  
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in this area than in the hot spot itself (the so-called emissivity contrast effect). As in the case of 

D3, this weak spot can be pointed out as the responsible for the high leakage current observed in 

Figure 4.10 (e), (I0 limited to 1 mA in the curve tracer), which presents a steep increase at 

V0 = -160 V and is detected at a lower voltage (V0 = -55 V). Also in this case, such elevated 

reverse leakage current was only detected after thermal cycling, meaning that thermo-

mechanical effects caused the weak spot. However, the actual hot spot geometry cannot be 

observed with a better resolution as its dimensions are smaller than one pixel (6 × 6 µm2). 

Therefore, in this case, it cannot be concluded whether this defect is also a threading screw 

dislocation as D3 weak spot, or any other kind of crystallographic defect. On the other hand, 

HEMTA approach did not reveal any further information. 

 

 

 

 
Figure 4.9. |ST| [(a) and (c)] and  [(b) and (d)] maps over D3 using the REMTA [(a) and (b)] and SIMTA [(c) and 

(d)] approaches; (e) D3 reverse static I/V curve. 
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Figure 4.10. |ST| [(a) and (c)] and  [(b) and (d)] maps over the area of interest of D4 using the REMTA [(a) and (b)] 

and SIMTA [(c) and (d)] approaches; (e) D4 reverse static I/V curve. 

 

 
Figure 4.11: Surge current waveform during failure of D5 (a), D6 (b) and D7 (c). 

 

4.2.3 Failures detected by surge current tests (D5, D6, D7) 

Diodes D5, D6 and D7 showed no significant electrical degradation under repetitive surge 

current pulses at 40 A amplitude (surge current cycling test), as no deviation from their starting 

I/V static curves was detected after the tests. This was also corroborated by SIMTA 

measurements, which showed no new heat sources compared with the initial ones. After this 

test, a destructive surge current capability test was performed, at RT for the first set of samples 

including D5 and D7, and at 200ºC for the second one, including D6. Figure 4.11 depicts the 
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surge current waveform during the failure for diodes D5 [Figure 4.11 (a)], D6 [Figure 4.11 (b)] 

and D7 [Figure 4.11 (c)].  

For D5, Figure 4.11 (a) shows that during failure, the current starts to decrease before 

reaching its maximum current value indicating that a high temperature value is locally reached 

(hot spot formation), and low bipolar conduction is visible, even at maximum surge current. 

During the D6 failure, as depicted in Figure 4.11 (b), the voltage starts to increase before 

reaching the maximum current value, provoked by bipolar conduction and self-heating effect. 

For D7, the I0 and V0 behavior plotted in Figure 4.11 (c) is very similar to that observed for D5 

in Figure 4.11 (a), this suggesting a similar failure mechanism. This figure also shows a 

remarkable trend: the surge current capability is reduced with the test temperature: the devices 

tested at RT (D5, D7) failed during 64 A surge current peaks, while the devices tested at 200ºC 

(D6), failed at 59 A.  

Figure 4.12 shows the forward [Figures 4.12 (a), 4.12 (b) and 4.12 (c)] and reverse bias 

[Figures 4.12 (d), 4.12 (e) and 4.12 (f)] electric static characteristics of D5 [Figures 4.12 (a) and 

4.12 (d)], D6 [Figures 4.12 (b) and 4.12 (e)] and D7 [Figures 4.12 (c) and 4.12 (f)] before surge 

current stress (black solid line) and after failure (red dashed line), all them measured at Ti = 

25ºC. These figures are represented at the optimum V0 ranges to properly observe the electrical 

deviations from the starting I/V curves after failure. From this figure, it is observed that D5 and 

D6 presented near-ideal and very similar initial electrical behaviors, which is representative for 

the rest of tested devices, except for D7. By fitting their initial I/V curves to the thermionic 

emission model, D5 showed an initial barrier height of B,D5 = 1.235 eV and a ideality factor of 

nD5 = 1.035, while D6 presented B,D6 = 1.19 eV and nD6 = 1.13 (considering homogeneous 

barrier along the diode active area), making them suitable to compare the effects of temperature 

on surge current capability. Whereas, D7 presented multibarrier behavior from its initial 

electrical characterization, where the predominant barrier height (approximately the entire 

active area) featured B,D7 = 1.035 eV and nD7 = 1.375 values. Concerning the additional 

barriers, it is not possible, according to the thermionic emission model, to simultaneously 

determine their area and barrier height with accuracy from pure electric measurements (both 

dictate the I/V curve logarithmic slope), but it is worthy to point out that, according to Figure 

4.12 (c), their values must be lower than those for the predominant one. Such multibarrier 

behavior makes this sample suitable to observe the effect of additional barriers on device 

ruggedness under the same circumstances.   

From Figure 4.12, it is also observed that the D5 forward characteristics remained 

unaltered after failure [Fig. 2(a)], while D6 and D7 showed higher current conduction at 

V0 < 0.6 V (multibarrier behavior), as shown in Figures 4.12 (b) and 4.12 (c), respectively. This 

corresponds to the formation of new Schottky contacts during failure which, according to the 

thermionic emission model, must feature lower Schottky barriers heights than the starting ones. 
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Notice that, despite D5 and D6 featured very similar starting I/V curves at forward bias, they 

showed different degradation on the electrical characteristics after failure. Besides, the blocking 

capabilities of all diodes were drastically reduced from -1.2 kV to below -100 V and -400 V for 

D5 and D6, while D7 completely lost its rectifying characteristic. D5 and D6 electrical results 

are representative for both groups of tested devices, and they suggest that temperature is an 

important factor determining how the diode structure is modified during failure. In order to 

observe such effects with spatial resolution, several IR-LIT measurements were carried out, 

with reverse- and forward-SIMTA setups. HEMTA and REMTA approaches did not reveal 

further information for these diodes, thus their results are not depicted. All the IR-LIT images 

have been captured setting nf = 5×104. After, the physical failure signatures were evaluated 

using FIB, SEM, TEM, EDX and EELS. 

 
 

 
 

Figure 4.12. Electric static characteristics at forward [(a), (b) and (c)] and reverse bias [(d), (e) and (f)],  

before stress (black solid line) and after the failure (red dashed line)  

of diodes D5 [(a) and (d)], D6 [(b) and (e)] and D7 [(c) and (f)]. 
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4.2.3.1 D5 failure under power cycling and surge current tests 

After D5 failure, SEM inspections on the field stopper contact were carried out. They 

showed that the active area periphery (field stopper contact) presented some structural damages 

on D5 (metal and passivation layers cracked or lifted, see Figure 4.13), whereas the wire-

bondings and the rest of the active area were intact. However, it was not possible to determine 

and locate the physical failure signature, as a large active area on the periphery was damaged. 

This behavior has been observed on all the diodes that have been submitted to surge current 

tests. Considering the common localization of structural damages, it was hypothesized that the 

former was an indirect consequence of the localized conduction through the field stopper 

[indicated by current in Figure 4.11 (a)]. In any case, SEM inspections did not provide enough 

information to verify it. 

After that, D5 has been inspected using the IR-LIT system and biasing it with reverse 

(V0 = -85 V, v = 8.5 V) and forward (V0 = 0.952 V, v = 50 mV) SIMTA approaches to verify 

our hypothesis. Reverse-SIMTA measurements have been captured setting Ti=60ºC, tint = 1 ms 

and flock-in = fS = 97.3 Hz [see Equation (4.4)]. Whereas, forward-SIMTA measurements have 

been carried out setting Ti = 15ºC, tint = 1.5 ms, and flock-in = fS = 297.3 Hz [see Equation (4.4)]. 

Figure 4.14 summarizes |ST| [(a) and (c)] and  [(b) and (d)] mappings measured during 

reverse [(a) and (b), Ti = 60ºC] and direct [(c) and (d), Ti = 15ºC] SIMTA measurements. 

Figures 4.14 (a) and (b) highlight a hot spot in the bottom left corner on the field stopper contact 

when the device is biased in reverse mode. This is supported by the fact that, relative maximum 

and minimum values of |ST| and, respectively, are observed at the same location (see Chapter 

2).  

On the contrary, Figures 4.14 (c) and (d) show a more homogeneous current distribution in 

forward mode, meaning that the hot spot does not affect the diode forward conduction, as 

inferred also from Figure 4.12 (a). Notice that although in Figure 4.14 (c) the active area 

presents very low signal levels (due to metal low IR emissivity), we can infer that the whole 

active area is a heat source observing the  map in Figure 4.14 (d), where the emissivity 

contrast does not affect measurements. This is supported by Figure 4.14 (e) where the  profile 

along the red line on Figure 4.14 (d) is plotted, showing a relative minimum  value along the 

entire active area. Notice that the low metal emissivity provokes a higher SNR, but it does not 

disturb the mean  value. 

To verify by SEM inspections whether structural modifications occurred after surge current 

capability tests, we performed FIB vertical cuts of 10 µm large, 100 µm long and 10 µm deep, 

first at the periphery of a device not subjected to surge current tests (cut 1), and then on D5 at 

the hot spot detected with IR-LIT means [cut 2 at the area depicted in Figure 4.14 (a)]. Then, to 

have more information about the diode structure in both situations, a lamella of each area was  
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Figure 4.13. SEM picture of the active area’s periphery of D5 after surge current breakdown. 

 

 

 
Figure 4.14. |ST| and  mappings over D5, corresponding to reverse [(a) and (b), respectively] and forward [(c) and 

(d), respectively] SIMTA measurements; (e)  profile along red line in (d). 
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extracted and polished by FIB for further TEM analysis. On the one hand, Figure 4.15 depicts 

several SEM and TEM inspections along the cut 1. Figure 4.15 (a) shows that there is W along 

cut 1. Having a closer look to the field stopper area, this figure clearly demonstrates that W 

covers the entire active area until the SiO2, and Al has a uniform thickness. Figure 4.15 (b) 

shows a SEM image of the lamella extracted from the same location in Figure 4.15 (a). This 

lamella was inspected by TEM to have a higher insight on the diode layer structure. Figure 4.15 

(c) shows the TEM results at the location pointed with a red square in Figure 4.15 (b). This 

figure shows that W layer is completely homogeneous inside the active area, and no W particles 

are detected inside the Al layer, which is clearly polycrystalline with large grains with the same 

crystallographic orientation. The different materials have been identified by EELS, revealing 

that the bright particles inside the Al layer are Ga particles, used for FIB milling, which 

concentrate inside the Al grain boundaries during the preparation of the lamella.  

On the other hand, Figure 4.16 (a) depicts a SEM image performed along cut 2, in which 

several damages can be observed: the interface between the passivation polyimide and Al is 

reconstructed, and W contact (bright layer) is highly degraded, even being totally removed from 

the device periphery. Figure 4.16 (b) zooms into the area pointed in Figure 4.16 (a), highlighting 

the Schottky contact modification in that area, and showing that the W contact presents a non-

uniform degradation mainly produced by its non-uniform thickness: from being totally 

removed, some traces are observed, finally finding the W layer unaltered. This was confirmed 

by EDX quantitative measurements, carried out at the points depicted in Figure 4.16 (b). The 

EDX results are detailed in Figure 4.16 (c), which shows that W is detected in different 

proportions at the points 3-5, while no W is detected at points 1 and 2, which are closer to the 

periphery, meaning that near the periphery, such W layer degradation yielded to a direct Al-SiC 

contact. This non-uniform degradation of W contact accounts for the appearance of lateral 

thermal gradients, suggesting bipolar activation of the field stopper during surge current test, 

which caused a current density increase in this location. Notice that, from Figure 4.16 (a), it is 

observed that the Al layer was degraded at its interface with polyimide, but not near the SiC 

epilayer, where the higher current density and heat dissipation must take place during failure. 

According to these results, the most suitable failure mechanism is W electromigration and 

thermomigration into the Al layer, similarly to that reported in another works [52,53], which in 

this case led to a local Schottky barrier shift. This is also justified by the fact that W atoms were 

displaced in the same direction as the electron flow during surge current test (from the periphery 

to the wire bonds). In addition, the elevated thermal gradient that, accounting for Figure 4.16 

(a), appeared at the periphery, would also enhance the W layer degradation by thermomigration 

[53], which took place in the same direction (heaviest metal moving from hot to cold areas). 
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Figure 4.15. (a) SEM picture of vertical FIB cut through the active area’s periphery on a device not subjected to surge 

current tests (cut 1). (b) SEM image after extracting and polishing the lamella. (c) TEM inspection at the area marked 

in (b). 
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Figure 4.16. (a) SEM picture of vertical FIB cut through the active area’s periphery on D5 (cut 2). (b) Zoom into the 

area marked in (a). (c) EDX results at the points marked in (b). 

 

4.2.3.2 D6 failure under power cycling and surge current tests 

Similarly to D5, D6 has been inspected using the IR-LIT system and biasing it with reverse 

(V0 = -450 V, v = 10 V) and forward (V0 = 1.7 V, I0 = 2 A, v = 18 mV) SIMTA approaches to 

verify our hypothesis. Reverse-SIMTA measurements have been captured setting Ti = 70ºC, 

 tint = 1 ms, and flock-in = fS = 497.3 Hz [see Equation (4.4)]. Whereas, forward-SIMTA 

measurements have been carried out setting Ti = 15 ºC, tint = 1.2 ms, and flock-in = fS = 397.3 Hz 

[see Equation (4.4)]. Figure 4.17 summarizes |ST| [(a) and (c)] and  [(b) and (d)] mappings 

measured during reverse [(a) and (b)] and forward [(c) and (d)] SIMTA measurements. Figures 

4.19 (a) and (b) highlight a set of hot spots in the left side of the active area when the device is 
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biased in reverse mode, supported by the same condition mentioned above. This suggests that, 

at high current conditions, the field stopper area is activated, and crowds the current over the 

periphery. Figures 4.19 (c) and (d) show current conduction over the entire active area in 

forward mode, meaning that the weak spot only affects low current forward conduction, as 

inferred also from Figure 4.12 (b). However, higher current conduction is visible over the left 

area, which partially explains the failure location: presumably, this current deviation forced 

higher power density on the left area than in the rest of the diode during surge current capability 

test. Nevertheless, similarly to D5 in Figure 4.14 (d), the whole active area can be considered a 

heat source, as it presents an almost constant and minimum  value over its entire surface in 

Figure 4.17 (d) (no emissivity contrast affectation).  

 

 
Figure 4.17. |ST| and  mappings over D6, corresponding to reverse [(a) and (b), respectively] and forward[(c) and 

(d), respectively] SIMTA measurements. 

 

Optical observation showed that the entire periphery was totally degraded. For a better 

insight, FIB millings have been performed at one of the hot spots to capture SEM images and 

perform EDX measurements. The results are depicted in Figure 4.18. Figure 4.18 (a) depicts a 

SEM inspection, where an important degradation of the Al anode is observed: it appears to be 

lifted from the substrate around the periphery, especially in the hot spots location. Figure 4.18 

(b) depicts a SEM image of a vertical FIB milling at the hot spot area [indicated as cut 3 with a 

white dashed rectangle in Figure 4.18 (a)], and Figure 4.18 (c) zooms inside the area marked 

with a dotted rectangle in Figure 4.18 (b). These figures show, similarly to D5, that the W layer  



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

 

86 

 

 

 
Figure 4.18. (a) SEM picture of the active area’s degraded periphery on D6. (b) SEM picture of vertical FIB cut 

through the active area’s periphery on D6 (cut 3). (c) Zoom into the area marked in (a). (d) EDX results at the points 

marked in (c). 
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(bright layer) was also laterally degraded and even removed from the device periphery. This 

was also confirmed by EDX quantitative measurements at the points depicted in Figure 4.18 (c). 

The EDX results, reported Figure 4.18 (d), confirm that W is only detected at the brighter areas 

(i.e., points 4 and 5), and it is totally removed at the points 1-3, closer to the periphery, where a 

direct Al-SiC contact is formed. However, in contrast with D5, the degradation is stronger and 

extended to several tens of microns inside the diode active area. Near the field stopper, a portion 

of Al has been sputtered off, meaning that temperatures near Al boiling point (2470ºC) may 

have been reached at this location during failure. In addition, as observed in Figure 4.18 (b), W 

was reconstructed forming crystals at the right area, which was presumably colder during 

failure. This yielded to the formation of small W SiC contact patches surrounded by Al-SiC 

contacts, which formed an additional barrier, as observed in Figure 4.12 (b) and (c). These 

results also suggests, on the one hand, that such current crowding phenomenon was due to field 

stopper conduction, enhanced by the test temperature (200ºC), which locally increased the 

temperature and caused the observed Al removal. On the other hand, the thermal gradient 

created, gathered with such elevated current during failure, yielded to thermomigration and 

electromigration of W into Al, totally removing the W from the periphery, and forming W 

clusters at the areas inside the active area where less temperature was reached (right area). 

4.2.3.3 D7 failure under power cycling and surge current tests 

For D7, thermal measurements have been captured before and after breakdown. On the one 

hand, Figure 4.19 analyzes the double barrier behavior before breakdown by means of IR-LIT 

measurements. Figures 4.23 (a), (b), (c) and (d) depict the forward-SIMTA |ST| mappings at 

I0 = 5 mA, 100 mA, 400 mA and 3 A, respectively. Ti was set to 15ºC in all the measurements, 

but each one has been captured setting different tint and flock-in = fS values [see Equation (4.4)] for 

avoiding saturation and increasing the SNR, respectively: tint = 2 ms and flock-in = fS = 17.3 Hz in 

Figure 4.19 (a); tint = 2 ms and flock-in = fS = 97.3 Hz in Figure 4.18(b); tint = 1.5 ms and 

flock-in = fS = 297.3 Hz in Figure 4.19 (c), and tint = 1 ms and flock-in = fS = 397.3 Hz in Figure 4.19 

(d).  

Comparing the |ST| results with the electrical characterization in Figure 4.12 (c), we 

observe that when fixing the operating point of the diode at low-current (i.e. where the 

additional barrier affects the diode operation), only the wedge-bondings on the bottom-right 

corner and the left area are heated, while when it is fixed in an operating point inside the slope 

caused by the higher barrier, the entire diode is heated. Recalling the Figure 4.2 (c), we observe 

that the bottom right corner bonding, where almost all the current is crowded, was cut-off 

during the bonding process. Since this bonding does not transport any current to the diode, the 

defect should be located beneath it, evidencing that the double barrier behavior has been 

induced by a defective bonding process, similarly to that observed for D1. But, in contrast to 

D1, the additional barrier is active up to higher power dissipation values, this allowing the 
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location of the weak spot. 4.19 (e) and (f) depicts the reverse-SIMTA (V0 = -300 V, v = 7.5 V) 

|ST| and  mappings, respectively, captured with Ti = 15ºC, tint = 1.5 ms, and flock-in = fS = 97.3 

Hz. 

 
Figure 4.19. Forward-SIMTA |ST| mappings over D7, corresponding to (a) I0 = 5 mA, (b) I0 = 100mA, (c) 

I0 = 400 mA and (d) I0 = 3 A; Reverse-SIMTA |ST| (e) and  (f) mappings; (all before surge current capability test). 

 

These figures show that, when the diode is reversely biased, the leakage current flows 

through the same location as in Figure 4.19 (a), meaning that the defects below the bondings are 

the responsible of both the double barrier behavior in forward bias [see Figure 4.12 (c)], and the 

elevated reverse leakage current crowding [Figure 4.12 (f)]. On the other hand, Figure 4.20 
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shows the IR-LIT inspections after failure, biasing D7 with forward [V0 = 0.71 V, I0 = 5 mA and 

v = 64 mV for Figures 4.24 (a) and (b); V0 = 1.35 V, I0 = 3 A and v = 72 mV for Figures 4.24 

(c) and (d)] and reverse [V0 = -2.86 V, v = 1.24 V, Figures 4.24 (e) and (f)] SIMTA 

approaches. Forward-SIMTA measurements have been carried out with Ti = 15ºC, setting 

tint = 2 ms, and flock-in = fS = 17.3 Hz for Figures 4.24 (a) and (b), and tint = 600 µs, and 

flock-in = fS = 397.3 Hz for Figures 4.24 (c) and (d). Whereas, reverse-SIMTA measurements have 

been captured setting Ti = 60ºC, tint = 1 ms, and flock-in = fS = 297.3 Hz.  

Figures 4.20 (a) and (c) show similar behavior as Figures 4.19 (a) and (d), respectively, as 

they have been captured at the same I0 values. However, new hot areas appear at the upper-right 

corner of these images, supported by their corresponding  mappings in Figures 4.20 (b) and 

(d), respectively. This supports the ohmic conduction observed after failure in Figure 4.12 (c): 

the dual barrier behavior of the wedge-bonding now is superposed to a resistive behavior over 

these new hot areas. Reverse-SIMTA |ST| and  maps depicted in Figures 4.20 (e) and (f) 

respectively, show several hot spot locations, some of them concurring with the forward low-

current ohmic conduction spots. This suggests that these locations are not ohmic contacts but 

local modifications of the Schottky barrier, each one with different barrier height. The lowest 

barriers would only affect the forward conduction (ohmic-like conduction), while all them 

would induce high leakage current at reverse bias. Almost all they are located at the right area of 

the diode, except a hot spot with low power dissipation (higher Schottky barrier), which is only 

visible in the  map [see Figure 4.20 (f)]. All these weak spots are the responsible for the lack 

of blocking capability observed in Figure 4.12 (f), crowding an elevated current value even at 

very low reverse DC voltage. Notice that the diode has not failed near the weak spots located 

below the wedge-bondings (additional barrier), but in the periphery like for diodes D5 and D6. 

This means that dual barrier behavior does not limit the surge current capability of SiC SBD’s 

with W as Schottky contact, result that is not reported in the literature. Considering the hot spot 

locations at reverse bias, three FIB cuts have been performed, in the areas highlighted in Figure 

4.20 (f): cuts 4 and 5 are performed in the failure locations with lowest and highest power 

dissipation (lowest and highest |ST| values), respectively, whereas cut 6 is performed in an area 

without hot spots (|ST| = 0,  not defined). Figure 4.21 (a) depicts a SEM image performed 

along cut 4, in which several damages can be directly observed: the interface between the 

passivation polyimide and Al is reconstructed, creating a void between them (Al partially 

removed). Moreover, a droplet-shaped portion of material can be observed inside this void. 

Figure 4.21 (b) shows a SEM image performed after further milling with FIB (reaching the 

droplet), focusing on the area marked in Figure 4.21 (a). In this figure, the droplet appears to 

have a core shrouded by a different material shell. An EDX microanalysis has been performed 

in this location, trying to reveal the composition of the droplet. It has been performed in the area 

marked in the SEM picture of depicted in Figure 4.21 (b). 
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Figure 4.20. Forward-SIMTA |ST| and  mappings over D7, corresponding to I0 = 5 mA [(a) and (b), respectively], 

and I0 = 3 A [(c) and (d), respectively]; Reverse-SIMTA |ST| (e) and  (f) mappings; (all after surge current 

capability test). 

 

Figure 4.21 (c) shows in white the locations where C, Al, Si and W are detected, which 

revealed that the droplet was majorly composed by Al. Such droplet seems also to be in direct 

contact with SiC (W layer locally removed), which cause a local shift on the Schottky barrier, 

being this responsible for the electrical behavior observed in Figures 4.12 (c) and 4.12 (f). This 

result also suggests field stopper conduction as the responsible for the periphery degradation: an 

elevated current density, most probably due to the initial multibarrier behavior, locally increased 

the temperature up to the Al melting point (660ºC) at this location. Concerning the composition 
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of the outer shell of the droplet, EDX measurements do not provide sufficient lateral resolution 

to determine if it is composed by different elements than Al. 

 

 
Figure 4.21. (a) SEM picture of vertical FIB cut through the active area’s periphery on D7 (cut 4). (b) SEM picture 

taken after further FIB milling in the area marked in Figure 4.21(a). (c) EDX microanalysis results at the same 

location that (b). 

 

Figure 4.22 depicts several SEM images performed along cut 5. First, Figure 4.22 (a), 

captured during the FIB milling, shows that the Al have been recrystallized into several grains, 

and an Al void has been created near the periphery. This process is the so-called Al 

recrystallization that occurs when high temperature is applied to devices during long time [54]. 

This has been observed in silicon devices, but no results have been reported in the literature on 

SiC devices. Figure 4.22 (b), captured at the end of the milling process, incises that the 

recrystallization is not only superficial, but distributed over the Al volume in this location. 

Moreover, two droplets of undetermined material have been created, in this case out of the Al-

polyimide interface. Our first assumption was that the droplets are composed by polyimide, 

which has been melted during failure. In this case, the Al-polyimide interface is not depicted, 
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since the FIB could not remove the material in this location. Figure 4.22 (c) zooms in the area 

highlighted in Figure 4.22 (b), to better observe the Al grain boundaries. In this figure, we can 

also observe that W has been partially removed, creating a direct Al-SiC contact. Apart from 

electromigration processes, W layer degradation can be modulated by lateral thermal gradients 

appeared during surge current tests (thermomigration). 

 

 

Figure 4.22. (a) SEM picture of vertical FIB cut through the active area’s periphery on D7 (cut 5). (b) Further FIB 

milling until reaching the droplet. (c) Zoom into the area depicted in figure (b), where W is laterally degraded by 

electromigration, and Al is recrystallized. 

 

The deterioration of the periphery indicates that the temperature peak during the surge 

current takes place along the field stopper area contacted with W. In other publications [55], it is 

reported that a maximum temperature at diode destruction of ~ 850ºC is calculated, because of 

high current crowding phenomena at the outer edge of the field stopper area. In this case, the Al 

melting point was overcome, demonstrating that a high temperature was developed inside the 

SiC semiconductor body. Thus, this creates a lateral temperature gradient due to the higher 

dissipation along the outer edge of the field stopper in comparison to the active area, which 

could also explain the observed non-homogeneous lateral pattern reported in Figure 4.22. 

To corroborate our assumptions about the droplets composition and Al crystallization, a 

lamella has been extracted from this location by FIB means, to be analyzed by TEM and EELS. 

The images corresponding to this analysis are plotted in Figure 4.23. Figure 4.23 (a) depicts a 

SEM image of the lamella extracted and polished. Figure 4.23 (b) plots a TEM image captured 

at the area pointed out in Figure 4.23 (a), superposed with the results from EELS analysis: the 
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areas where Ga and W were detected, are marked in yellow and red, respectively, while a pink 

arrow points at one of the locations where only Al is detected. According to this figure, the Al 

grain boundaries are filled by Ga particles from the FIB, similarly to that observed in Figure 

4.15 (c). In this case, Al has recrystallized forming smaller grains, thus giving the patron 

observed in Figure 4.22 (c), where the apparently brighter grains represent faces of grain 

boundaries that are closer to the vertical cut surface. Despite this, some of these grains could 

also be formed by W, as Figure 4.23 (b) depicts: the brighter grains are formed by W, which is 

better observed with TEM, as this technique presents higher contrast between elements with 

different atomic number Z (the so-called Z contrast). Also from this figure, it can be seen that 

the interface between SiC and W is totally degraded, forming 3-dimensional W clusters 

surrounded by Al, this causing the appearance of low-current conduction paths with very low 

barrier, as seen in the electrical characteristics plotted in Figure 4.12 (c).  

 

     

 
Figure 4.23. (a) SEM image captured after polishing the lamella performed in cut 5 (D7); TEM image performed in 

the area pointed out in (a), where the composition of each motif, as measured by EELS, is detailed. 

 

Finally, Figure 4.24 depicts the SEM image corresponding to cut 6, where no hot spots 

have been observed. In this case, the Al-Polyimide interface has also been degraded, but the W 
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layer is not as much degraded as in cuts 4 and 5: no direct contact between Al and SiC is 

detected along the active area in this location, but only along the field stopper, and the Al in this 

location does not present recrystallization. This confirms that detected hot spots are located 

where Schottky barrier has been degraded not only at the field stopper area, but also at the outer 

edge of the active area due to W electromigration (physical failure signature). Therefore, IR-LIT 

measurements have sensed the locations where the Schottky contact has experienced a higher 

electrical degradation, completely changing their rectifying behavior. 
 

 

 
Figure 4.24. SEM picture of vertical FIB cut through the active area’s periphery on D7 (cut 6). 

 

In summary, all observed experimental results for D7 can be explained by the following 

hypothesis: when W is completely removed at the edge of the active area, a weak structural spot 

is created at the transition between the field stopper contact and the edge of the active area 

(electrical behavior locally modified). Consequently, this gives rise to a current crowding 

phenomenon at that location and, at the same time, the blocking voltage capability is locally lost 

(detected non-invasively by IR-LIT means). This could lead the devices to a positive 

regenerative feedback eventually inducing their failure by current crowding effects when 

operated in blocking state in a real working application. 

4.3 Conclusions 

This work has proposed a complete and novel procedure to evaluate the physical failure 

signatures of Schottky Barrier Diodes (SBD’s), which can be extended to study a variety of 

power semiconductor devices and integrated circuits. To do that, this work has proposed four 

new biasing techniques, which combined with Infrared-Lock-in Thermography (IR-LIT) can 

modulate and then detect the thermal map over the SBD’s surface, decoupling and identifying 

the failure mechanisms depending on the device operation regime. Namely, the diodes are 

studied under electrical forward and reverse biasing conditions (Small Signal Modulation for 
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Thermal Analysis approach -SIMTA-), or during its transition between on- and off-state 

(rectifying mode) at low (Rectifying Mode Modulation for Thermal Analysis -REMTA-) and 

high (Heterodyne Rectifying Modulation for Thermal Analysis -HEMTA-) frequencies (i.e., up 

to 5 kHz and 30 MHz, respectively). While REMTA and HEMTA techniques only needed a 

waveform generator, reverse- and forward-SIMTA needed dedicated circuits to reach high-

voltage (up to 1 kV) and high-current bias (up to 20 A), respectively, which have been designed 

and implemented in the present work. It is worthy to point out that, in the IR-LIT state of the 

art, such elevated biasing current and voltage values have not been reported, even systems 

showing such biasing values are not commercially available. Moreover, these circuits allow 

evaluating single devices covering from low up to high power ratings.  

Using the presented biasing techniques, we have determined the failure locations of several 

SiC SBD’s, first detected electrically during different screening stages with standard 

qualification procedures based on I/V curves or dynamic characterization, which did not provide 

spatial information.  

To assess the developed approach, seven SBD’s have been inspected. Diode D1 presented 

a double barrier behavior, which has been attributed to a defective wire bonding process, thanks 

to the spatially resolved thermal measurements: local barrier lowering has been detected during 

reverse-SIMTA measurements, inducing current crowding phenomena near two ball bonds. 

Whereas, HEMTA measurements revealed several hot spot locations over the entire periphery 

of D2 when it was working at high frequency (10 MHz), despite its static behavior presented a 

normal behavior (only a small dual barrier behavior at very low current bias). It caused an 

elevated transition capacitance, which was observed during further electrical measurements. 

This modulation technique has served to attribute this failure to deep-level defects produced by 

the JTE ion implantation of acceptor impurities.  

Diodes D3 and D4 presented an increase of several orders of magnitude on their leakage 

currents after thermal cycling tests. Thanks to Reverse-SIMTA measurements, we have inferred 

that the increased leakage currents were crowded in single hot spots, which presumably are the 

responsible for the failure. With this information, we have hypothesized that thermo-mechanical 

effects have provoked the propagation of an internal defect up to the surface during thermal 

cycling, locally increasing the deep-level trap concentration and thus emitting current in reverse 

bias in both samples.  

It is important to point out that diodes D1 to D4 have served as a proof of concept for 

failure location by means of IR-LIT, but diodes D5, D6 and D7, in contrast, are state-of-the art 

devices whose surge current capability limitations are currently under study. For this reason, we 

have selected these diodes to apply the complete failure analysis procedure: in these cases, the 

failure locations have been further analyzed by using FIB, SEM and/or EDX techniques.  
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First, by performing IR-LIT and electrical measurements before and after each test, we 

have concluded that no remarkable electrical changes were provoked when surge current ageing 

tests were applied to diodes D5, D6 and D7. However, when they were submitted to surge 

current capability tests, they all presented the same electrical failure signature at reverse biasing 

conditions: loss of blocking capability. In contrast, each one presented different forward 

behavior after failure: the D5 I/V curve remained unaltered, while D6 and D7 presented an 

increase of leakage current at low forward bias. IR-LIT measurements after failure revealed 

several hot spots related with the reverse operation regime of D5, D6 and D7, which suggest 

local modifications of the Schottky barrier. These structural weakest spots, all located at the 

field stopper contact area, are the responsible for the limited surge current capability of SBD’s.  

Several materials characterization techniques have been employed to confirm the 

assumptions inferred from IR-LIT results, being key to correlate the physical and electrical 

failure signatures. They have consisted on performing vertical FIB cuts along the hot spot 

locations of D5, D6 and D7 to check the Schottky contact integrity. All diodes showed similar 

interface failure symptoms: W contact was degraded by electromigration-thermomigration 

mechanisms (Schottky barrier local modification)..  

Therefore, it can be concluded that the surge current capability in SBD’s is not limited by 

initial double barrier behaviors, and it could be improved by including an additional metal layer 

(e.g., titanium) between Al and W to create a diffusion barrier and stop this degradation 

mechanism. Another solution is to explore new refractory metals that present no 

electromigration and thermomigration at these current densities and temperatures.  

This work has evidenced that gathering IR-LIT and the proposed modulation techniques is 

useful to debug wide band-gap power electronic devices, giving valuable information to 

improve their design. Moreover, the designed biasing approaches are applicable to characterize 

the physical failure signatures in a variety of power devices, being able of non-invasively 

detecting any local electrical modification in the behavior of the device. This detection is of 

paramount importance to analyze the physical failure signature: modifications on the device 

structure observed with destructive techniques such as the combination of FIB milling and 

SEM, are not always correlated with a local electrical behavior abrupt change: IR-LIT provides 

the spatially resolved electrical information to know where to look at. 
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5 SMALL SIGNAL THERMAL ANALYSIS OF LOCAL 

MULTIBARRIER BEHAVIOR IN SIC SCHOTTKY DIODES  

In this chapter, a Nickel-based Silicon Carbide Schottky Barrier Diode (Ni-SBD) 

presenting multibarrier behavior was inspected by Small sIgnal Modulation for Thermal 

Analysis (SIMTA) modulation technique presented in Chapter 4, to detect the weak spots 

responsible for this behavior. SIMTA thermally modulates in frequency such weak spots with a 

small signal voltage, while the device is electrically biased in an operating point of its static I/V 

curve (20 A-1 kV capability). This allows quantitatively studying them in thermal steady state 

as heat sources by lock-in thermography depending on the device operating regime. Using 

SIMTA, the barrier height and the area of each weak spot were determined by thermal means, 

yielding to an electrical model that fits the observed multibarrier behavior. Results suggest that 

these spots were caused by surface areas of high density of states (due to 3C-SiC stacking 

faults) created during wire bonding process, which locally shifted the Schottky barrier due to 

Fermi level pinning. Their origin was confirmed by Scanning Electron Microscope inspections 

after milling these locations with Focused Ion Beam (FIB), detecting Schottky metal contact 

degradation at weak spot locations due to an excessive bonding pressure.  

This chapter is organized as follows: Section 5.2 provides the theoretical basis of the 

SIMTA modulation and LIT technique to locate, model and physically study the weak spots 

responsible for the observed multibarrier behavior. Section 5.3 presents the experimental details, 

including the inspected Ni-SBD characteristics, as well as the measurement setup. Section 5.4 

presents and discusses the thermal results, where weak spots are detected near three wire bond 

attaches. In order to link the weak spots thermal information with the diode multibarrier 

behavior, the Schottky barrier height and the area of such weak spots were inferred from 

thermal results, yielding to a model that closely fits with the observed ISch. These results 

suggest that this behavior was originated during wire bonding process, which caused clusters of 

interfacial defects (i.e., weak spots) that pinned the Fermi level at the energy of the defect states 

within the SiC band-gap, locally shifting the Schottky barrier. To confirm that, these locations 

were further analyzed by using FIB millings and SEM inspections, show that these defect 

clusters were caused by excessive wire bonding pressure. Finally, some concluding remarks are 

presented in Section 5.5. 

5.1. Current state-of-the-art in multibarrier studies 

The reliability and ruggedness of SiC Schottky Barrier Diodes are currently under study 

[1,2]. It can be expected from other works [3,4] that local structural modifications at the surface 

could be responsible for their failure, differing from the bulk degradation observed in their 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY 
 

102 

bipolar counterparts [5]. They lead to surface weak spots with an unexpected local electrical 

behavior, which is manifested in a deviation of their nominal I/V static curve referred here as 

ISch (see Chapter 4). This can be also observed as a result of a non-proper device 

manufacturing process. Sometimes, a multibarrier behavior appears in such components, which 

can be observed in other technologies [6,7]. Usually, ISch is detected in both cases by means of 

non-spatially resolved electrical measurements (e.g., curve tracers), which are not always valid 

to identify the problem, and not useful for debugging tasks. Then, non-electrical microscopic 

techniques (e.g., X-Ray Topography –XRT–, Polarized Light Microscopy –PLM–, Atomic 

Force Microscope -AFM-, Transmission Electron Microscopy -TEM- or Scanning Electron 

Microscopy –SEM–) that require an invasive sample preparation (e.g., metal contact removal, 

Focused Ion Beam -FIB- milling or microstructural polishing) are used at risk of altering the 

device behavior or, even, detecting structural modifications or defects not responsible for the 

observed ISch.  

Some of these techniques were used in previous publications to analyze the multibarrier 

behavior in a variety of SiC SBD’s [8,9,10,11].  In most of them, surface states (caused by 

substrate off-cut angle), or defect states (caused by stacking faults, screw dislocations or 

micropipes) were detected as the responsible for this behavior. Despite the fact that there is no 

direct correlation between the number of defects and multibarrier behavior, the associated ISch 

is detected when a cluster with high density of states (weak spot) appears [8]. Several authors 

concluded that, if the weak spot dimensions are much larger than the depletion region of the 

surrounding homogeneous contact, the Fermi level is locally pinned to the energy of the states 

within the SiC band gap (generated by the defects), creating an area with lower Schottky barrier 

that in turn yields to multibarrier behavior [12]. However, the used microscopic techniques do 

not allow for a direct correlation between the observed weak spots and multibarrier behavior, 

since the detection of ISch and then the weak spots are not performed simultaneously. Then, 

they are not capable of determining the effective conduction area and barrier height of the weak 

spots, which would be the optimum solution for modelling multibarrier behavior. 

In this scenario, this work proposes to non-invasively locate and study such weak spots that 

lead to a multibarrier behavior, simultaneously determining the influence of each spot on ISch. 

For this purpose, an off-chip lock-in thermography technique (LIT) is used with SIMTA 

modulation, presented in Chapter 4, to obtain the quantitative thermal map of the device surface 

needed for this study. As detailed in Section 4.1.3, SIMTA consists in biasing the device in a 

given working point of its static I/V curve, and then adding a sine-like waveform with smaller 

amplitude. To assess the suitability of SIMTA for this application scenario, the diode D1, which 

presents a multibarrier behavior, was studied.  
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5.2. Theoretical basis for multibarrier non-invasive analysis 

5.2.1. Hot spot thermal analysis by SIMTA modulation 

The detection and analysis of structural weak spots leading to a multibarrier behavior in 

Schottky diodes can be carried out by LIT means. This is based on the fact that structural weak 

spots generate surface hot spots as collect much more current due to a lower barrier height in 

comparison to the rest of the device [4]. Thus, such heat sources can be modulated at a given 

frequency f in order to detect their thermal field by using lock-in detection strategies [13]. Under 

the thermally thick approximation (f > 215 Hz in 4H-SiC), the surface thermal field generated 

by N modulated hot spots at any position vector  [Δ , , , ] can be written as [14]:  

Δ , , , | | ∑ ∬ ,
, | |

, cos 2 , , (5.1) 

where  is the position vector of the point belonging to the hot/weak spot, dSHS,i is the elemental 

surface area of the hot spot, |P0 (f)| is the amplitude of the power dissipated at f over the entire 

sample, and C is a constant. ai corresponds to a fraction of |P0 (f)| dissipated in a given i-th hot 

spot, and i is the thermal phase corresponding to each hot spot. This field produces a total 

thermal amplitude and a phase lag map over the chip surface (referred as |∆ | , , 	and 

, , , respectively), which their spatial distribution will be driven by the thermal diffusion 

characteristic length Ld. Ld relates to the media’s thermal diffusivity D and f as  Ld = (D/f)½  

and is used to know the confinement level of Δ , , ,  around each heat source or whether 

there is any interaction among them for a given f  [15]. 

Equation (5.1) can be rewritten assuming several considerations. As further discussed 

below, hot spots studied in this work can be approximated to hemispherical heat sources with an 

effective radius r0,i and an effective surface area A0,i (i.e., A0,i = ×r2
0,i). Thus, two limit cases 

can be considered to rewrite Equation (5.1). When r0,i << Ld fulfils (point-like heat source 

condition), the integration within the hot spot area SHS,i shown in Equation (5.1) can be avoided, 

according to Green’s function formalism [14]. Moreover, to avoid the divergence at | |

0, heat equation can be solved within an hemisphere to determine the thermal field inside it. As 

a result, Equation (5.1) simplifies as follows:  

   Δ , , , ∑ |∆ | | |, 	cos 2 , | |, ,      (5.2) 

where:  

|∆ | | |,

| |⁄

| |⁄
1

⁄
			 	| | , 	

, ,

| |
| |⁄ 																				 	| | ,

   (5.3) 
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, | |,
arctan

| |⁄

| |⁄
																														 	| | ,

arctan , ⁄

| |⁄
| |⁄ 				 	| | ,

, (5.4) 

where k and pi are the thermal conductivity of the media and the power density at each weak 

spot, respectively. pi relates to | | as | | ,⁄ . To ensure continuity at 

| | , , Ci | |,  should be: 

| |,
	

,

, ⁄
, ⁄

, ⁄
1

⁄

   (5.5) 

 

Thus, |∆ | , , 	and , , 	detected with a lock-in approach are: 

|∆ | , , ∑ |∆ | | |, 2∑ |∆ | | |, |∆ | ,

cos , | |, , ,
⁄

   (5.6) 

, , atan
∑ |∆ | | |, 	 , | |,

∑ |∆ | | |, 	 , | |,
         (5.7) 

Some interesting results can be inferred from the set of equations derived [see Equations 

(5.2)-(5.7)]. Thermal interaction among heat sources could lead to constructive and destructive 

phenomena in |∆ | , , . When the distances among heat sources are larger than Ld, the 

second term in Equation (5.6) nullifies, simplifying |∆ | , ,  analysis. This can be fulfilled 

using an appropriated f value to confine Δ , , ,  around the heat source. Moreover, when 

| |/  << 1 holds, |∆ | | | , ,  and , | | , ,  reach constant 

values within the hot spot (i.e., at | |< r0,i), avoiding divergence on these expressions. 

Then, the criterion used for locating such hot spots is to determine the position where local 

maxima in |∆ | , , 	 (|T|i,MAX) and minima in , ,  (,i,MIN), are simultaneously 

observed [13]. In this process, Equations (5.1)-(5.7) show that the higher the modulation 

frequency the higher is the spatial resolution to locate the hot spots, as both , ,  and 

|∆ | , ,  confine around each hot spot (linear and exponential decay with | |, 

respectively). 

In particular, such hot spots can be modulated keeping the device under a given electrical 

operating regime, following the SIMTA modulation strategy. As explained in Chapter 4, in this 

modulation the device is biased at a fixed operating point (or DC bias point) in current (I0) and 

voltage (V0) of its static electrical output (forward and reverse), and then a sine-like voltage of 

amplitude v and frequency f is added. As a result, a Δ , , ,  is obtained, where pi (I0, V0) 

at each i-th hot spot writes as: 
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, ∆ , / ,
 ,   (5.8) 

where J0,i is the current density at each i-th hot spot at the operating point (V0, I0), which is 

proportional to I0, and	 ∂ / ∂ ,  is the local dynamic resistivity, defined from the 

electrical parameters at each hot spot [16]. Thus, the modulation parameters externally settable 

in this approach are I0, v, and f. Depending on the operating regime, LIT measurements 

performed in this work have been referred from now on as forward- or reverse-SIMTA 

modulation when the devices are forward (on-state) or reverse (blocking-state) biased, 

respectively. In both cases, the device reaches its thermal steady state (low temperature swing), 

thus avoiding degradation due to thermo-mechanical stress. Moreover, SIMTA allows 

extracting quantitative electrical information from LIT measurements, which contrasts to 

modulate Δ , , ,  by periodically turning-on and -off the inspected device or biasing it 

with a high reverse voltage (or high forward current) square waveform (mainstream solution) 

[17,18]. Square waveform modulation induces steep on-off transitions, which may degrade the 

electrical behavior of the sample and do not allow studying the device in a given steady-state 

operating regime (self-heating disturbances). In addition, it may produce dynamic effects 

yielding to thermal information that is not responsible for the observed I/V static curves due to 

its high harmonic content and non-linear effects related to the device physics. This harmonic 

content does not allow for a quantitative study of the thermal fields over the sample, especially 

when point-like heat sources appear [13], which is observed when current mainly diverts to the 

structural weak spots.  

5.2.2. Spatial multibarrier behavior extraction by LIT measurements 

In order to link thermal measurements of these structural weak spots with the diode 

multibarrier behavior, the following approach was used. The multibarrier behavior can be 

modelled as a set of s equivalent Schottky diodes connected in parallel to the main diode 

defined by the homogenous Schottky contact, which conducts a nominal current In,Sch (i.e., 

I0 = In,Sch + ISch) [4,7]. Considering thermionic emission and barrier lowering mechanisms [6, 

19], I0 can be written as: 

∑ , ,
∗ ∑ , 〈 〉 exp ,

〈 〉
exp , , ,

〈 〉
1   

exp , , , ,

〈 〉
  ,   (5.9) 

where 〈 〉, B,i, i,i, and ni are local temperature, barrier height, built-in potential and ideality 

factor of each diode [i.e., the main diode (i = 0) and structural weak spots (i ≥ 1)], respectively. 

kB, Nd,  and A* correspond to the Boltzmann constant (1.3810-23 m2kg·s-2K-1), number of 
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donor impurities, permittivity of the semiconductor (8510-14 F/cm)20 and Richardson constant 

of the thermionic emission (146 A/cm2) [21], respectively. J0,i and RS,i are the current density 

and the series resistance at each diode [i.e., the main diode (i = 0) and structural weak spots 

(i ≥ 1)], respectively.  

From Equations (5.3)-(5.9), there are several key dependencies crucial to identify the 

barrier difference B,i - B,j between two weak spots (i and j) by thermal means using reverse-

SIMTA modulation. The first point is verifying that there is a linear relationship between pi and 

J0,i in Equation (5.8). This is a necessary condition for setting a measuring range of I0 for 

applying this approach. To do that it has been considered, in a first approximation, that 

|V0| >> |J0,iA0,iRS,i| and |V0| >> |i,i + J0,iA0,iRS,i|, as the device is reverse biased (i.e., |V0| >> i,i), 

and low voltage drop in RS,i is expected. Moreover, due to the low power dissipation at reverse 

bias, 〈 〉 can be considered equivalent for all hot spots. All this allows considering that the 

barrier lowering factor in Equation (5.9) presents the same value for all hot spots (homogeneous 

electric field). This means, on the one hand, that barrier lowering acts as a device-averaged 

global effect that influences the total I0 value and, on the other hand, that the current sharing 

between weak spots is only defined by B,i and ,  (local parameters), this not being influenced 

by the operating point at reverse bias. Then, according to Equation (5.9), the second term in 

Equation (5.8), which influences the relationship between pi and J0,i, writes as: 

∂ / ∂ ,⁄ ,
, ⁄ 	  ,       (5.10) 

where  is defined as ∗〈 〉 exp , 〈 〉⁄ . Equation (5.10) provides a 

relationship where J0,i is included in the expression. To linearize Equation (5.10), its Taylor 

series around any given Ja,i can be performed, obtaining the following result: 

∂ / ∂ ,⁄ ,
, ⁄ ,  ,          (5.11) 

Therefore, pi is proportional to J0,i, with a certain offset. Recalling that (|T|i,MAX) and pi are 

linearly related, this offset can be suppressed by plotting (|T|i,MAX) under reverse-SIMTA 

modulation (i.e., |T|i,MAX,r) versus I0 at a fixed v to determine |∆ | , , / ∆
 in a given 

evaluation interval, where Ia is the central value, relates to each Ja,i as ∑ , , , and 

Va is the device voltage drop at Ia. Moreover, according to the previous considerations, |Ja,i|/ in 

Equation (5.11) corresponds to the barrier lowering factor at Va [see Equation (5.9)], thus 

{[ln(|Ja,i|/)+1]/4+1}, which is the proportionality constant between pi and J0,i, presents the same 

value for all weak spots. Thus, as |∆ | , , / ∆
  is proportional to J0,i, 

(|T|i,MAX,r/I0)v/(|T|j,MAX,r/I0)v = J0,i/J0,j  holds for two structural weak spots i and j. Hence, 

the barrier difference between two weak spots can be derived as: 
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, , ln
|∆ | , , / ∆

|∆ | , , / ∆

〈 〉
,    (5.12) 

Notice that there are several dependencies that permit to apply such equation. Despite the 

fact that the current sharing among hot spots is fixed by B,i and , , each , , and hence each 

|T|i,MAX,r value, is only determined by B,i and the barrier lowering factor, which allows 

determining such barrier differences even among weak spots presenting different , .  

In order to finally derive B,i for each hot spot, the forward I/V curve of the sample is 

required. In its lower voltage range, there is the contribution of the lowest Schottky barrier 

originated by the hottest weak spot. This barrier can be extracted by fitting Equation (5.9) to the 

experimental I/V curve at forward bias, setting s = 1. After that, by knowing the barrier 

increments among hot spots, the rest of B,i’s are determined by thermal means. Such 

measurements avoid the problems associated with biasing the device in forward mode such as 

structural weak spots showing a higher RS,i due to their smaller contact areas A0,i. In this 

situation, the current collected at the weak spots may not be high enough to generate |T|i,MAX,r 

values detectable with LIT techniques when modulating hot spots by conventional approaches 

or, even, when using forward-SIMTA modulations. For this reason, the use of reverse-SIMTA 

modulation is expected to be the optimum solution to tackle such a study. Moreover, by using 

extracted barriers with the parameters inferred from the fitting of the model of Equation (5.9) to 

forward I/V static curve, electrical behavior can be linked to the barrier shift physics, as detailed 

further on. 

5.3. Experimental details 

5.3.1. SiC Ni-SBD description   

In order to access the potential of the proposed modulation approach for this application 

scenario, the diode D1, presenting a multibarrier behavior according to Section 4.2.1, was 

studied. The manufacturing details were presented in Section 4.1.1, while the results from the 

IR-LIT analysis are detailed in Section 4.2.1. According to these results, ISch originates from 

local Schottky barrier deviations as a consequence of the presence of structural weak spots, 

hypothetically introduced during the wire bonding process, this doing this sample optimum to 

assess this characterization approach.  

5.3.2. LIT measurement setup description  

Concerning the thermal fields generated by SIMTA modulations, they can be measured 

using a variety of LIT non-invasive imaging techniques. Among them, infrared lock-in 

thermography (IR-LIT) was selected, due to its commercial availability and minimum sample 
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preparation requirements [13]. Then, IR-LIT measurements were carried out using the setup 

presented in Chapter 2 and the G5 microscopic lens (6 µm-lateral resolution). All images were 

acquired at a frame rate (fr) of 376 Hz, and an integration time (tint) depending on the signal 

characteristics, leading to 105 images (nf) processed at a lock-in frequency flock-in (i.e., flock-in = f). 

The packaged sample was placed over a Peltier-thermo-regulated micropositioning stage to 

allow its correct focusing, displacement, and setting its initial temperature (Ti). Besides, by 

setting Ti = 60ºC, the signal to noise ratio (SNR) was improved [22]. Finally, an Agilent 

33522A and Keithley 2410 were used as waveform generator and DC voltage source for 

modulating the heat sources and biasing the devices, respectively. SIMTA is performed by 

means of the two circuits presented in Section 4.1.3.2 (-1kV blocking capability in reverse 

mode, and 20 A conduction capability in forward mode). However, this study focuses on low 

voltages in reverse mode (up to 100 V) to avoid the device ageing or even destruction due to 

non-homogeneous current distribution, and to identify behaviors related to multiple Schottky 

barriers, as previously stated.  

5.4. Results and discussion 

5.4.1. LIT measurements 

With regard to the thermal measurements, Figure 5.1 depicts the forward- [Figures 5.1(a) 

and 5.1(b)] and reverse-SIMTA [Figures 5.1(c) and 5.1(d)] lock-in results. They were acquired 

by setting tint = 460 µs, f = 498 Hz, V0 = 1 V and v = 22 mV using forward-SIMTA 

modulation, and tint = 1 ms, f = 298 Hz, V0 = -95 V and v = 2.5 V [see Equation (4.4)] using 

reverse-SIMTA modulation, respectively. For the sake of simplicity, |∆ | , , 	and 

, ,  are referred from now onwards as |T| and  maps, respectively. Forward-SIMTA 

|T| and  maps [see Figures 5.1(a) and (b), respectively] present a uniform distribution across 

the active area with some artifacts due to coating thickness non-homogeneities, suggesting a 

homogeneous current distribution in on-state (forward bias conduction). In contrast, when 

measuring |T| and using the reverse-SIMTA modulation [see Figures 5.1(c) and 5.1(d), 

respectively] over the area highlighted in Figures 5.1(a) and 5.1(b), several hot spots (referred as 

HS in the figures) appear near three wire bond attachments, detected according to 

aforementioned criteria (i.e., maximum in amplitude, minimum in phase maps). 

This figure shows that |T|i,MAX,r values are only detected in one pixel for each hot spot. 

This could mean that the hot spots are confined in a single pixel, but, considering the HS’s 

position, the possibility of hot spots having a wider area buried under the wire bond attach must 

be taken into account. However, the isothermal lines outside the wire bond attach are circular 

and off-centered with respect to itself, meaning that, on the one hand, the hot spots are smaller  
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Figure 5.1. |T| [(a) and (c)] and 	[(b) and (d)] measurements over the diode using the forward- [(a) and (b)] and 

reverse-SIMTA [(c) and (d)] approaches, the latter shown over the area indicated in (a) and (b). Diode static I/V 

curves under (e) reverse and (f) forward biasing conditions. 

 

than the wire bond attach (150 µm diameter) and, on the other hand, that they can be 

approximated to circular heat sources. Considering this, the expression r0,i << Ld (426 µm @ 

298 Hz) fulfils for all the hot spots (i.e., they can be considered as punctual heat sources), this 

enabling the use of Equations (5.6)-(5.7), as further demonstrated in Section 5.4.2. Notice that 

Figure 5.1(c) is shown using a non-linear thermal scale that takes into account the image 

histogram, in order to increase the visibility of HS 2 and HS 3. Despite this scale distorts 

thermal field around HS 1, causing HS 1 to be shown as a larger heat source, |T|1,MAX,r is 

confined in one pixel as |T|2,MAX,r and |T|3,MAX,r. The hot spot locations go in line with the fact 

that wire bonding process locally modified B (local barrier shifts), which changed the device 

leakage current and forward conduction in comparison to on-wafer measurements. This can be 

observed in its static I/V curves (measured @ Ti = 60ºC) depicted in Figures 5.1(e) and 5.1(f), 

showing an elevated reverse leakage current (I0 = -182 µA @ V0 = -100 V) and multibarrier 
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behavior at V0 < 0.75 V, respectively.  

To verify that the thermal measurements follow Equations (5.6)-(5.7) and the assumptions 

accounted for deriving Equation (5.13) are fulfilled, Figure 5.2 shows the dependence of each 

|T|i,MAX,r on the modulation parameters I0 and v. Figure 5.2(a) plots |T|i,MAX,r versus I0 

(ranging V0 from -15 V to -100 V), setting Ia = -100 µA, v = 2.5 V and f = 298 Hz. This figure 

shows that the linear relationship predicted by Equations (5.8) and (5.11) is observed. It also 

demonstrates that the current sharing between hot spots remains constant with I0 (i.e., it is not 

affected by the operating point), and that |T|i,MAX,r is proportional to the current density J0,i. 

This validates our previous assumptions for deriving Equation (5.12), as well as considering the 

same barrier lowering term in Equation (5.9) for all hot spots. Figure 5.2(b) depicts the 

dependence of |T|i,MAX,r with v, keeping I0 = -64 µA (V0 = -65 V) and f = 298 Hz. This figure 

demonstrates that |T|i,MAX,r is linearly related with v at least, in the -47.5 V > V0 > -82.5 V 

range, as Equation (5.8) states. Notice that, for the sake of a better comparison among weak 

spots, both figures plot |T|i,MAX,r correcting the offset introduced by the second term of 

Equation (5.11). 

 

Figure 5.2. Thermal evolution of |T|1,MAX,r, |T|2,MAX,r and |T|3,MAX,r versus I0 (a) and v (b). 

5.4.2. Extraction of parameters for modelling the multibarrier behavior by 

thermal means 

To finally validate that the presented approach can be used for local barrier extraction and 

even modelling the diode, the experimental I/V curves (both, forward and reverse) were fitted 

with Equation (5.6). The fitting was performed considering an equivalent SBD for each hot spot 
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[HS 1, HS 2 and HS 3 from Figure 5.1(c)] and the nominal diode, i.e., setting s = 3 in Equation 

(5.9). After, the barriers corresponding to each hot spot (i.e., B,1, B,2 andB,3) and the main 

diode (B,0) are determined using Equation (5.9) and the forward I/V curve at low voltage levels 

(as previously stated). Another parameter from Equation (5.9) measured from reverse-SIMTA 

results is A0,i. A0,i can be calculated by extracting r0,i from thermal measurements. To do that, the 

|∆ | | |,  profiles crossing each hot spot were normalized to  

|∆ | | | , ,  (i.e., |T|i,MAX,r). According to Equation (5.3), these normalized profiles 

follow the expression: 

|∆ | | |,

|∆ | | | , ,
,

| | , /
			    (5.13) 

at | |≥ r0,i, so r0,i was determined fitting Equation (5.8) to the experimental data. Moreover, 

f was varied from 200 Hz to 500 Hz (considering V0 = -65 V, I0 = -64 µA and v = 15 V) to 

monitor that r0,i does not depend on f (i.e., hot spot dimensions limit the heat confinement). The 

rest of the parameters of Equation (5.9) are extracted from the model fitted to the electrical 

measurements.  

Table 5.1. Parameters used and extracted from the fitting of Equation (5.5) to electrical results. 

Parameter HS 1 HS 2 HS 3 Main Diode 
r0,i (µm) 26.4 14.7 13.7 N/A 
A0,i (cm2) 2.19×10-5 6.79×10-6 5.90×10-6 7.84×10-2 
B,i (eV) 0.64 0.69 0.71 1.21 

ni ( ) 2.00 2.60 2.00 1.25 
RS,i (Ω) 7.0×104 2.5×104 4.2×103 13.5×10-2 
RS,eq (Ω) 7.0×104 
〈 〉 (ºC) 60 

  

 

 

 

 

 

Table 5.1 summarizes all parameters involved in Equation (5.9) that were measured and 

inferred during this process. Notice that B,1, B,2, and B,3 values are in the 0.47-0.87 eV 

range, which, according to ref. 8, can be attributed to Fermi level pinning due to elevated local 

concentrations of 3C-SiC stacking faults, forming clusters at the weak spots. It is worthy to 

point out that the effective barrier of a cluster is not only determined by the energy level of the 

defects but also by the defect cluster area (lower A0,i yields to higher B,i due to barrier pinch-

off) and phonon coupling strength [12], this explaining the barrier difference between weak 

spots. Whereas, A0,i calculations resulted in values higher than the pixel surface (36 µm2) where 

|T|i,MAX,r values were detected. This means that a wide area of the defect clusters is buried 

underneath the wire bonding, which dampens its thermal detection. However, the condition r0,i 

<< Ld fulfils in all cases, this validating the point-like hot spot assumption. In addition, the 

deviation of the main diode B,0 from the theoretical value predicted by the Schottky-Mott 
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model for a Ni-SiC Schottky contact (,Ni-4H SiC  = 1.95 eV) [23], as well as from n0,ideal = 1, is 

consistent with the presence of patches with B,i < ,Ni-4H SiC, as Tung’s model predicts [12]. 

Such patches should present a small A0,i so that they are pinched-off [12], not being the 

responsible for the multibarrier behavior observed in Figure 5.1(f). In contrast, the detected hot 

spots present A0,i values large enough to avoid pinch-off, hence causing the additional bump at 

forward bias, while collecting almost all the leakage current at reverse bias, which enables their 

thermal detection. Moreover, n1, n2 and n3 are much greater than unity, which can be explained, 

according to [8] and [24], by a small-scale Tung model, where each patch presents a statistical 

distribution of B values. In the present model, such distribution is considered as a single 

equivalent B,i for each spot, which yields to such deviation from ideality. 

 

 
Figure 5.3. (a) I/V curves of each component of the model, fitting the static I/V experimental behavior of the diode, 

and (b) relative error of the model with respect to the experimental I/V curve under forward biasing conditions. 

 

Figures 5.3 and 5.4 compares the theoretical prediction of the model with the experimental 

results, at forward [Figure 5.3] and reverse [Figure 5.4] bias, respectively, considering the 

parameters shown in Table 5.1. Figure 5.3 (a) highlights the contribution of each hot spot and 

the main diode to the forward I/V curve, as well as the result for the complete model (I0,model), 

whose relative error with respect to the experimental results (I0,exp) is depicted in Figure 5.3(b). 

Notice that this error is lower than 5% of I0,exp in the 0.2V - 1.7V range, corresponding to 8 
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orders of magnitude in I0, which demonstrates the accuracy of this model to explain the 

electrical behavior of the sample. 

 

   

Figure 5.4. (a) I/V curve of the complete models, considering the voltage drop in RS,i (blue dashed line) or not (red 

solid line), and their relative error with respect to the experimental I/V curve under reverse biasing conditions. 

 

In reverse mode, the contribution of each hot spot does not provide further information, 

thus Figure 5.4(a) only plots the curves corresponding to the complete model, considering or not 

RS,i for modelling the reverse behavior in Equation (5.9). This figure shows that, when RS,i are 

not considered, the model deviates from experimental results at V0 < -80 V. This is also 

observed in Figure 5.4(b), which plots the relative error of the model with respect to I0,exp, where 

it is shown that, when RS,i is not considered, this error is higher than 10% of I0,exp at V0 < -80 V. 

However, it worths pointing out that, since I0 is the modulation parameter set during thermal 

measurements, the voltage drop in RS,i does not affect the thermal results, this demonstrating the 

robustness of the presented approach for extracting the model parameters. In order to reproduce 

this voltage drop at RS,i to better fit the experimental results, it has been extracted an equivalent 

series resistance RS,eq for all the diodes since, as demonstrated before, the barrier lowering term 

can be considered the same for all them. Notice that, although the s diodes are connected in 

parallel in the present model, RS,eq does not result from a parallel connection of all RS,i’s. This is 

due to the fact that the current through each diode is not fixed by RS,i, but by B,i and A0,i. Then, 
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RS,eq should be similar to that of the weak spot that collects most of the leakage current. In this 

case, RS,eq presents the same value as RS,1, since HS 1 collects the 92.1% of I0 at reverse bias 

(calculated from model parameters). Considering this RS,eq, the relative error is reduced to less 

than 10% of I0,exp in all the V0 inspection range, as depicted in Figure 5.4(b). From these figures, 

a good agreement between model prediction and experimental results is observed 

 

5.4.3. Structural analysis at the weak spot locations 

To physically verify whether structural modifications occurred in the diode during wire 

bonding process, FIB millings and SEM inspections were performed over the areas where the 

hot spots were observed. Figure 5.5 presents a SEM inspection at the location corresponding to 

the hot spot referred in Figure 5.1(c) as HS 1. This figure shows a total view of the ball bond 

attachment [Figure 5.5(a)], with a magnified area of HS 1 depicting all layers corresponding to 

each material [Figure 5.5(b)], and the location of HS 1, where nickel (Ni) was completely 

removed [Figure 5.5(c)] due to wire bonding process.  

This means that the pressure exerted during wire bonding process was high enough to 

remove the entire Al layer, eventually removing the Ni layer in an area smaller than 4 × 10-8 cm2 

for all the weak spots, where a direct Al-SiC contact could be created. As thermal results 

suggest, such pressure locally modified the Schottky barrier, giving rise to B,i values ranging 

from 0.64 to 0.71 eV. These values are quite low to be caused by a direct Al-SiC contact, whose 

theoretical barrier height would be Al-4H SiC = 1.08 eV [23], according to the Schottky-Mott 

model. Moreover, the areas where Ni was removed are much smaller than A0,i extracted by 

thermal means, so the possibility of direct Al-SiC contact being the responsible for the local 

barrier shifts is discarded. In this sense, the most suitable theory to explain these shifts is that 

the excessive pressure caused the expansion of pre-existing 3C-SiC stacking faults, which 

initially were not large enough to create an additional barrier. This result agrees with those 

reported in [10,25,26,27] for similar 4H-SiC epitaxial layers, where external mechanical stress 

caused the formation and/or propagation of stacking faults. Then, clusters with high density of 

states are produced only at the areas where mechanical stress was applied, this forcing the Fermi 

level to pin at their energies, and hence lowering the Schottky barrier at this location. In the 

other hot spots, similar results were observed, with slight variations on the Al layer thickness 

modification that indicate slight pressure variations, which is in agreement with the closeness of 

B,1, B,2, and B,3. In addition, such inhomogeneous degradation at the weak spot area explains 

the high ni values extracted from the model, which are explained by Tung’s model as a 

statistical distribution of B values within each weak spot, where the small areas with possible 

Al-SiC direct contact could also be included, introducing a deviation from ideality. Despite 

SEM spatial resolution only allows observing where the Ni contact has been completely 
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removed from SiC surface (major degradation), thermal analysis determined that the excessive 

wire bonding pressure caused such weak spots in wider areas. Therefore, SEM inspections have 

evidenced the origin of the local Schottky barrier shift detected during reverse-SIMTA 

measurements. However, SEM images do not report any electrical information about the 

observed hot spots as LIT results when using reverse-SIMTA modulation does, which gives 

much more information about the failure physics.  

 
Figure 5.5. (a) SEM picture of vertical FIB milling across the HS 1 area, crossing the wire bonding; (b) Zoom into the 

area depicted in (a) where the bonding process damaged the Ni contact, (c) zoom into the area where Ni contact is 

totally removed. 
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5.5. Conclusions 

In summary, gathering the SIMTA modulation with LIT measurement techniques is 

presented as a powerful approach for characterizing local barrier inhomogeneities in SBDs. 

Among a variety of LIT techniques, IR-LIT was chosen to assess the suitability of this 

modulation. Observed hot spots have been correlated to clusters with high density of states 

(weak spots), which present abnormal local electrical behavior near three wire bond 

attachments, degrading the device performances. Moreover, thermal measurements have 

allowed us to describe the hot spots as equivalent Schottky diodes connected in parallel to the 

main diode, whose parameters have been extracted using quantitative thermal measurements in 

a representative way of the device operating regimes, as presented first in Chapter 4. However, 

this analysis permits a deeper analysis than in Chapter 4, and the nature of the defects within the 

weak spots can be determined, accounting for the extracted barrier heights, which depend on the 

energy at which the Fermi level is pinned. Particularly, in the case of the inspected Ni-SBD, this 

study has determined that the local Schottky barrier shifts were caused by pinning at the 3C-SiC 

stacking fault states, considering the barrier heights measured at each weak spot  

(0.47-0.87 eV range), and that were created by excessive pressure during wire bonding process 

[8]. The high ideality factors extracted from the model fitting to the experimental results are also 

in agreement with those reported in previous works for additional barriers in SBD’s, which are 

explained by Tung’s model as a statistical distribution of barrier heights within each weak spot. 

This may be due to an inhomogeneous degradation across the weak spots during wire bonding 

process. In addition, this thermal analysis can be carried out non-invasively, in contrast to other 

microscopic techniques (such as XRT, PLM, AFM or TEM), which require invasive sample 

preparation (contact removal).  

The results were verified using SEM inspections after performing FIB millings over the hot 

spot areas. SEM images showed that the Ni layer was partially or totally removed in all hot 

spots due to an excessive pressure during wire bonding process, evidencing that such 3C-SiC 

stacking fault clusters were formed by external stress-enhanced expansion of pre-existing 

defects, as already reported in other works [10,25,27]. The high ideality factors from the model 

are also explained by this inhomogeneous degradation of the Ni layer, which suggest that the 

entire weak spot area was not submitted to the same pressure, yielding to a statistical 

distribution of barrier heights. In order to avoid such weak spots, the ball-bonding equipment 

should be recalibrated so as to apply a homogeneous pressure all around the wire bond attach, as 

well as reducing the applied force. Furthermore, this could be also avoided by packaging the 

device with a lower number of wires featuring a larger diameter, and fixing them to the Al 

contact by wedge bonding (instead of ball bonding). With such packaging process, the force 

applied to the wire would be distributed over a wider contact area, this reducing and 
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homogenizing the pressure during wire bonding process, also reducing the probability of 

causing defects with fewer wires. In addition, by employing SIMTA in combination with LIT 

measurements, all conduction mechanisms in the analyzed SBD were decoupled and modelled, 

showing that SIMTA, as well as the followed procedure, is applicable to a wide range of power 

devices. 
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6 LOCAL THERMAL RESISTANCE OF MONOLITHIC 

MICROWAVE INTEGRATED CIRCUITS 
This chapter describes a new procedure to non-invasively extract the local thermal 

resistance of a Monolithic Microwave Integrated Circuit (MMIC) by IR means. Typically, 

MMIC’s perform functions such as microwave mixing, power amplification, low-noise 

amplification, and high-frequency switching. To do this, MMIC’s include fast active devices 

such as Metal-Semiconductor Field-Effect Transistors (MESFETs), High Electron Mobility 

Transistors (HEMTs), pseudomorphic HEMTs (p-HEMT) or Heterojunction Bipolar Transistors 

(HBTs), as well as passive devices such as resistors, inductors or capacitances. To meet with the 

requirements for its reliable design, thermal aspects should be carefully considered and the local 

thermal resistance determination is of paramount importance, especially in the case of HEMT-

based MMICs. The thermal resistance in HEMTs considers its local maximum temperature and 

the power generated in the whole device, but an experimental approach for such measurements 

(mainly power dissipated per device) is not currently available when they are monolithically 

integrated in MMICs. As a response, the proposed approach enables such measurement by 

means of lock-in thermography technique. Thanks to thermal field confinement offered by 

frequency modulation, the power distribution among the active transistors can be inferred, 

making feasible their individual thermal resistance extraction, which can be extended to other 

integrated devices and implemented with other thermographic methods (e.g., 

Thermoreflectance). This study has been carried out in the framework of an industrial research 

contract (MIER Comunicaciones) and recently copyrighted in the Spanish Patents Office 

(201531937). 

This chapter is organized as follows: Section 6.1 states the needs for such measurements 

and the several feasibility issues currently related with them. In Section 6.2, the theoretical basis 

for local thermal resistance determination is described. Section 6.3 presents a description of the 

selected p-HEMT-based MMIC used to show the potential of this technique, as well as the 

experimental procedure followed to finally derive the thermal resistance of each active 

transistor. Section 6.4 presents and discusses the results to, eventually, be applied to any kind of 

integrated circuit. 

6.1 Current needs in local thermal resistance measurement 

Currently, different structural-compositional and functional characterization methods are 

well-known for locally characterizing integrated circuits (ICs) [1], as stated in Chapter 1. An IC 

can function as an amplifier, oscillator, timer, counter, computer memory or microprocessor. To 
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recall some ideas, functional-compositional local characterization is used to analyze and assess 

IC’s manufacturing processes, whether from a geometric point of view and materials used. 

However, this kind of characterization does not allow extracting any functional information 

from the circuit under operating conditions, especially thermally-related information. In this 

sense, local functional characterization techniques allow to show whether a circuit behaves as 

thermally designed. As an example, these methods are used to detect IC misbehavior due to 

design errors, measuring a physical magnitude that provides information about its operation 

under working conditions (either electrical or thermal level). Some examples include 

thermography [2,3,4,5] or electroluminescence [6,7] based techniques, useful for both electrical 

and thermal analysis. 

Regarding the local functional characterization, unresolved issues and needs are still 

present, as presented in Chapter 1. On the one hand, there are limitations due to the materials 

used in ICs manufacturing, specially, those related with metal layers and their physical 

properties. The sensitivity in metals of currently available measuring systems is always very 

low, and such layers screen the physical phenomena to be measured [8, 9]. On the other hand, 

ICs do not allow access to all their internal components, since the number of input-output pads 

of the integrated circuit, or chip, is limited. Thus, the access to a single component or device; 

such as a semiconductor, an interconnection node of semiconductor devices, a passive element 

or a track circuit; is usually impossible [5,10,11] 

From the point of view of the IC thermal characterization, the most suitable approach is the 

IC thermal resistance measurement based on a thermo-sensitive parameter (TSP) [12]. The TSP 

provides an indirect evaluation of the IC junction temperature. In this case, the approach used to 

measure the average thermal resistance of the circuit is based on standard JEDEC rules [13]. In 

particular, the global thermal resistance junction-to-case of an IC relates the temperature 

difference between the average junction (channels) and case (backside) temperatures and the 

total dissipated power.  

In last decades, systems or methods have appeared to locally characterize such 

components. Among them, the monitoring of the temperature field has been consolidated as a 

very useful approach for the following: points or areas with high power dissipation (hot spots) 

can be detected, allowing its use for structural or functional studies. They measure a temperature 

dependent parameter; such as thermal expansion [14], thermal resistance [15] or thermal 

radiation [16,17]. It is therefore common to use thermo-resistive sensors, thermo-reflectance 

thermographs or infrared detectors to study and determine such hot spots that may reflect 

abnormal behavior or a manufacturing defect (weaknesses in the system) [18,19,20,21]. 

However, these approaches do not allow any type of functional analysis neither to obtain 

representative local electrical or thermal parameters of operating conditions, nor to extract the 
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desired information when metal layers are present in the inspection area. Moreover, these 

methods allow knowing only the total power dissipated by the IC, making it difficult to estimate 

the individual consumption of the devices included in the IC due to the phenomenon of thermal 

coupling between them. Thus, with the systems or methods known hitherto is not possible to 

clearly identify the individual power dissipated by the semiconductor devices integrated in an 

IC due to this thermal interaction. In addition, the problem arises when thermal resistance 

measurement of individual devices included in an IC must be obtained. 

6.2 Theoretical analysis for local thermal resistance determination 

 The thermal resistance of an electronic component is defined as the ratio between the 

temperature increase and its power dissipation. To extract such power dissipation, it is essential 

that the devices are under their real working conditions (electrical and biasing conditions) and 

they do not thermally interact (achievable by frequency modulating the devices acting as heat 

sources). The goal is to relate the total power dissipated by the whole MMIC, Ptot (being a 

spectral component or DC value) with the power dissipated by each semiconductor device, Pi. 

Pi and Ptot relate as follows: 

 

∑    .     (6.1) 

 

Then, the linear relationship between junction temperature Δ , 	dissipated by a finger j 

(channel of the transistor) at a modulation frequency f0 for a given energy or power density 	 

is obtained, that is: 

 

						 	
∆ ,

	 ,
      ,                                               (6.2) 

 

where , 	 Δ , / 	 is the thermal transfer function of a finger j, only depending of 

the fingers distance r and the frequency f0 (system geometry). It is worth pointing out that 

,  fix the associated temperature field shape and allow establishing whether a thermal 

interaction occurs between semiconductor devices. Then, when a frequency f0 is chosen so that 

the thermal field [i.e., ∆ , , 	as defined in Equation (2.21) in Chapter 2] is confined around 

the heat source, thermal coupling between devices is avoided.  

From Equations (6.1) and (6.2), the average power density per finger 	 is related with 

total power Ptot as: 
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∑ , ,

, ,

      ,                                              (6.3) 

 

where Δ ,  is the average temperature per finger, Af  the dissipation area of the IC, nj the total 

number of fingers 	 . Thanks to these dependences, all these magnitudes can be 

measured with infrared thermography only using apparent temperatures Δ ,  (emissivity 

correction not required) simplifying the measurement process. Then, 	 can be expressed as: 

  

	
∑ , ,

, ,

     .                                         (6.4) 

 

From Equation 6.4, the fraction of the power dissipated in each device Pi/Ptot can be easily 

derived: 

 

∑ , ,

, ,

   .                                            (6.5) 

 

Choosing f0 low enough to avoid thermal interaction and keep the real working conditions 

without undesired high-frequency effects (e.g., electrical reflections or performance 

degradation), Pi/Ptot is maintained constant. Moreover, when no thermal interaction is present 

and the heat generation is uniform, equation 6.5 can be simplified as: 

 

∑ ,

,

     .                                               (6.6) 

 

After this first step, the real temperature map is extracted to determine maximum 

temperatures reached in each device for a given electrical and thermal biasing condition. Then, 

the thermal resistance per device 	 , 	is extracted as: 

 

	 ,     ,                                              (6.7) 

 

where ΔTi= TJ
max

,i-TC being TJ
max

,i the maximum junction temperature of the semiconductor 

device i, and TC, the backside temperature of the IC which is measured through a thermocouple. 

It is worthy to point out that TJ
max is inferred by applying emissivity correction to apparent 

temperature measurements. 
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Table 6.1. List of packages and die-attaches used in each MMIC 

 Package Die-attach

MMIC-1 Kovar Au/Sn 80/20 

MMIC-2 Kovar Ablebond 84-1 LMI 

MMIC-3 Kovar UNIMEC XH9889-1 

MMIC-4 Kovar UNIMEC XH9890-6A 

MMIC-5 Kovar UNIMEC XH9890-6S 

MMIC-6 CuMo UNIMEC XH9889-1 

 

6.3 Experimental details 

6.3.1 MMIC description 

The studied p-HEMT-based MMIC is a commercial CHA5350-99F (17-24 GHz) from 

UMS [22] used for a Medium Power Amplifier and fabricated with GaAs technology, as 

depicted in Figure 6.1 (a). A p-HEMT is similar to a HEMT with the exception that the 

materials used to create the heterojunction have different lattice constant. This fact allows the 

construction of transistors with larger band gap differences, providing them better performances 

[23]. Figure 6.1 (a) shows the MMIC design and all its parts (five p-HEMTs). The p-HEMTS 

are connected in parallel with a common gate, drain and source accessible terminals. This fact 

makes that only an equivalent single transistor can be measured externally. Each p-HEMTs is 

formed by different gate fingers that will act as heat sources. The total length of the gate fingers 

is defined as a gate periphery. The p-HEMTs 1, 2 and 3 are formed by 8 gate fingers (0.60 mm 

gate periphery), p-HEMT 4 has 6 gate fingers (0.45 mm gate periphery) and p-HEMT 5 

contains only 4 gate fingers (0.30 mm gate periphery). In Figure 6.1 (b) the schematic circuit of 

the MMIC with its main components is shown. 

To study the impact of the MMIC packaging (thermal management solution), several 

MMICs have been encapsulated using different die-attaches (Table 6.1) in two different types of 

metallic packages, i.e. with Kovar [Figure 6.2 (a)] and with CuMo alloy [(Figure 6.2 (b)]. Those 

packages have been designed to ensure excellent high frequency, thermal and electrical 

characteristics by raising the MMIC in a precisely machined package cavity. The resultant 

optimization of short bond wire lengths ensures minimal loss of chip performance. 
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Figure 6.1. Photograph of an integrated MMIC model CHA5350-99F with its five transistors p-HEMTs (a) and its 

equivalent simplified schematic circuit (b) extracted from [22]. 
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Figure 6.2. Photograph of the MMIC packaged on a Kovar (a) and CuMo (b) cases 
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Figure 6.3. Experimental test bench  

6.3.2 Experimental procedure  

 In this section, the main steps of the followed procedure for 	 ,  measurements are 

detailed. To properly thermally bias the MMIC and also assess 	 ,  results with the 

mainstream approach, a TSP has been selected and calibrated. Additionally, the thermal 

characterization of all packaged devices (average thermal resistance measurements) and 

delamination analysis with a scanning acoustic microscope (SAM) have been performed. Next, 

a brief description of each step is provided.  

a)  TSP selection and calibration 

 First of all, the TSP must be selected and the MMIC should be biased consequently. 

Different TSPs can be used [12] but the most suitable is the gate-to-source voltage drop (VGS) at 

a constant measurement low gate current IG to avoid self-heating effects. p-HEMT devices only 

present a junction in its structure exploitable to this end: the Schottky diode present in its gate. 

Thus, the gate-to-drain and gate-to-source junctions can be considered for such temperature 

estimation, but the gate-to-source option is easier to implement as the reference voltage is taken 

in the same terminal than for the main power bias (the source). To perform the calibration, the 

circuit is placed into an oven with a temperature controller with feedback controlled temperature 

and precise temperature measurement (PT100 1/10 DIN). An accurate acquisition system 

records VGS for each T, while IG = 100 μA. This calibration is performed in the range from room 

temperature to 90ºC. When performing the calibration, it is very important that the TSP will be 

stable with time. If noticeable deviation is observed in the TSP (i.e. VGS) during calibration, a 

burn-in process must be performed. In fact, burn-in in GaAs technology is a must, to ensure the 

components stability: current device designs tend to suffer from device degradation, and a burn-
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in process is typically performed to make the device more stable and eliminate the early 

degradation when the devices are placed in service [24]. This process consists in an annealing 

the device in an oven at reasonable high temperature (i.e. 125ºC) during a certain time (i.e. 96 

hours) with the device biased at the working conditions.  

b) MMIC Biasing and IR lock-in measurements 

 After TSP calibration, the MMIC is placed in a test bench such as presented in Figure 6.3, 

in which the MMIC is thermally and electrically biased. Thermal bias is ensured by placing the 

MMIC onto a Peltier stage (see Figure 6.3), where its package backside temperature can be 

fixed. Thanks to the TSP, the temperature of the Peltier is adjusted until reaching the desired 

working temperature in the chip. To decrease the contact thermal resistance between package 

and Peltier surface, thermal grease is used to improve the thermal contact between the package 

and the Peltier surface. After, the MMIC is electrically biased in its working linear zone 

(electrical bias point).  

To determine Pi, the heat sources (active transistors) are frequency modulated and lock-in 

thermography applied. It is worth to point out that f0 must be selected so that no thermal 

interaction between semiconductor devices is present. Once the thermal maps have been 

obtained, the results are post-processed and the Pi/Ptot is deduced according Equation (6.6) to 

finally obtain Pi. With Pi and after determining TJ
MAX

,I, the local thermal resistance is finally 

inferred.  

c) Thermal and die-attach analysis 

To complement the stated analysis and assess the results in comparison with the 

mainstream approach, the average thermal resistance junction to case ( ) has been 

measured according to the procedure reported in MIL-STD-750E 3100 Series [13]. Table 6.3 is 

evaluated with the following expression: 

 

 ,                                                    (6.8) 

 

where TJ
TSP is the device junction temperature derived with a TSP and reached after a 

continuous (steady state) heating power level P. TC is the case temperature of the package, 

measured here with a thermocouple contacting the package backside. The measurement process 

starts when a relatively high heating drain current is applied (P is imposed) and TJ
TSP is 

extracted when the device starts cooling down. According to this methodology, the MMIC is 

biased in its ohmic regime which is different from the real working point (saturation regime), in 

which the used junction as TSP is reverse biased. Therefore, the used circuit to carry out 
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 measurements should be much more complex than that described in MIL-STD-750E 

3100 Series: it should be able to bias the device in its working point (gate Schottky diode in 

reverse mode), generate heat, and finally, when measuring its subsequent TJ
TSP, bias in forward 

mode the gate Schottky diode. This approach is not followed in these studies, as the set-up used 

only allows measuring  [25], and this will be useful to show the possible errors 

introduced with the standard approach when compared with that proposed here. In addition, it is 

very important to understand that this electrical methodology can only be used to give a single 

average junction temperature and cannot be used to detect hot-spots or generate two 

dimensional temperature maps across structures with multiple heat sources, such as MMICs. 

The complete description of the circuit and the methodology used can be found in [25]. To 

better understand the differences obtained on analyzed samples with different data, SAM 

inspections have been carried out (Sonoscan Gen-5) to check whether voids or other undesired 

effects in die attach layers have increased the thermal resistance of analyzed samples. 

6.4 Experimental Results 

6.4.1 Thermal and die-attach characterization:  and SAM results 

As detailed in Section 6.3.2, VGS at low IG has been calibrated as a TSP in all MMICs. 

Figure 6.4 (a) graphically details the resulting calibration curves for all studied MMICs, and the 

coefficients resulting from such fitting are detailed in Table 6.2. It is worth to point out that 

these calibrations have been performed after a burn-in process at an oven temperature of 125ºC 

during 96 hours biasing the gate at IM=100µA, since such TSP shows a drift with time. As 

shown in Figure 6.4 (b), a stabilization of VGS at IM=100µA after 96 hours is reached. As 

explained before, this is a common procedure in GaAs devices manufacturing (MIL-STD-883E 

Method 1015.9). 

Table 6.2. Calibration coefficients of the different MMICs  

 A (ºC) B (ºC/V) 

MMIC-1 499.75 -641.37 
MMIC-2 508.94 -665.72 
MMIC-3 512.57 -665.54 
MMIC-4 512.43 -665.93 
MMIC-5 512.59 -660.94 
MMIC-6 501.65 -651.64 

 

Table 6.3 summarizes all  results, where it is it clearly depicted that MMIC-3 and 

MMIC-6 packaged on Kovar and CuMo cases, respectively, are those that present the lowest 

 (6.0 and 1.5 K/W). In both cases the same die-attach has been used (UNIMEC 
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XH9889-1), which has demonstrated to introduce the lowest  with a very low voids 

presence. Finally, the CuMo sample (MMIC-6) with the mentioned die-attach shows the best 

thermal behavior ( 	= 1.5 K/W). A similar study concerning the thermal behavior of 

GaAs MMIC using MESFETs as active devices was published comparing different solutions for 

die-attach: epoxy and AuSn [26]. In that case, it was demonstrated that the thermal resistance 

was almost the same in both die-attach materials when the chip thickness was 250 µm. On the 

other hand, numerous studies have also been published about the thermal analysis of 

AlGaN/GaN HEMTs where the thermal resistance of such devices has been measured [27,28], 

comparing the obtained results with 3D finite-element simulations. In [28], the TSP was the ON 

resistance of the device (RON).  

To have a higher insight into the obtained average thermal resistance values relating them 

with the die-attach layer structure, Scanning Acoustic Microscope (SAM) inspections have also 

been performed. In this technique, an incident ultrasound wave is directed through the backside 

case surface of the MMIC (submerged in a water tank to allow ultrasound propagation) to reach 

the die-attach layer. The back reflected echo signal provides images showing the areas where 

the adherence is not good (bright zones) [29]. In general, SAM results in all the MMICs 

qualitatively agree with those derived from  measurements: higher delamination is 

observed for higher . In Figure 6.5, SAM images of MMIC-3 package on Kovar case 

(a) and MMIC-6 package on CuMo case (b) are shown, where it can be seen that only voids at 

the periphery are visible in both cases, which means that a low thermal influence is obtained. 

This fact is more visible in the CuMo case (lower ) rather than in the Kovar one. It is 

concluded that the best thermal behavior is observed in MMIC-6 (CuMo sample) being in line 

with SAM results since the voids in this sample only appear at the periphery of the chip (low 

thermal influence). 

 

Table 6.3. Global thermal resistance values of the different MMICs 

  (K/W) 

MMIC-1 12.0 
MMIC-2 15.7 
MMIC-3 6.0 
MMIC-4 14.0 
MMIC-5 9.7 
MMIC-6 1.5 
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Figure 6.4. TSP calibration curves obtained for the different MMICs (a)  

and burn-in process of one of the MMICs (b). 
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Figure 6.5 SAM images of the Kovar (a) and CuMo (b) cases detailing the MMIC chip area.  
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6.4.2 	 ,  extraction by IR-LIT means 

As a case study to extract 	 , , MMIC-3 and MMIC-6 have been chosen, as they 

present the lowest . They have been placed in the system described in Figure 6.3 

following the procedure to set up the MMIC working temperature (75ºC) and electrical biasing 

point. 

To determine 	 ,  by IR-LIT analysis, f0= 497.3 Hz (devices thermal interaction 

avoided) and Ptot =
 1.5 W are set, while an AC modulation on the gate is applied in the MMIC 

working conditions (ID = 300 mA and VDS = 5V). Figure 6.6 (a) and (b) shows IR-LIT results 

for MMIC-3 and MMIC-6, respectively. As it can be observed, there is no thermal interaction 

among devices (thermal field confinement around each device) for the selected f0. Pi is obtained 

by extracting TJ,i so that a distribution of power dissipated in each device is obtained as shown 

in Table 6.4. In our case, as can be seen in the table, the p-HEMTs with higher gate periphery 

exhibits higher power dissipation (1, 2 and 3) being the p-HEMT 3 the device with the highest 

Pi. Finally, 	 ,  is calculated by using equation (6.7). 

After determining Pi (Table 6.4), TJ
MAX

,i is measured under MMIC operating bias point. To 

do this, several infrared thermal images at different temperatures have been taken to derive the 

emissivity map of the circuit by means of post-processing images using MATLAB algorithms. 

Next, an infrared image of the MMIC biased at its working point has also been recorded. Post-

processing both the biasing image and the emissivity map, the true temperature distribution of 

the circuit is finally obtained (see Figure 6.7).  As depicted in this figure, the device p-HEMT 3 

is the most heated device in both packages and therefore having the highest corresponding 

thermal resistance value of 58°K/W and 24 °K/W, for Kovar and CuMo cases, respectively, 

obtained from the equation (6.7). From the obtained results, it is clear that the CuMo package 

exhibits the best thermal behavior (best heat extraction) in comparison with the Kovar 

counterpart as it has previously seen in  measurements and SAM analysis. 

Focus on the most heated device (p-HEMT 3) in MMIC-3 and MMIC-6, the temperature 

distribution across its fingers can be clerly distinguished, as Figure 6.8 highlights. Moreover, 

Figure 6.8 depicts that TJ
MAX

,p-HEMT 3 is located at the drain-source gap below the gate fingers, 

where the highest power dissipation occurs. In that spot, heat generation is concentrated within 

a small volume at the drain-side edge of the gate contact. This occurs since not only the 

recombination rate becomes higher when the bias voltages (both VGS and VDS) increase, but also 

the region of high recombination rate extends more towards drain-side of the channel. 
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Figure 6.6 Lock-in Thermography of the MMIC CHA5350-99F model for MMIC-3 

Kovar (a) and MMIC-6 CuMo (b) devices. 
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Figure 6.7. True temperature map of MMICs CHA5350-99F model for MMIC-3 Kovar (a) and MMIC-6 CuMo (b) 

devices and measurement of the maximum local thermal resistance. 
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Figure 6.8 Detail of the p-HEMT-3 device where the location of the maximum temperatures reached in the MMIC-3 

(a) and MMIC-6 (b) are marked.  

 

Each recombination process in the device generates a thermal phonon which leads to a 

local temperature rise [30, 31]. In such multi-finger devices, each finger acts as an independent 

heat source that when interact establish the following thermal pattern: the outer fingers are the 

coolest, whereas those in the middle are the hottest ones. Figure 6.8 depicts the IR images of the 

p-HEMT 3 superposed to the optical images for reference. This figure reveals that TJ
MAX

,p-HEMT 3 

in MMIC-3 and MMIC-6 are 97.9ºC and 85.0ºC, respectively, located below one of the gate 
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finger located in the middle of the device at the drain-side edge as expected. In fact, TJ
MAX

,p-HEMT 

3, together with Pp-HEMT 3  and TC, give us the value of 	 , 	 . Different studies 

about the thermal analysis of discrete AlGaN/GaN HEMTs by means of infrared thermography 

show that the values of the maximum RTH(J-C),i obtained in our work for the individual p-HEMT 

included in the MMIC present reasonable values [26, 28, 32]. In addition, from a reliability 

point of view it is more interesting to consider the maximum thermal resistance because it 

determines the maximum temperature on the device, providing direct information on the 

maximum allowable power dissipation [33]. 

 

Table 6.4. Power dissipated in MMIC-3 and 6 per semiconductor device 

P
tot

 = 1.5 W p-HEMT 1 p-HEMT 2 p-HEMT 3 p-HEMT 4 p-HEMT 5 

MMIC-3 Kovar case 0.353 W 0.357 W 0.396 W 0.259 W 0.108 W 
MMIC-6 CuMo case 0.357 W 0.382 W 0.403 W 0.230 W 0.128 W 

 

6.5 Conclusions 

In this Chapter, a new procedure to extract 	 ,  in a MMIC is presented for the first 

time. This method is based on the use of lock-in thermography to extract the local dissipated 

power in each individual device and its temperature distribution, modulating the channels of 

these devices (acting as heat sources) at a specific frequency such that thermal coupling between 

them is avoided. With these two parameters and monitoring the MMIC backside temperature, 

the local thermal resistance is derived. Six different MMICs have been used as a case study 

featuring different package cases (Kovar and CuMo) and die-attaches. The MMIC is composed 

by 5 p-HEMTs as active devices. As a first stage, a calibration of a TSP (gate-source voltage) 

with the temperature has been performed. Average thermal resistance of the MMICs is 

measured using the standard JEDEC method, obtaining that MMIC-6 and MMIC-3 were the 

best components in terms of thermal behavior (lowest average thermal behavior). This fact has 

been corroborated with the SAM analysis obtaining better adherence in these two devices. The 

measuring of the local thermal resistance has been applied to the best devices (MMIC-3 and 

MMIC-6) obtaining that the active device that stands the maximum thermal resistance (the most 

heated device) is p-HEMT-3 (58°K/W and 24 °K/W for Kovar and CuMo cases, respectively). 

This method is a non-invasive electro-thermal characterization that provides a greater 

thermal and electrical knowledge of the electronic components that are integrated in an IC, such 

as the studied MMIC. Therefore, it allows analyzing the IC components behavior during 

operating conditions (both electrical and thermal), and optimizing the design process or verify 
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the fabrication process in a more reliable and robust manner. Moreover, this experimental 

procedure allows:  

i) measuring the average power density in each finger, to finally determine the 

thermal resistance of each device;  

ii) comparing these results with those obtained using the conventional technique by 

means a TSP to extract the average thermal resistance of the device; 

iii) biasing the devices at different voltages and temperatures;  

iv) and measuring the power delivered to the IC. 

 

Additionally, this method could also permit to infer the I-V curves of each device when 

they are series or parallel connected, taking into account the previous equations to determine the 

dissipated power of each device at a given working temperature. 
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7 ANALOG IC’S CASE STUDY: RF CLASS A FEEDBACK 

CASCODE AMPLIFIER  

This chapter deals with another application scenario for lock-in infrared monitoring: the 

analysis of a class A feedback cascode amplifier for RF applications. Class A RF amplifiers are 

typically used in applications for amplitude and/or phase signal modulation or demodulation 

(i.e., schemes with non-constant envelopes), in which high linearity is required [1] (e.g., 

wireless communications). In such technologies, device parameters differ from their nominal 

value due to environmental changes (supply voltage, temperature), manufacturing process 

variation, and intra-die variability, which increase as technology scales down. In this scenario, 

thermal image diagnostics of any induced amplifier anomalous behavior can be very promising 

to mitigate and solve them, as allows the testability of internal nodes not accessible externally.  

By off-chip thermal imaging means, this chapter aims at locally studying the amplifier 

frequency response (from 100 MHz up to 2 GHz), and extracting two of its electrical figures of 

merit: power gain frequency response and 1dB Compression Point (referred as 1dBCP) for 

linearity characterization. Besides, an integrated temperature sensor is also analyzed. To this 

end, the amplifier has been heterodynally driven, to down convert the high frequency electrical 

behavior to a lower beating frequency thermal field detectable with the IR-LIT system. 

According to these targets, Chapter 7 is organized as follows. Section 7.1 provides the 

theoretical basis for heat source detection to carry out the power gain and 1dBCP extraction by 

on- and off-chip thermal means. Section 7.2 details the topology of the studied RF amplifier and 

the integrated thermal sensors. Section 7.3 describes the experimental details concerning the 

measurement setup. The results from IR-LIT and embedded sensor analysis are presented and 

discussed in Section 7.4. Finally, the conclusions from this work are drawn in Section 7.5. 

7.1 Theoretical basis to thermally extract power gain and linearity in 

feedback cascode amplifiers 

7.1.1 2-transistor feedback cascode amplifier and its small-signal equivalent 

circuit 

RF amplifier performances are commonly related with its output power levels, frequency 

response, dynamic range and distortion, as well as its power consumption. Thus, several figures 

of merit and parameters are used to characterize and define them: output power, gain frequency 

response, linearity for a given input voltage level, DC supply voltage required, amplification 

efficiency and ruggedness to withstand load mismatch conditions [1, 2]. In this chapter, output 

power, gain frequency response, and linearity are going to be characterized by on- and off-chip 
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thermal measurements. Output power and gain frequency response are very well known 

parameters, but linearity is studied by means of several indicators [2, 3, 4]. One of the most used 

indicators is 1dBCP (i.e., 1dB Compression Point). This indicator defines the output level at 

which the amplifier’s gain is 1 dB less than the small-signal gain (decay criterion), or is 

compressed by 1 dB [3, 4]. In a real amplifier when the input power continues to increase, at 

some point the gain begins to decrease. The amplifier goes into compression where no further 

output raise occur for an input increase. The gain flattens, meaning that at high signal levels, the 

amplifier gain decreases. Its response becomes non-linear and produces signal distortion, new 

harmonics, and intermodulation products. Thus, 1dBCP allows inferring the input power 

(Pin,-1dBm) at which the compression begins to occur [3, 4]. Thanks to this information, input 

levels can be restricted to prevent distortion and ensure linearity at the amplifier output avoiding 

these effects. The 1dBCP is commonly used in class A power amplifier specifications. 

In this scenario, electrical testing based on thermal measurements is very attractive for RF-

ICs since (i) the CUT is not electrically loaded as it happens in conventional Built-In Self-Test 

(BIST) strategies based on electrical sensors [5, 6], and (ii) measurements are performed at DC 

or at low frequency, thus reducing the test complexity and cost. On-chip techniques are more 

attractive than off-chip approaches, as they allow to be monolithically integrated with RF-IC 

and make compatible the testing with the complex chip backend under real operating conditions 

(encapsulation, heat removal system, etc). However, off-chip thermal measurements based on 

optical systems are very promising to characterize these sensors without any electrical coupling 

[7, 8]. All them can be used to understand the thermal field behavior (as an electrical 

observable), to aid during the design phase or to evaluate their performances non-invasively. 

To theoretically assess the feasibility of thermal testing to extract output power, gain 

frequency response, and 1dBCP in class A power amplifiers, the feedback cascode amplifier 

topology has been used as a proof-of concept. Figure 7.1 depicts a typical schematic for such 

topology. This figure shows a 2-transistor cascode amplifier with a negative feedback loop, 

isolated DC output, and an L-C band input frequency tuning (pass-band filter). According to 

this figure, this amplifier presents two parts: the amplifying and high impedance output 

(isolating). The amplifying stage uses a transistor in common source configuration (M1, referred 

as active), and the high impedance output is implemented with a transistor in common gate 

connection (M2, referred as cascode). The negative feedback loop is carried out through resistor 

R1, which allows to self-bias M1 and contributes to the real part of the input impedance to relax 

the input matching circuit specifications and complexity (implemented in Figure 7.1 with Lin 

and Cin) [9]. In summary, this topology has the following performance improvements instead of 

other single stage designs [1, 10, 11, 12]: higher power gain and working bandwidth (due to the 

presence of the cascode stage) [1, 10], higher power amplifier output impedance (posterior 

stages isolation), lower power consumption; and the reduction of the Miller capacitance on the 
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input of the amplifier [9, 10, 11] and the noise (thanks to the feedback loop) [12]. Concerning 

the noise performances, the negative feedback loop offers the capability to reduce the noise 

sources of M1 at its output (mainly DC and spectral odd components), and this improvement is 

maintained by the cascode stage, as it has superior noise performances (e.g., suppressing all 

even distortion components). Concerning the high frequency behavior, its maximum working 

frequency is limited by the M2 gate to drain capacitance [10]. To externally fix this behavior by 

design, an external capacitor is included in the layout (Cext,1 in Figure 7.1) [10].  

To proceed with the heat generation analysis at the beating frequency f, a small-signal 

equivalent circuit, shown in Figure 7.2, has been extracted from the schematic presented in 

Figure 7.1. To simplify the analysis and notation, the following equivalent impedances have 

been defined: ZS(f ), Zeq,1(f ), Zeq,2(f ) and ZL,Choke(f ) (see Figure 7.2). The load has been 

considered as an impedance ZL instead of a pure resistor such as an antenna (typical case in RF), 

to keep the generality of the calculation and include possible parasitic parts associated with the 

packaging or the output impedance matching network. For more details and information about 

the approximations to obtain the used small-signal equivalent circuit, Annex C provides all 

them, jointly with all calculations used for solving the schematic of Figure 7.2. 

 
Figure 7.1. Schematic of the analyzed feedback cascode amplifier. 

 

 
Figure 7.2. Small-signal equivalent circuit used in this analysis, according to simplifications held in Annex C. 
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7.1.2 Electrical power gain analysis: frequency response and output compression 

In order to model the electrical power gain at the output of a feedback cascode amplifier, a 

generic expression for  (see Figure 7.2) relating it with an input voltage  (in 

particular  according to Figure 7.2) is required, in which the non-constant behavior of M1 

and M2 transconductance should be taken into account to model the amplifier gain compression. 

In this way, the frequency response of the power gain and the amplifier linearity can be 

theoretically analyzed and used to demonstrate that such effects can be thermally monitored. 

The effects of transistors when transconductance becomes non-constant with gate to source 

transistor voltage  (or source to gate , according to Figure 7.2) have been considered 

through their transfer functions, i.e., for M1 , 	 	  [where 

 and 	> 0] and for M2 , 	 	  [where 	  and 

	> 0]. In a real system, this can be observed when considering high  and biasing the gate of 

M2 at high VGG (>3 V), provoking such non-linear behavior in both transistors as a consequence 

of . First order, i.e., linear dependence of transconductance with , has been 

seen as a good first approximation to take into account this effect without lack of generality and 

to show the impact of non-linear behavior on heat generation at f = f, as presented in Section 

7.1.3. According to the results presented in Annex C after solving the schematic shown in 

Figure 7.2 and considering a non-constant transconductance in both transistors to introduce such 

non-linear effects,  writes as: 
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where s is the variable of the Laplace transformation and can be substituted with s=j 2 f to 

properly express all involved parameters in the frequency domain. Notice that in this notation, 

all electrical variables (voltage, intensity, or dissipated power) admit the complex exponential 

description for making easier all involved calculations. Namely, for a given voltage, intensity, 

or dissipated power , it can be expressed as | |	 , where | | and  are the 

amplitude and phase of , respectively; and Re | |	Cos 2 . This notation will be 

specially used to calculate power from complex exponential formalism. According to the 

analysis carried out in Annex C,  relates to  as follows: 

 

, , ∥
,	 ,	

   . (7.8) 

 

The power delivered to ZL (referred from now on as Pout) measured with an RF electrical 

characterization system (e.g., virtual network analyzer –VNA–) is determined as follows. 

Mostly, RF electrical characterization systems measure  using heterodyne approaches 

(superheterodyne method), and after does the following computation: 

 

Re ⁄   ,           (7.9) 

 

where ZL usually is a real load RL, as stated. Notice that the set of Equations (7.1)-(7.9) allows 

describing Pout, as well as the power gain, as a function of f and . By assuming that 

 >> , the set of equations presented above can be rewritten in a more compact 

form to derive the power gain  and to be used for fitting experimental data as follows: 

 

Re Re
	 	

	 	 	 	 	⁄ in           (7.10) 
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where Rin = Re[ZL] = RL = 50 and Im[ZL] = 0 . A, B, C, and D are complex magnitudes 

depending on f, which are related with the electrical variables of the schematic shown in Figure 

7.2 and the parameters of the set of Equations (7.1)-(7.9). Such constants can be determined by 

fitting Equation (7.10) to experimental data for a given f. The procedure to obtain Equation 

(7.10) is crucial to understanding the differences between electrical and thermal results. 

In comparison with the current state-of-the-art models for amplifier compression 

description, the dependence of  on  inferred in Equation (7.1)-(7.9) is similar to that 

observed in well-stablished behavioral models (e.g., Saleh and Ghorbani) mostly used to study 

output distortion effects [13,14,15]. By contrast, Equations (7.1)-(7.9) provide a small-signal 

based model for such amplifiers, useful for modelling purposes when an insight into small-

signal parameters, biasing conditions or circuit elements is required to express figures of merit 

as a function of heat generation and design related physical magnitudes. In addition, the 

developed model allows to be extended to other power amplifier topologies. With regards to 

gain compression description, Equation (7.10) reduces to Saleh model when B = D = 0, and to 

Ghorbani model by setting B = D = 0, substituting  by a generalized potential form , and 

adding an extra term linear with . Such terms can be derived when  >>  

does not apply, as demonstrated further on. Therefore, the function presented in Equation (7.10) 

is justified for the analyzed amplifier and have similar expressions in the literature, validating its 

usability in the present case. Besides, Equation (7.10) can be also useful to predict Pout response 

in frequency, as well as its linearity study, as shown further on. For instance, the result for M1 

with a constant transconductance is obtained by setting B = C = 0 and corresponds to the case 

when considering low  values (i.e., far below the 1dBCP). When higher  levels are 

applied (i.e., > Pin,-1dBm), the use of the full form is required, as carried out in Section 7.4.4. 

7.1.3 Heat generation at f by M1, M2 and relation to power delivered to ZL  

7.1.3.1 General considerations 

In order to calculate f spectral heat generation at M1 and M2 and to infer its relationship 

with the electrical power delivered to ZL when the power amplifier is heterodynally driven [i.e. 

/2	 sin 2 sin 2 , where fexc,0 ≈ f1, f2; f = f1-f2 ], several considerations 

have been taken into account. In M1 and M2, heat is mainly generated in rds1 and rds2, which are 

the equivalent channel resistances for M1 and M2, respectively. The heat generation in M1 and 

M2 at f=f, as well as the power transferred to ZL at f=fi (i.e.,	 , , 	 , , and 	 , , 

respectively) obeys the following set of equations: 

, Re , , ⁄ 	
,

,  (7.11) 

 

, Re ⁄ , , ⁄ 	 | ,  ,    (7.12) 
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, Re ,  ,         (7.13) 

 

and by assuming , ≫ , ⁄  (for i = 1, 2), Equations (7.11) and (7.12) simplifies as: 

 

, Re , 	
,

 ,          (7.14) 

 

, Re ⁄ , | ,  ;      (7.15) 

 

where the subscripts Δ  (or ) and “non linear” make reference to the spectral 

component Δ  (or ) and non-linear elements of the expression, respectively. When writting 

	 	 , this means that the term Δ  of this quadratic expansion of  is taken in the 

calculations, where | | and  are always evaluated at high frequency (not explicitly indicated). 

For instance, this is the case when  is heterodinally driven (f = fexc,0 ≈ f1, f2 holds), | | and  

are evaluated at f ≈ fexc,0, but when 	 	 , new spectral components appear (e.g., at Δ ), or 

others are kept (e.g., ). In the case of , ,  at f = fi ( , ) is performed with a 

VNA, and the dependence on f = fi has been explicitly indicated within the brackets for 

comprehension enhancement. The relations , ⁄  (M1 small-signal 

current), , and ⁄  (M2 small-signal current) have been considered to 

infer Equations (7.11)-(7.13) (see Annex C). Notice that in these equations, the voltage non-

linear terms are induced by a non-constant transconductance function of Mi with , . 

In Equations (7.11)-(7.15), the sign of the power detected at f can be understood as 

follows. ,  < 0 means that M1 takes power from the DC bias, moves it to the working 

frequencies f1 and f2 (heterodyne excitation, fexc,0 ≈ f1, f2), and finally, the Joule effect down 

converts such electrical behavior at fexc,0 into a thermal field at f, as already explained in 

Chapter 2. In all this process, M1 acts as a voltage controlled current source that supplies power 

to the load, where ,  > 0 and consequently, 0 (due to the small-signal equivalent 

circuit approximation, see Annex C). By contrast, ,  > 0 and , > 0 holds, as they 

do not invert the power supplied by M1 and the small-signal electrical variables are both 

negatives. In both cases, due to the non-linear electrical behavior of each transistor induced by a 

non-constant transconductance, the biasing point is also manifested at f, with , 0 and 

, 0 according to the sign criteria adopted with the current. All sign criteria are discussed 

in Annex C. 

Thus, by monitoring the thermal field at f, heat generation is sensed (heat generated and 

temperature are linearly related) and hence, information about the local quadratic voltage drop 

at a higher frequency of the inspected IC element (e.g.,  and  for M1 and M2, 

respectively) is measured. However, when non-linear behavior occurs in any of such elements 
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due to a non-constant transconductance, additional terms appear in the thermal field at f and 

they should be taken into account, evaluated, and removed from the measurements. This is more 

complex when the thermal field interaction is produced between IC components, but this can be 

partially modulated by f confining much more the thermal field around the heat sources, as 

discussed in Chapter 2. More details on this are provided in the following subsections. 

7.1.3.2 M1 and M2
 heat generation under heterodyne excitation 

To explore the feasibility of extracting the amplifier frequency response and its figures of 

merit (e.g., | | or 1 dBCP or) by thermal monitoring, the power gain under heterodyne 

driving  is compared to  and ,  and ,  analyzed for 1 dBCP 

measurements. To this end, ,  and , have been expressed in terms of  as lock-

in detection is synchronized with the external voltage generator (see Annex C). For a 

heterodyne driving with /2	 Sin 2 Sin 2  (i.e., fexc,0 ≈ f1, f2; f = f1-f2) and 

by considering both Equation (7.14) and | | /2 in Equation (C.61) in Annex C, ,  

can be rewritten as: 
 

, Re
	

	

	
	

	
	

	⁄
, 4 4

              (7.16) 
 

and ,  is: 

 

, Re
	

	

	
	

	
	

	⁄
, 4 4  

             (7.17) 
 

where , , , and  are constants depending on f and evaluated at f=fexc,0 ≈ f1, f2 that collect 

all circuit parameters of Equations (7.1) and (7.14), indicated in Figure 7.2, which can be 

different to coefficients of Equation (7.10) (i.e., A, B, C, and D). Similarly to A, B, C, and D, 

such constants can be determined by fitting Equation (7.17) to experimental data for a given f, 

as explained in Section 7.1.2. Equations (7.16) and (7.17) have been deduced as follows (see 

Annex C). The former term corresponds to the constant element of the Taylor series of  

around | | /2. By contrast, the latter is the first odd term of the Taylor series of 

,
 around | | 0 as this part is related with the signal excursion around the 

biasing point, ,  being its main contributor.  

On the other hand, ,  writes in terms of  as (see Annex C for more details): 
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, Re 1
, ∥ , , 2 Δ

2

, ∥ , ,

,

, ∥ , ,

2 Δ

2
.                      (7.18) 

where | ,
	

, ∥ , ,

 has been considered as 

1
, ∥ , ,

 (see Annex C). Notice that only odd terms 

of  contribute to f = f and both  and  are evaluated at f=fexc,0≈ f1, f2 (high 

frequency behavior), as this will be discussed further on. The assumptions taken into account 

for inferring Equation (7.16) also apply in this case (see Annex C). Thus, taking into account 

that | | /2 in Equation (C.63) of Annex C, this leads to: 
 

, 	Re 	
	

	

	
	

	
	

	⁄
	 	

	
	

	
	

	
	

	⁄
	

, 	 	,             (7.19) 

and ,  writes as: 

, 	Re 	
	

	

	
	

	
	

	⁄
	 	

	
	

	
	

	
	

	⁄
	

, 	 	                    (7.20) 

where coefficients  and  are functions of circuit elements evaluated at f ≈ fexc,0 and multiplied 

by , which can be identified by comparison with those of Equation (7.17). In fact, in 

Equations (7.17) and (7.20), 	  can be related with the total power supplied with an external 

power supply for heterodyne driving ( , ), whose amplitude can be expressed as ,

2⁄  as used in Section 7.4.3.  

With regards to | | thermal monitoring, heat generated by M1 and M2 under 

heterodyne driving should be related with , . ,  can be expressed in terms of : 

, 	Re
,

	

, ∥ , ,

 (7.21) 

This result follows from Equation (7.13) and considering that , is measured with a VNA 

[i.e., Equation (7.8)], and after, computed according Equation (7.18). In this case, even and odd 
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terms of  appear in Equation (7.18). Recall that ,   [see Equation (7.14)] 

and ,   [see Equation (7.18)]. Consequently, the thermal fields induced by 

each transistor allow determining ,  previous a calibration, with an expression based on 

dependences of Equations (7.14) and (7.18) or another simplified, as discussed in Section 7.4.3. 

To infer , 	 ,  should be expressed as a function of 	 ,  (i.e., /2	Sin 2 , 

where i=1, 2), and taking into account that | | 	  (explained in Annex C), 

,
	

, the input power per sine wave ,  is , Re , 	, 

and , ,⁄ , which results into: 

 

	Re L

,2 L
2

2 2
2

2	 2 2 2 	
	

	 in, 2
2 	

	 in,
2

,Choke∥ ext,2 L
1

ext,1
1

2

2
	

	
2

in   (7.22) 

 

where 
	 	 1

	 0
2

1
	 0
2

	 1 1 1
	 0
2

	 0 1
	 0
2

2
⁄

. Notice that when no distortion is 

produced, i.e., 2	 , 	 ,  (constant M1 transconductance) and 

 >>  (constant M2 transconductance), | |=| |, and therefore, 

heterodyne excitation allows obtaining | | frequency response by thermal monitoring 

under these conditions for two reasons. ,  can be monitored by thermal fields generated 

by M1 and M2, and all electrical parameters are evaluated at f = fexc,0 ≈ f1, f2, which requires a 

frequency sweep in f1 and f2, while maintaining the beating frequency f constant. 

For the 1 dBCP thermal monitoring, Equations (7.16)-(7.22) demonstrate that the power 

amplifier compression starts to be manifested in ,  and is modified by distortion in M2 

when  ≈ . Therefore, the thermal field in M1 can be a good parameter for 

1 dBCP thermal monitoring, but with other certain phenomena to be accounted for: bias point 

contribution and criterion decay revision. The bias point contributes to ,  and manifests 

to M1 thermal behavior at | | close to amplifier compression voltages, which can be 

compensated by data fitting of Equation (7.17), as discussed in Section 7.4.4.2. On the other 

hand, the 1 dB criterion does not apply in this case, as this decay is defined in a logarithmic 

scale and should be revised in each measuring scenario. By contrast, thermal field in M2 poses 

similar constraints, with added issues as Equation 7.19 indicates. ,  cannot have negative 

contributions, except from , -term. This totally contrasts to the behavior predicted by  

when considering the possible effects in the gain compression due to M2 [see Equation (7.22), 

2	 ]: -term substracts to -term, modifying the gain compression 

due to M1 (affectation on 1dBCP) at ,  close to 1 dBCP. Surprisingly, the  
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compression [also observed in , , Equation (7.21)] described by Equation (7.8) due to M2, 

appears in ,  according to Equation (7.20), as an additive term with a non-linear thermal 

response (compression effect not observed “a priori”). This will have several consequences and 

implications on 1dBCP thermal measurements, as analyzed in Section 7.4.3.3.  

In summary, Equations (7.16), (7.19), and (7.22) depicts that , 0, , 0, 

and , 0 holds, respectively. 	| | and 1dBCP can be potentially studied by thermal 

means, as they both depend on , , and compression is first manifested in , , 

though M2 modifies it non-linearly when  ≈ . Unfortunately, thermal field 

compensation and calibration are required. Moreover, the thermal interaction between heat 

sources is one added problem and it should be faced, as the next section points out. 

7.1.4 Thermal field of interacting heat sources 

In Chapter 3, the spectral component at a frequency f0 = f of the surface thermal field 

Δ , , , Δ  at any location  generated by any of the powering modulations was 

presented. In that chapter, Δ , , , Δ  was considered to be originated from N heat 

sources, each one occupying a certain area Ad,n and described by a vector position . When 

f  is high enough to confine Δ , , , Δ  within the die (f > 100 Hz in 525 m silicon 

IC’s [16]), Δ , , , Δ  writes as [17]:  

 

Δ , , , Δ ∑ ∬ ,
,

,

,
	
| |

exp , cos 2 Δ , 	,

                 (7.23) 
 

where | | is the distance from the heat source, dSHS,n is the differential of surface of the 

n-th hot spot, and C is a constant. ,  is the power amplitude of the heat dissipated in a 

given heat source n (here, an IC component), with an area Ad,n. This component can be easily 

monitored by IR-LIT means setting flock-in=f, as further described in previous chapters, and in 

consequence , . ,  is the thermal phase lag related with the heat propagation around a 

given heat source n, defined as: 
 

, | |⁄  ,     (7.24) 
 

and LD is the thermal diffusion characteristic length and writes as: 
 
 

π	Δ⁄ /  ,        (7.25) 
 

where D corresponds to the thermal diffusivity of the media (85 mm2 s-1 in Silicon) [16]. From 

Equation (7.21), the external boundary condition independence mentioned above is inferred: 

when f >> D(LD
2 π)−1, the thermal field is confined inside the die (thermally thick condition). 
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Figure 7.3. Interaction between two punctual heat sources HS1 and HS2, generating a spherical thermal field. The 

power dissipated in each of them, the thermal field generated, and the compensation point are outlined. The condition 

to obtain a compensation point is also pointed out. 
 

To illustrate how the problem of interacting heat sources affects to thermal measurements, 

let’s consider in Equation (7.21) only two punctual heat sources (referred as HS1 and HS2), 

which originates an spherically symmetric thermal field (as shown in Chapter 5, Section 5.2) 

with amplitudes and phase referred as Δ  and  (i=1,2). Figure 7.3 depicts the 

heat sources HS1 and HS2 with the main geometrical parameters involved in. Each heat source 

dissipates a power Pn,f=f and a characteristic length rc is defined, which gives the indication of a 

compensation point CP (i.e., amplitude of the thermal field nulls). CP’s can be understood by 

the following. In general, the amplitude and phase of the thermal field resulting from the 

superposition of such individual fields (i.e., |Δ | , ′  and , , ′ , respectively) obey:  
 

|Δ 	 | , ′ |Δ | |Δ | ′ 2|Δ | 	|Δ | ′ 	Cos	 , , ′  

(7.26) 
 

, , ′ Tan
  	 ,   	 ,

  	 ,   	 ,
 .        (7.27) 

Thus, when the interfering term Cos	 , , ′ 1, |Δ | , ′ 0 and 

|Δ | |Δ | ′ . For spherical thermal fields (i.e., taking into account 

Equation (5.2) from Chapter 5), rc depends on Pn,f = f (see Figure 7.3) as: 

,

,
	 exp 2 π	Δ

⁄
  .                                (7.28) 

 

When , ≫ ,  for i ≠ j, , , ′  ≈ , . This fixes the CP location atrc ≈ 0 

or rc ≈ d, but always within HS1 and HS2. This applies when ,  suddenly changes with 

fexc,0. This behavior will be observed in the measurements performed in Section 7.4.3. 
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7.2 Feedback cascode amplifier and sensors integration description 

The feedback cascode amplifier and the integrated thermal sensors have been designed by 

researchers from Universitat Politècnica de Catalunya (UPC) and fabricated with a 0.35 µm 

2P4M (2 levels of polysilicon, 4 levels of metal) CMOS technology of AMS 

(AustriaMicroSystems) through Europractice program in 525 m thick wafers. The feedback 

cascode amplifier has been implemented according to the schematic shown in Figure 7.1, 

obtaining as a result the physical layout depicted in Figure 7.4 with the values for its main 

components and small signal elements in the Table of Figure 7.4. The parasitics due to bond-

wires have been included in such values and resulting LChoke presents a lower value than usual. 

Notice that this amplifier has been designed to avoid oscillations and maintain a gain stability 

without any performance optimization, as it has been conceived as a proof-of-concept for 

thermal testing of the amplifier response and its electrical figures of merit monitoring. For on-

chip thermal monitoring, two sensors have been integrated in M2 as indicated in Figure 7.4. This 

transistor has been monitored to detect in the thermal field, any non-linear electrical effect 

coming from M1 and M2 and to carry out the feasibility study of their monolithical integration 

within a transistor without affecting amplifier operation. With regards to the last point, the 

mainstream for IC thermal testing is based on the integration of thermal sensors outside the 

transistor itself [18, 19, 20, 21, 22], and local thermal testing within transistors is an important 

point to be investigated. Additionally, reliable thermal simulations were not available by 

commercially packages, the only solution being the use of 3D simulators (e.g., based on finite 

elements or differences algorithms) or compact RC models [23]. Such solutions require setting 

up a whole model of the system in a 3D structure or RC equivalent system to understand the 

thermal behavior, previous performing the electrical power extraction using layout-based RF 

electrical simulators. But, this approach can be performed when no complex case studies are 

considered, i.e., with integrated circuits with not so many components. Besides, alternative 

procedures to assess the simulation results are also necessary, even to set up the simulation 

parameters. Thus, in this case, it has been preferred to integrate such sensors and study the 

system by an off-chip thermography approach (i.e., IR-LIT) to: fasten the process, acquire 

experience in integrating such sensors, exploit the results for setting up reliable thermal 

simulations, and assess their proper operation under working conditions.  

With these purposes, thermal sensors have been designed as a diode-connected n-type 

MOSFET. Such solution is the simplest way with multiple technological possibilities for its 

implementation: Bipolar Junction Transistor (BJT) [24, 25] or a Metal-Oxide-Semiconductor 

Field-Effect Transistor (MOSFET) technologies [26]. According to the comparative analysis 

reported in [27, 28], MOSFET-based sensors have been selected by UPC researchers, as they 

offer the following advantages over BJT technology: (i) fully compatibility with the fabrication 

process, (ii) less layout area required around the CUT, and (iii) more sensitivity (especially, in 
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strong inversion [28]) to on-chip thermal variations caused by the Circuit Under Test (CUT). 

[29]. Moreover, the higher accuracy provided by BJT-based sensors is not key here, as the 

sensing targets to the temperature increases caused by the CUT (i.e. the amplifier), and not its 

absolute value. MOSFET-based sensors present a linear dependence of its output voltage on 

temperature [28, 30] with a higher sensitivity than that of BJTs, as reported in [28]. To enhance 

the sensitivity of MOSFET-based sensors according to [29], the following design parameters 

have been set: devices are working under strong inversion operation, with a bias current 

IB=20 µA and an aspect ratio W/L=1.5/24. The effects of ambient temperature variations on IB 

are not expected to be critical as long as the temperature measurements carried out to 

electrically characterize the IC are faster than the temperature changes affecting IB. Moreover, 

such sensors have been designed with an electrical 3-dB cut-off frequency higher than 160 kHz 

(according to simulations), which allow monitoring the thermal behavior without any frequency 

restriction for the considered fs. 

 

 

 

Figure 7.4. Final implementation of the feedback cascode amplifier presented in Figure 7.1, highlighting its in/output 

pads and pinout, main interconnection tracks (power supply and output), active (M1 and M2) and passive (Cin, Lin, 

Cext,1 and Cext,2) components. The inset locates the capacitor close to M2 and also gives a view of the interconnection 

tracks in the surrounding area of M1 and M2. The values of the integrated components in Figure 7.1 and some 

parasitical elements of M1 and M2 shown in Figure 7.2 are also reported. 

 
 

R1 (k) 6.4 
R2 (k) 6.4 

Cext,1 (pF) 1 
Cext,2 (pF) 3 
Cgs1 (pF)  
Cdg1 (pF)  
gm1 (mS) 135 
gds1 (mS) 3.2 
Cgs2 (pF)  
Cdg2 (pF)  
gm2 (mS) 135 
gds2 (mS) 7.2 

LChoke (nH) 12 
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Figure 7.5. (a) Design and wire bond connections of chip part involved with the analysis held in this section: 

feedback cascode amplifier and integrated sensors. (b) Detail of all the wire bondings performed on the chip. (c) 

View of the RF and auxiliary boards to carry out the measurements. 

 

 
Figure 7.6. (a) Experimental set-up with the IR-camera, a translation stage to focus the sample the location of the 

CUT. (b) Detail of the Peltier-thermo-regulated micro-positioning stage for measuring the amplifier. 
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7.3 Experimental details 

In order to carry out the proposed study, the chip has been attached to an RF board in an 

on-board configuration to reduce parasitic effects and to perfectly adapt the input signal to the 

amplifier and the amplifier output to the load, as Figure 7.5 illustrates. An auxiliary board has 

also been designed to DC bias the amplifier. Figure 7.5 (a) highlights the area where the 

amplifier and sensors are monolithically integrated. Figure 7.5 (b) shows a picture of the die 

attached to the RF board and its pads connected to the RF board tracks with wire bondings. 

Figure 7.5 (c) depicts how the auxiliary board and all other signals are connected to the RF 

board, improving the RF matching constraints. Such connection has been also optimized (cables 

length, appropriate connectors, etc.) to reduce losses. To show that IR measurements are 

feasible with the IR-LIT system, such amplifier has been tuned for working at two central gain 

frequencies fc,G: 620 MHz (non-optimally adapted to the load with two resonances) and 

440 MHz (perfectly adapted to the load with a single resonance). This fine tuning (fc,G shifts 

from 620 to 440 MHz) has been carried out by soldering decoupling capacitors between VDD 

(power supply) and VSS (ground) tracks of the RF board to decrease the impedance between VDD 

and VSS at high frequencies, and consequently, better adapt the RF power transmission to the 

load with a single resonance frequency. For RF electrical measurements (i.e., power gain and 

1dBCP), a Rohde & Schwarz vector network analyzer ZVM has been used, whereas the 

amplifier has been heterodynally driven with an Agilent E4438C ESG Vector Signal Generator. 

Concerning IR-LIT measurements, the IR emission of the IC surface was detected by the 

set-up previously shown in Chapter 2 and also depicted in Figure 7.6. Figure 7.6 (a) displays the 

disposition of the camera and chip-on-board fixed on a Peltier-thermo-regulated micro-

positioning stage, presented in previous chapters. Figure 7.6 (b) provides a closer zoom to the 

RF board, the auxiliary board, and the Peltier-heating and micro-positioning stage. The RF 

board is fixed to the micro-positioning stage by screws. This stage allows covering five degrees 

of freedom (X-Y-Z positioning, rotation and tilt), and fixing Ti. Concretely, all IR-LIT 

measurements have been performed at Ti = 60ºC. It is worthy to point out that the IR emissivity 

for each material on the die surface has been locally corrected without using any coating [31]. 

As stated in Chapter 2, the IR emissivities of materials composing the IC and the sensor 

modulate the surface IR thermal emission and high-emissivity coatings with well-known values 

are commonly employed to overcome this problem [31]. Unfortunately, this process could 

increase the sample preparation complexity and introduce artifacts in IR measurements at high 

frequencies because of the coating thickness. Then, from the apparent temperature amplitude 

maps (|Δ | ), the real temperature has been obtained by calibrating measurements fixing the 

die DC temperature to Ti = 60ºC with the Peltier heating stage. This provides an emissivity map 

to be used with all measurements performed to infer |Δ | , , Δ . In this sense, 
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, ,  maps were used for two purposes: to further confirm the existence and 

location of heat sources (not affected by emissivity contrast [32], as shown in Chapter 2), and 

determine the thermal phase difference between the IC components. Moreover, to compare IR-

LIT measurements with those given by the sensor, a pixel or an area averaged value of 

|Δ | , , Δ  and , , Δ  has been extracted at the location of the sensor or 

components of interest. Depending on the measurements, area averaging could allow improving 

the camera sensitivity, obtaining more reliable results in a low signal to noise ratio case and 

further assess IR pixel measurements behavior. For the sake of simplicity, |Δ | , , Δ  

and , , Δ  maps are referred as |Δ | and	 . The mean value of |Δ | and  over 

certain areas of any IC component (n, e.g., M1 or Lin), for a given thermal technique (m, i.e., IR 

or embedded sensor mainly in Section 7.4.4) is respectively named as |∆ | ,  and | , , 

whereas the punctual ones (i.e., a single pixel) are indicated as |∆ | ,  and | , . When m 

label is omitted, the thermal measurements are performed by IR means. Finally, as previously 

defined, the amplifier output power measured with VNA is referred as Pout or ,  when 

performing its driving with one (homodyne) or two (heterodyne) sine waves, respectively. 

7.4 Results and discussion 

7.4.1 Amplifier frequency response analysis by thermal monitoring at f 

As a first step, the behavior of the thermal interaction between M1 and M2 as a function of f, 

several fc,G (440 and 620 MHz) and f (1013 and 113 Hz) was carried out for |Pin,het| = -5 dBm. 

From this measurements, the thermal behavior at f evolves according to the higher frequency 

behavior of |Pout|, whereas the heat sources interaction does not excessively depend on fc,G, f, or 

when considering areas or pixels. To explain and demonstrate this, Figure 7.7 presents for the 

best case study, i.e., for fc,G  440 MHz (power transfer optimized), f = 1013 Hz (higher heat 

confinement) and considering areas, |∆ |, |Pout| [see Figure 7.7 (a)], and  [see Figure 7.7 (b)] 

for M1, M2 (top metallization), and sensor location [see Figure 7.7 (c)]. Figure 7.7 (a) and (b) 

highlight the following three regimes (identified as A, B and C): 

i) Low frequency behavior (f < 300 MHz and referred as regime A) shows a higher heat 

generation by M2, as a part of the input power (partially blocked by the input pass band 

filter) is amplified by M1 but not transferred to the load as Cext,2 blocks signals with 

f < 300 MHz. In this range, M2 heats up M1, i.e., |∆ | |∆ | . Moreover, a clear 

phase difference of 180º between M1 and M2 (Δ ) is observed. This means that the heat 

generated by M1 and M2 presents a sign difference, and this appears in the thermal field. 

This result agrees with the theoretical results presented in Section 7.1.3 and Annex C. 

ii) Medium frequency behavior (300 MHz < f < 900 MHz and referred as regime B) is  
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Figure 7.7. Comparison of frequency response of |Pout| (blue solid line and void circled symbol) with |∆ |, [in (a)] 

and  [in (b)] of certain areas of M1 (green solid line and squared symbol), M2 top metallization (red solid lines and 

squared symbol), and sensor location (black solid line and squared symbol) [in (c)] for fc,G  440 MHz and 

f = 1013 Hz. In (c), details about the areas and colors used in (a) and (b) are provided on the chip layout. 

 

characterized by a higher heat generation by M1, as the input filter and Cext,2 leave the 

signal pass. Thus, heat generation by M1 increases, while that dissipated by M2 

decreases. This is maintained until achieving f = 386 MHz, where a minimum in |∆ |  

(defined as a compensation point, CP) and a sharp 180º transition in ,  (i.e., a sign 
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change giving Δ = 0) are observed. As a result, ∆  is in phase with ∆ , as M2 

starts to present a 	 | ,  component due to a non-constant M2 

transconductance behavior [high value in VGG (3.3 V), as indicated in Section 7.1.3], 

which when multiplied by , , results into this sharp transition in ,  [see Equations 

(7.16) and (7.19)]. Besides, such M2 transconductance behavior could also introduce 

another contribution to sign change coming from -term of Equation (7.19). Thus, 

∆  and ∆  present Δ = 0 and they constructively interfere according to Equation 

(7.26). This behavior is maintained until observing another minimum in |∆ |  and a 

180º-transition in ,  (f = 752 MHz). For f > 752 MHz, the M2 transconductance 

becomes constant. This is supported by Figure 7.8. Figure 7.8 presents |ΔT|app [in (a) and 

(b)] and  [in (c) and (d)] before [f = 375 MHz, in (a) and (c)] and after [f = 400 MHz, 

in (b) and (d)] activating the non-linear behavior of M2, providing the location of other 

IC components (Cin, Lin, and Cext,2). For f = 375 MHz, Figure 7.8 (a) shows a CP (|∆ |= 

0ºC), which agrees with the same location where Δ = 90º (i.e., in the middle of the 

180º-transition) takes place in Figure 7.8 (c). Such result gives evidence of the sign 

difference between the heat generation by M1 and the rest of the IC integrated 

components. Whereas, for f = 400 MHz, Figure 7.8 (b) and (d) do not show any CP 

formation in the previous location, and both M1 and M2 are generating heat at the same 

phase (and 180º difference respect to Cin, Lin, and Cext,2), respectively. The second point 

is confirmed by comparing Figure 7.8 (c) and (d): the area corresponding toan in-phase 

situation is not only restricted by small areas, but it extends to the surroundings of M2. 

Moreover, the abrupt change can be understood by a thermal field compensation in the 

same heat source M2, as ∆ 0ºC [as indicated in Figure 7.7 (a)]. Thus, as further 

detailed in Annex C and summarized in Sections 7.1.2, 7.1.3.2, and 7.1.4, the only way 

to experience such sign change in the heat generated by M2 induced by a non-constant 

transconductance. 

iii) High frequency behavior (f > 900 MHz and referred as regime C), a higher heat 

generation in M2 occurs due to Cext,1 limits the frequency response of the amplifier, as 

previously stated. From this monitoring, the signal path through the amplifier to deliver 

power to the generator or to the input can be determined, as next section analyzes.  

7.4.2 Analysis of amplifier frequency response limits in regime C 

Let’s focus on determining the current path in Regime C when Cext,1 stops to block current. 

As previously stated, the cascode fixes the high frequency response, concretely its Cext,1. When 

this occurs, it is expected to observe a higher dissipation in Lin and no power is delivered to ZL. 

Simultaneously, the input filter decreases the power delivered to the circuit. To have a closer 
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insight and assess whether thermal measurements could be useful, Figure 7.9 depicts the small-

signal equivalent circuit of Figure 7.2, in which a parasitic series resistor (RLpar) is considered in 

Lin. To analyze the frequency limitation and quantify the power delivered to the generator, the 

following assumptions according to experimental results have been considered. igen gives the 

sense of the current delivered by the generator (positive), whereas if represents the sense of the 

current coming from the amplifier (negative, phase difference between igen and if of  º). 

Besides, vgs1 and vsg2 have a linear relation, as no transconductance non-linear effects in M1 

occur in this frequency range. According to all thermal phase images, they show that the heating 

in Lin is not in-phase with M1 [e.g., see Figure 7.8 (c) and (d)] and then the current sense goes 

from the circuit to the generator. According to this and accounting for the equivalent circuit of 

Figure 7.9, the heat dissipated in RLpar ( ) generates a thermal field Δ  in Lin and relates 

with vin≈vgen as follows (considering a voltage gain in M1 ): 

	               (7.29) 

,
        (7.30) 

	              (7.31) 

	          (7.32) 

,⁄

,
,

      (7.33) 

,
	 1 	            (7.34) 

The main conclusion of this analysis is that Δ ∝ ∝ 	 . To check this dependence 

from experiments, |Δ |  has been monitored with the IR camera with  (referred as 

, ) and related with , 	  as , 	 	 , ⁄ . Figure 7.10 summarizes the results 

of this experiment and confirms the expected linear behaviour with  with an excellent 

agreement. Moreover, , , 	180º indicates that the power coming from the 

amplifier and delivered to the generator can be extracted. Aside from that, other interesting 

information to be studied and determined from |T| mappings is what layout part limits the 

amplifier frequency response. From the theory, only two possible paths can be followed by the 

current delivered by M1 and M2 to the input. Figure 7.11 indicates them (according to the 

amplifier’s small-signal equivalent circuit shown in Annex C) for the currents delivered by M2 

(a) and M1 (b), relates them with the layout from  measurements (c), details path B on the 

layout (d), and perfectly identifies paths A and B in |T|app [see Figure 7.11 (e)] and  [see 

Figure 7.11 (f)], respectively, when considering f = 2 GHz and f = 113Hz. Figure 7.11 (a) and 

(b) depicts the whole small-circuit equivalent circuit considering that virtual ground  
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Figure 7.8. |Δ |app [in (a) and (b)] and  [in (c) and (d)] before [f = 375 MHz, in (a) and (c)] and after [f = 400 MHz, 

in (b) and (d)] activating the non-linear behavior of M2, locatining other IC components (Cin, Lin, Cext,2).  

 
Figure 7.9. Small-signal equivalent circuit of the feedback cascode amplifier presented in Figure 7.2 for a constant 

transconductance in both transistors, considering a parasitic resistor RLpar in Lin and highlighting the sense of the 

current delivered by the generator to the circuit (igen) and that delivered by the amplifier ot the input (if). 

 

approximation in R2 does not apply and Cext,1 is a short circuit, which diverts all current through 

their branch. In these small-signal equivalent schematics, the main current components traveling 

to the input only could come from M2, as M1 fixes a current path that is closed over itself [see 

Figure 7.11 (a) and (b)]. Such current fixed by M2 can reach the input by means of a capacitive 

coupling through the substrate between M2 and Lin (path A) and/or following the schematic 

layout tracks to the input (path B). Figure 7.11(c) confirms that both paths are simultaneously 

taking place at f = 2 GHz. To better show how path B is produced, Figure 7.11 (d) highlights 

such path over the amplifier layout, having a very good agreement with  measurements 

presented in Figure 7.11 (c). Additionally, Figure 7.11 (e) and (f) provide more details about the 

identified paths. Path A (substrate coupling) is highlighted in |T|app close to Cin [below the 

capacitor, see Figure 7.11 (e)], where also |T|app is practically null on M1 due to thermal field  
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Figure 7.10. Dependence of |∆ |  on ,  to check whether this measurement could be useful to detect power 

dissipated in the input as a possible reflection coefficient. 

 

interaction (∆ =180º between transistors), the track connection between M1 and Cin, and Cin. 

Path B can be pointed out in  measurements [see Figure 7.11 (f)] as the area where  is 

defined. Thus, the amplifier presents activity, aside from M2, in R2-Cext,1 branch, R1, and 

Cin,whereas an undefined  is detected in M1 due to low signal to noise ratio in thermal 

emission. Notice that M1 is under operation to have activated all aforementioned amplifier parts 

(specially Cin), but the M1 input voltage is as low as |T|app cannot be detected. Besides, this is 

reinforced by the fact that all elements identified as active in Figure 7.11 (f) are almost at the 

same phase than M2 and all parts defining the path B [see Figure 7.11 (d)] have a certain activity 

(no noise in phase image). 

7.4.3 | | frequency response extraction 

7.4.3.1 ,  correlation with thermal measurements in M1 

Prior to thermally determine the frequency response of , the relation between |Δ |  

and ,  has been studied for several reasons. Firstly, a partial assessment of theory 

analyzed in Section 7.1.3.2 is intended previous to | het| frequency response extraction 

(feasibility analysis). Secondly, ,  is related with | | (parameter of concern in RF 

amplifiers), and exploring methods for | | monitoring is interesting. Finally, |Δ |  has been 

identified as a good candidate for electrical testing (linear dependence on all figures of merit) 

with a high signal to noise ratio (M1 dominant heat source in regime B). Besides, this can be 

used to check whether M2 presents a non-linear output at Ti=60ºC. 
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Figure 7.11. Possible paths taken by the current in the layout to limit the frequency response of the amplifier, when 

no power is delivered to the output. (a) Amplifier’s small-signal equivalent circuits pointing out the theoretical paths 

that can be followed by the current provided by M1 (a) and M2 (b). Paths evidenced on the amplifier layout from  

measurements (c) and indication of one of them on the layout (d). More details of each path: path A highlighted in 

|T|app (e) and path B A highlighted in  (f), for f = 2 GHz and f = 113Hz. 
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To relate |Δ |  and , , a calibration has been performed according to Equation 

(7.21) shown in Section 7.1.3.2, assuming that  |Δ |  and 	180. Additionally, 

linear and second order polynomial fits have been also taken into account to use simplified 

dependences and check whether M2 is distorting M1 output. To find the calibration law, 

,  is plotted versus |Δ |  considering such data pairs acquired at the same f, and a 

memoryless behavior (i.e., no frequency dependence on ,  distortion, only fixed by 

, ) [13, 33]. Figure 7.12 depicts a calibration example for fc,G = 620 MHz and 

f = 1013Hz, taking into account Equation (7.21) (blue dash-dotted line), linear (solid line) and 

second order polynomial (dashed line) in the fittings. In this figure, data points in black bold 

squares (in red bold circles) correspond to those that the temperature frequency response 

increases (decreases) until fc,G (f = 2 GHz). Equation (7.21) has been fitted to experimental 

results with an excellent agreement, accounting for different coefficients when f ranges from 

100 MHz to fc,G or from fc,G to 2 GHz. The higher dispersion between theory and experiment is 

observed for the initial black bold square data points, as pure electrical behavior (described by 

blue dash-dotted line) is shielded by the M2-M1 thermal coupling in regime A [see Figure 7.7 (a) 

and (b)]. This defines an initial offset in experimental data, which makes difficult monitoring 

the pure electrical behavior by linear or second order polynomial fittings (see Figure 7.12). 

Additionally, close to fc,G, dispersion due to cascode bandwidth enlargement is observed, as 

Equation (7.21) does not takes into account in its memoryless coefficients. Due to such effects, 

experimental results ranging from fc,G to f = 2 GHz are the most relevant ones for doing this 

calibration with a simpler equation as: i) M1 is the main heat source in regime B, where the 

amplification process controls such behaviors (f < 629 MHz) and ii) ,  behaves non-

linearly due to the non-constant M2 transconductance, as inferred from thermal measurements. 

On the other hand, similar slopes are obtained in Figure 7.12, when the linear behavior for 

f < fc,G (in black) and f > fc,G (in red) (11.33+0.27 and 12.93+0.58, respectively) are compared. 

Thus, a calibration done with results for f > fc,G could be more representative of all frequency 

behavior than those for f < fc,G, and the small difference between slopes is a consequence of the 

simultaneous phenomena taking place. 

In order to demonstrate that a second order polynomial fit offers a much better description 

of ,  than a linear one, and a much closer description to Equation (7.21) results with a 

lower complexity; Figure 7.13 presents a comparison between ,  electrically measured 

and the predictions based on thermal inspections on M1 considering all calibration curves [i.e., 

linear, quadratic, and Equation (7.21)] inferred from Figure 7.12. The best results are obtained 

in the case of Equation (7.21). By contrast, the polynomial law results (only considering f 

ranges from fc,G to 2 GHz) shows an excellent agreement with the electrical ones for almost all 

analyzed f’s (f > 568 MHz), whereas the linear law only allows reproducing  
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Figure 7.12. Calibration curves for ,  = f (|Δ | ) when fc,G = 620 MHz and f = 1013Hz for f ranging: i) 

from 100 to 620 MHz (linear, in black) and ii) from 610 to 2000 MHz (non-linear, in red). 
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Figure 7.13. Comparison between electrical (line) and thermal (points) measurements of , . Thermal 

measurements based on thermal inspections on M1 and considering both calibration curves, i.e., linear (in black 

squares) or quadratic (in red circles) inferred from Figure 7.12. 
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Figure 7.14. Comparison of power gain measurements extracted by electrical and thermal means 

on M1 considering several fc,G’s: a) fc,G = 620 MHz and f = 1013 Hz, b) fc,G = 440 MHz and 

several f’s (113 and 1013 Hz). 
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Figure 7.15. Comparison of calibration results for M1 and M2 when fc,G=620MHz and f = 1013 Hz, considering 

pixels or areas. The inset shows the areas and pixels considered, also denoting the colors assigned in the graph in 

each case. 
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Figure 7.16. Comparison of electrical and thermal results for power gain determination when: a) fc,G = 620 MHz, 

f = 1013 Hz, and considering areas in M1 and M2; b) fc,G = 440 MHz, accounting for several f’s (113 and 1013 Hz), 

and considering central pixels in M1 and M2. The color assignation is provided in the inset of Figure 7.15. 
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,  outside the frequency range defined from 600 to 670 MHz and outside f < 568 MHz. 

The main conclusion drawn from Figure 7.13 is that a second order polynomial law offers a 

good trade-off between simplicity description and fitting error, allowing ,  extraction. 

Thus, from now on, a second order polynomial trend will be taken into account for | |.  

7.4.3.2 | | determination by thermal measurements in M1 and M2 

Starting with the | | frequency response measurement by thermally monitoring M1, 

Figure 7.14 demonstrates an excellent agreement between electrical and thermal measurements 

for several fc,G’s [620 and 440 MHz, (a) and (b), respectively] and f’s (1013 and 113 Hz) 

following the calibration protocol detailed in Section 7.4.3.1. From this figure, measurements do 

not depend on fc,G and f, as expected. The main difference is observed in the case of Figure 

7.14 (b) probably due to parasitic effects introduced by decoupling capacitors between VDD and 

VSS tracks in the RF board (see Section 7.3). In the case of M2, Figure 7.15 provides its 

calibration curves (according to the procedure detailed in the previous section) when 

fc,G = 620MHz and f = 1013 Hz, and compares the results of M2 with those of M1. The M2 

results have been analyzed considering measurements in a single pixel (sensors locations and in 

the middle of M2) and averaged in areas (M1 and M2), as highlighted in the inset of Figure 7.15. 

Figure 7.15 shows how M2 follows a similar quadratic behavior than M1, independently of 

considering areas or pixels, as observed in previous sections. This behavior in M2 is obtained for 

all fc,G’s and f’s considered, confirming that the polynomial law can be used for M2 thermal 

monitoring to determine , . Figure 7.16 compares and summarizes electrical and 

thermal results for power gain determination for all considered fc,G’s (440 and 620 MHz) and 

f’s (113 and 1013 Hz). The effect of considering areas [see Figure 7.16 (a)] or pixels [Figure 

7.16 (b)] is also depicted. In both cases, a good agreement of thermally inferred results with 

electrical ones is obtained, observing more oscillations [see Figure 7.16 (a)] or abrupt [Figure 

7.16 (b)] behavior in the case of electrical measurements due to possible parasitic effects as 

previously indicated. Moreover, Figure 7.16 also highlights that | | frequency response 

monitoring by thermal means is independent of considering areas, pixels, transistor, or any 

value for f (as long as an optimum signal to ratio is ensured). 

7.4.4 Linearity study by 1dBCP: |Pout| response as function of |Pin| at a fixed f  

7.4.4.1 1dBCP measurement by homodyne and heterodyne driving 

Commonly, 1dBCP is measured with a VNA, which homodynally drives the amplifier at 

f= fi, acquires | | and | |, and plots them (in dB’s or dBm’s). In such a graph, 1dBCP 

indicates the | | value such that  (vin) drops or decays 1 dB (or dBm depending on units) 

from its small signal value (SS). To this end, very low power levels should be measured to 
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ensure a linear | |-| | plot (i.e., ∂| | ∂| |⁄  1 in dB or dBm units). When using 

heterodyne driving (signals at  and , with ∆ , for i ≠ j), differences between 

,  and | | are observed, as intermodulation products are generated by Joule effect. 

Consequently, 1dBCP can be reached at 2 ,  < | | (as fixed by total | |), and for 

low f, VNA cannot resolve intermodulation products with 1  (q ∈ ) spectral 

components from those at  [3]. As a result, this driving can underestimate ,  at which 

1dBCP occurs (referred as , @ ). Moreover, when carrying out thermal testing, very 

low thermal fields cannot always be measured to extract the small signal gain under heterodyne 

conditions (het,SS), and 1dBCP, ,  and , @  can be Ti dependent. Thus, data 

interpolation to low thermal fields and a Ti characterization of such parameters are required. 

To illustrate this, Figure 7.17 shows at different Ti (25 and 60ºC), input-output power plots 

following homodyne [see Figure 7.17 (a) and (b), data points] and heterodyne [see Figure 7.17 

(c)and (d), data points] driving, its fitting and interpolation with Equation (7.10) (in solid black), 

indicating the inferred ideal gain curve (black dashed line), and the 1dBCP (red dashed and 

solid black lines crossing point). Equation (7.10) perfectly fit to experimental data. Figure 7.17 

(a) and (b) test whether 1dBCP and Pin,-1dBm are Ti-dependent, observing slight modifications in 

 and Pin,–1dBm. Figure 7.17 (c) and (d) analyze the effects of f in Pin -1dBm determination for 

Ti = 60ºC. Two main findings have been inferred: Pin,het@-1dBm < Pin,-1dBm (as stated), and both 

,  and Pin,het@-1dBm are slightly modified byf, as for f = 113Hz, the VNA frequency 

resolution cannot distinguish 1  intermodulation components (see Annex C), 

whereas for f = 1013Hz are resolved ( ,  at Ti =
 60ºC) . Figure 7.17 (c) and (d) also 

evidence that 1dB-criterion to determine the compression point should be revised under 

heterodyne driving. According to this figure, the values of 1dBCP and Pin,-1dBm obtained under 

homodyne driving are observed in heterodyne curves at 1.5 dBm decay (see blue dashed line) 

independently of f. Notice that 1dBm criterion is defined for | |-| | plots in dBm scale, 

and ,  and | | can be different for the same input power due to intermodulation 

spectral components (as discussed in Annex C Section C.5.3).  

In 1dBCP thermal monitoring, all such effects jointly with others are accounted for and 

managed in the following tests and experimental conditions: 

i) 1dBCP has been studied on the capacitor decoupled RF board at fc,G = 440 MHz; 

ii) an IR-LIT system (M1 and M2 monitoring) and embedded thermal sensor in M2 are used; 

iii) carried out at Ti = 25ºC (embedded sensor) and Ti = 60ºC (IR-LIT system); 

iv) power and temperature units are dBm and centigrade decibels (dBC) , respectively; 

v) ,  contribution to |∆ |  removed by using Equation (7.17) and (7.20) dependences; 
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vi) decay criteria defined per each measuring condition: transistor and when correcting or not 

, -contribution to|∆ | . 
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Figure 7.17. | |-| | curves at Ti = 25ºC (a) and Ti = 60ºC (b), and , - 	,  curves at Ti=60ºC for 

f = 113 Hz (c) and f = 1013 Hz (d), also indicating their fitting with Equation (7.10) (black solid line), the ideal 

gain curve (black dashed line), the 1dBCP (crossing point between the red dashed line and model prediction, -1dBm 

decay), and the decay criterion to assess |Pin,het| = Pin,-1dBm. 
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7.4.4.2 Determination of 1dBCP and Pin,-1dBm by thermally monitoring M1 

To carry out the amplifier thermal testing by IR-LIT, |Δ | ,  has been measured when 

varying | , | in a single pixel at the center of M1 for two f (113 Hz and 1013 Hz) and 

compensating , ,
 term from Equation (7.17) on |Δ | , . In spite of the fact 

that area averaged and punctual measurements provided similar results, the latter permitted 

extracting local information and having an idea of the signal to noise ratio of the IR-LIT results. 

In addition, this section also verifies whether the procedure for , ,
 term 

compensation works, comparing corrected |Δ | ,  with other thermal fields of the analyzed 

circuit. 

Figure 7.18 depicts how 1dBCP and Pin,-1dBm are determined independently of f by 

plotting |Δ | ,  [in dBC, 10	log |Δ | ] as a function of | , | (black data points, squared 

for f = 113Hz and circled for f = 1013Hz) and fitting an expression proportional to Equation 

(7.17) (black solid line); also analyzing the effect of correcting or not [Figure 7.18 (c) and (d)] 

,  contribution to |Δ | , . Figure 7.18 also shows for all analyzed cases, an equivalent 

ideal gain curve (black dashed line) and the compression point when |Δ | ,  has decreased 

1 dBC (crossing point between model prediction and red solid line), inspired on 1dBCP 

procedure. From a behavioral viewpoint, Figure 7.18 reports that |Δ | ,  changes as | , | 

increases: starts to compress, reaches a maximum value, and finally decreases. A similar 

behavior is observed when ,  contribution is compensated in |Δ | ,  [see Figure 7.18 (c) 

and (d)], but without decreasing for | , | > 5dBm. This figure also reports the experimental 

fitting with an expression proportional to Equation (7.17) (excellent agreement), and the new 

decay criterion for Pin,-1dBm determination based on electrical measurements. Let’s start with 

, uncorrected results. For f = 113 Hz [see Figure 7.18 (a) and (c)], 1dBCP and Pin,-1dBm are 

obtained when a decrease of 0.68 dBC in |Δ | ,  is observed with respect to the equivalent 

gain curve (ideal). A similar result (0.63 dBC) is observed in the case of f = 1013 Hz [see 

Figure 7.18 (a) and (b)]. In comparison with , corrected results [see Figure 7.18 (c) and (d)], 

similar values are obtained: 0.63 and 0.60 dBC (for f = 113 and f = 1013, respectively). All 

results suggest that the inferred decay criterion for |Δ | , 	 should be first defined according 

to electrical measurements (calibration step), and in this case, ,  compensation could be 

omitted depending on the resolution required. Notice that if M1 followed any modification (e.g., 

fabrication process or degradation), the shape of the plots presented should evolve accordingly 

as |Δ | ,  =	 , which makes feasible using this criterion even for degradation 

studies. Thus, the gain compression can be monitored by |Δ | ,  [as inferred from Equation 

(7.17) in Section 7.1.3.2]. 

Let’s focus now on the ,  compensation curves presented in Figure 7.18 (c) and (d).  
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Figure 7.18. Dependence of |Δ | ,  on ,  for f = 113 Hz [(a) and (c)] and f = 1013 Hz [(b) and (d)], when 

,  is uncorrected [black solid line in (a), (b), (c) and (d)] or not [green dashed line in (c) and (d)]. The data fitting 

with Equation (7.17) [black solid line], ideal gain curve (black dashed line), and the decay criterion to assess 

,  = Pin,-1dBm are also presented. Additionally, the new defined criteria for 1dBCP determination are indicated. 
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Figure 7.19. a) Dependence of Δ  on ,  for several f’s highlighting as Δ  increases with if. b) |Δ | 

apparent map showing no thermal interactin between M1 and M2. 

 

Their behavior agrees with that obtained in electrical measurements [see Figure 7.17]: 

monotone increasing function of input power. To verify this point, this trend should bemeasured 

thermally in another component not influenced by the effect of biasing current, as it is the case 

of Lin (Cin impedes IDD to reach Lin). In Lin, |Δ | ,  is expected to increase according to the 

behavior observed in Figure 7.17 (c) and (d). Figure 7.19 (a) presents the dependence of 

|Δ | ,  on ,  for several f’s, highlighting as |Δ | ,  is a monotone increasing 

function of ,  [in agreement with Figure 7.17 (c) and (d)]. By contrast, Figure 7.19 (a) 
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depicts an apparent |Δ | at ,  = 6.3mW and f = 1013 Hz, showing no interaction 

between all power amplifier parts. Thus, both figures support the fact that if increases with 

, , which goes in line with the trend measured in , , and therefore, the decrease of 

|Δ | ,  reported in Figure 7.18 (a) and (b) is due to the contribution of , ,
 

to , (see Equation 7.19). 

7.4.4.3 Extraction of Pin,-1dBm by thermal means in M2: embedded sensor vs IR-LIT 

measurements 

Similarly to Section 7.4.4.2, |Δ |  is monitored by IR-LIT and an embedded sensor 

(Sensor1) to determine 1dBCP and Pin,-1dBm by interpolating experimental data and extrapolating 

their behavior to low ,  values to determine the thermal small-signal gain (i.e., the 

reference curve to define the decay). In the case of IR-LIT, |Δ |  (referred as |Δ | ,  for IR 

measurements) has been acquired in a single pixel for several ,  and f (113 Hz and 

1013 Hz), at two different locations of M2: its center (|Δ | , ) and Sensor1 

(|Δ | , ). In the case of Sensor1, |Δ |  (referred as |Δ | , ) has been 

recorded under the same electrical experimental conditions, but the power amplifier was at 

ambient temperature (Ti = 25ºC). To describe |Δ |  in each situation and make feasible data 

interpolation and extrapolation to low , , Equation (7.20) can be used in the case of IR 

measurements. This equation can be evaluated by first measuring |Δ |  to extract the 

parameters related with  (i.e, parameters proportional to , , , and  ), and with these 

fixed values, extract , , and ,  fitting Equation (7.20) to thermal results acquired 

on M2. When  >>  holds, Equation (7.20) simplifies to ( 0): 

 

,
	 1

	 0
2

1
	 0
2 	 1 1 1

	 0
2 	 0 1

	 0
2

2
⁄

2

1

4 2 , 2
	 2 .  (7.35) 

 

Unfortunately, depending on Ti (at Ti =
 25ºC  –embedded sensor, Sensor1– or Ti =

 60ºC –IR-LIT 

system–), thermal measurements evolves differently on , , in such a way that IR-LIT 

results can be perfectly described by Equation (7.20), whereas Equation (7.35) can predict 

Sensor1 results. Such differences can be due to small-signal parameters variation with 

temperature, which could induce that  >>  is no longer valid at Ti =
 60ºC, 

slightly changing Pin,-1dBm (as depicted in Figure 7.17). To highlight this, Figure 7.20 compares 

IR-LIT and Sensor1 results at f = 1013Hz with Equation (7.35) (see Figure 7.20, solid lines) 

with those corresponding to Equation (7.20) fitting (see Figure 7.20, black dashed lines). Figure 

7.20 demonstrates that Sensor1 and Equation (7.35) perfectly agree. However, IR-LIT data and  
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Figure 7.20. Comparison of IR (red circles) and Sensor1 (black squares) results as a function of |Pin,het| at 

the sensor location for f = 1013 Hz. The fitting of Equations (7.35) (solid line) and (7.20) (dashed line) 

are also presented. 
 

Equation (7.35) only show its concordance when ,  > -4dBm. For lower ,  levels, 

the electrical non-linear behavior of M2 starts to be more important, observing that IR-LIT 

measurements and Equation (7.35) diverge, whereas an excellent agreement is pointed out when 

considering Equation (7.20) (see Figure 7.20, dashed grey lines). Thus, two electrical behaviors 

are observed in the case of M2 depending on Ti, and Equation (7.20) or (7.35) should be 

accordingly selected to remove ,  contribution to |Δ |  and proceed to 1dBCP extraction. 

To start with the data analysis, let’s focus on IR lock-in thermal measurements carried on 

M2. Figure 7.21 reports these results and compares them with those presented in Section 7.4.4.2 

(i.e., |Δ | , ) for several f [see Figure 7.21 (a) and (b)]. Besides, this figure also correlates 

for f = 113 Hz, |Δ | ,  after removing ,  contribution with |Δ | ,  [see Figure 7.21 

(c)] for assessment purposes. To proceed with a better interpretation of the results, Figure 7.21 

(a) and (b) also present the fittings of Equations (7.17) and (7.20) to experimental data (solid 

line), the point at which |Δ | has decreased 1 dBC (dashed blue line), the new decay criterion to 

determine Pin,-1dBm (dashed non-blue line), and Pin,het@-1dBm. Figure 7.21 (a) and (b) depict 

|Δ | ,  in several locations of the layout for f = 113 Hz and f = 1013 Hz, respectively. The 

pixel locations monitored by IR are pointed out in the insets of Figure 7.21 (a) and (b): M2 

center (M2,Ctr), location of Sensor1 (M2,Sensor1) and M1 center (M1,Ctr; for the comparison’s 

sake). Figure 7.21 reveals that |Δ | ,  allows detecting the amplifier compression: the 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

 

174 

|Δ | ,  slope gradually change as Pin,het increases, slightly decreasing due to biasing current 

contribution to thermal field. Although the effects of amplifier compression are manifested in 

thermal measurements, 1 dBC decay does not allows determining 1 dBCP neither Pin,-1dBm [see 

Figure 7.21 (a) and (b)] due to the non-linear action of M2 (additive effect of quadratic terms) 

and the contribution of ,  to thermal field, as previously stated. When Pin,-1dBm is known and 

a decay criterion is accordingly established, they depend on the location and f. Therefore, the 

removal of ,  from |Δ | ,  seems to be a promising solution. To this end, Equation (7.20) 

plays an important role, as explained in Section 7.4.3.2, but an assessment of its effectiveness is 

required. In this sense, Figure 7.21 (c) compares for f = 113 Hz, the , -corrected 

|Δ | ,  and |Δ | , , [both current corrected according to Equation (7.20)] with 

|Δ | ,  (non-corrected, no ,  contribution to measurements expected), where the two 

former have been appropriately scaled (only a constant subtraction) to make more visual this 

analysis. The main result is that the behavior of corrected |Δ | ,  and |Δ | ,  

perfectly agree with non-compensated |Δ | , . Then, one can conclude that |Δ | ,  

measurements present such quadratic behavior with , . Furthermore, according to the 

presented small-signal current, the main current passing across Lin is imposed by M2 with the 

added value that Lin is far away from M1 and M2, not being affected by their thermal fields at the 

considered f. After assessing , -compensation on thermal results has been carried out 

successfully, Figure 7.22 shows such results for two f [113 Hz (a), and 1013 Hz (b)] 

considering all criteria previously described. As a result, similar results are obtained for 1 dBC 

decay criterion, but a lower dispersion is observed for the decays fixed by Pin,-1dBm. It is worth to 

point out that in the former case, the decays are negative, which means that due to the gain 

compression of M2, the criterion should be reestablished to an overshoot with respect to the 

small-signal gain. 

In summary, the thermal monitoring of M2 by IR-LIT means when M2 also contributes to 

gain compression seems to be less reliable than in the case of M1 by the method proposed, 

showing higher errors due to thermal field quadratic relationship with , . In order to 

obtain a generic procedure without previously carrying out | | measurements, the criteria 

defined for 1dBCP should be completely revisited for this situation. 

With regards to embedded sensor measurements, Figure 7.23 compares such results (in 

RMS values, i.e., |Δ | , ) for f (113 Hz, 1013 Hz, and 10113 Hz), before and after 

,  compensation [Figure 7.23 (a) and (b), respectively]. Recall that such measurements have 

been carried out at Ti=25ºC, in contrast to IR ones. Figure 7.23 (a) depicts a behavior 

predictable by means of Equation (7.35), i.e., linear behaviour of |Δ | ,  at low 

, ,as previously stated. All parameters are also f dependent, but, as in the IR  
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Figure 7.21. Comparison of all results corresponding to IR measurements on M2 for several f [(a) and (b)] and those 

performed on Lin (c): in the IR case, f = 113 Hz (a) and f = 1013 Hz (b), and in the Lin case (c). Pin,-1dBm, Pin,het@-

1dBm and the decay criterion to assess Pin,het = Pin,-1dBm are also presented in (a) and (b). For IR measurements of (a) 

and (b), |Δ | , . is included (insets show the locations monitored). Comparison of |Δ | ,  and 

|Δ | ,  after ,  compensation with |Δ | ,  results for f = 113 Hz. 
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Figure 7.22. , -compensated thermal results considering all possible criterion for 1 dBCP and Pin,-1dBm 

determination, considering f = 113Hz (a) and f = 1013Hz (b). 
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Figure 7.23. (a) Comparison of |Δ | ,  and |Δ | ,  after ,  compensation with |Δ | ,  results 

for f = 113 Hz. , f = 113 Hz, f = 1013 Hz, and f = 10013 Hz For the comparison’s sake, a constant specified in 

the plot has been subtracted in the case of |Δ | ,  and |Δ | , . (b) |Δ | ,
,  for several f: 

113 Hz, 1013 Hz, and 10013 Hz. Pin,-1dBm, Pin,het@-1dBm and the decay criterion to assess Pin,het = Pin,-1dBm are also 

presented.  
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measurements, by setting f to a fixed value, such sensors can be used for amplifier 

compression monitoring. A similar dispersion of Pin,-1dBC and decay criteria to that observed 

in IR measurements is reported. Figure 7.23 (b) shows the corrected results and notices that for 

f = 1013 Hz, the criterion of -1dBC to obtain Pin,-1dBm is almost valid (only 5% error observed). 

Aside from this, a lower dispersion of obtained decay criteria and Pin,het@-1dBC to IR results is 

observed. For f = 1013 Hz and f = 10013Hz, decay criteria 0.98 and 1.08 dBC are obtained, 

reducing the contribution of ∆  on M2. Moreover, sensor measurements provide a higher 

sensitivity and a better signal to noise ratio than those performed by IR means. However, in 

general, thermal monitoring in M2 offer worse results than in the case of M1, and the decay 

criteria and followed methodology should be revised. In this way, the next section proposes an 

alternative approach based on IR-LIT M1 measurements. 

7.4.4.4 Alternative approach for |Pout| monitoring based on M1 IR-LIT thermal testing 

As introduced and stated in Sections 7.1.2 and 7.1.3, electrical measurements based on 

VNA’s spectrum analysis acquire and process | | to finally derive | |, whereas in the case 

of thermal measurements, squared electrical variables, i.e., voltage or current proportional to 

dissipated power, are directly inferred. This clearly evidences that in spite of performing , -

compensation in |Δ | , certain differences in the compression waveforms obtained in | |-

| | or ,  - |Δ |  plots are expected, as demonstrated and discussed in Section 7.4.3. 

Besides, this is more relevant when quadratic effects are manifested in M2. According to this, 

this section pretends to propose another approach based on recording |Δ |  and inferring 

Re ,  by fitting Equation (7.17). When this voltage is obtained, | |-| | data 

can be fitted with Equation (7.8) after substituting Re , . This approach only 

could work when Im , Im 0, and heat sources do not 

practically interact. This poses several restrictions, but this is the usual situation observed in RF 

power amplifiers for mobile communication, for instance. In any case, when f ≈ fc,G, this 

conditions is always ensured. Figure 7.24 reports the result of carrying out the proposed method 

under Ti=60ºC and two f [113 Hz (a) and 1013 Hz (b)]: | |-| | data are fitted with 

Equation (7.8), after setting the appropriate parameters extracted from |Δ | ,  results. An 

excellent agreement between theory and experiment is observed. To determine Pin,-1dBm, the 

criterion for the 1dBCP has been applied for each f. As a result of this process, Pin,-1dBm 

different values are obtained depending on f: a difference of 0.5 dBm is observed, determining 

for f = 1013Hz, the same value reported in Figure 7.17 (Pin,-1dBm=-3.09). This difference is 

associated to the high sensitivity to model fitting errors that the followed 1dBCP procedure 

exhibits. 
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Figure 7.24. Fitting of |Pout| using vsg2 extracted from |Δ | ,  after being , -compensated, considering 

f = 113 (a) and 1013Hz (b). For the comparison’s sake to previous results, the same criteria for 1dBCP used in 

Figure 7.17 has been followed.  
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Figure 7.25. Extraction of M2 transconductance behavior (i.e., vs ) by plotting |Δ | ,  versus 

. |Δ | , , observing a non-constant transconductance in the considered | | interval. 

 

The amplifier gain compression has been also manifested from |Δ | ,  and |Δ | ,  

measurements. Recall that |Δ | , ∝ 	 ,  and |Δ | , ∝ 	

, ∝ 	 , ⁄ . Consequently, by plotting |Δ | ,  - |Δ | , , a 

graph detailing the relationship of , - , ⁄  is 
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obtained. Figure 7.25 presents this plot, depicting that: ,  presents a 3rd 

order behavior with , . From this figure, several conclusions can be drawn:i) 

M2 transconductance is not constant at Ti = 60ºC, ii) the presented approach allows accessing to 

the internal nodes of the amplifier and determining an output electrical parameter 

( , ⁄ ) of one transistor in terms of its input , , iii) M2 

non-constant transconductance (observed at Ti = 60ºC) is the responsible for the 1dBCP change 

when Ti increases. 

7.5 Conclusions 

This chapter has locally studied and assessed the electrical frequency (from 100 MHz up to 

2 GHz) behavior of an RF power amplifier (2 transistor Class A feedback cascode architecture) 

by thermal imaging means taking advantage of the heterodyne driving approach presented in 

Chapter 2. This driving generates thermal harmonics at the beating frequency f in all 

transistors representative of higher working frequencies, allowing the detection with the camera, 

as stated in previous chapters. From this study, three important figures of merit have been 

extracted in each transistor forming the power amplifier: output power, power gain frequency 

response, and its 1dBCP for linearity characterization (jointly with its Pin,@1dBm). Finally, such 

results have been compared with thermal monitoring circuits embedded to the power amplifier 

to act as BISTs, allowing their thermal characterization and assessment. Additionally, studies on 

the best BISTs placement, as well as other measurement parameters (e.g., f required to avoid 

thermal interaction), can be carried out. To this end, a theoretical analysis for such 

measurements has been previously performed on the basis of a small-signal equivalent 

electrothermal circuit using analytical expressions. Such model takes into account the frequency 

behavior and the gain compression effect with input power. As a main result, it has been 

observed that the biasing current contributes to monitored power at f, due to non-linear effects 

of both transistors. 

From the frequency measurements below 1dBCP, all integrated schematic parts (inductors, 

capacitors, M1 and M2) can be detected with the excitation heterodyne approach presented in 

Chapter 3, considering two central frequencies for the power gain fc,G: 440 MHz and 620 MHz. 

Different thermal behaviors are observed depending on f. For f < 300MHz, the hottest transistor 

is M2, as Cout blocks the current up to f > 300 MHz and it cannot reach the load ZL. By contrast, 

when f > 300 MHz and f is within the bandwidth of the input matching network, the dissipation 

mainly occurs in M1. Consequently, iRF paths fix a thermal phase shift in M1 of 180 with respect 

to the rest of elements, whereas M2 dissipation dominates for f < 300 MHz. As predicted by the 

developed electrothermal model, the thermal field in M2 is compensated by a spectral power 

contribution at f due to the non-linear behavior of M2 and its DC biasing current, reaching a 
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null value depending on the location where this condition is reached. Finally, it has been 

observed that the frequency response is limited by a substrate current, which goes directly from 

M1 to Lin, and the Cext,1, being in agreement with the literature. For gain and Pout measurements, 

all derived models have been taken into account, jointly with monitoring the temperature in M1 

and M2 using lock-in detection schemes. A calibration is required to describe all such behaviors, 

in which the second order equations provide the best results in all cases (in accordance with the 

developed model). Another feature detectable in this cascode architecture is the current feed 

back to the RF source thanks to monitoring the thermal field in Lin. 

From measurements carried out at fc,G=440MHz for 1dBCP, several conclusions have been 

drawn when using the IR camera and embedded thermal sensor. The methodology proposed 

qualitatively works and confirms the equations derived, which are helpful to determine the same 

value derived by homodyne driving. The new methodology proposes to redefine the 1dB decay 

criterion by another one after calibrating the result. In all cases, the same results are obtained, in 

which the dependence on f is relatively low. In this study, results derived from thermal sensor 

and IR depend on temperature. When measuring in M2, sensor results follow a -dependence 

predicted by the model when  >> , and provide more reliable results due to 

the substrate thermal coupling and because non-linearities in M2 output are not predominant. On 

the contrary, such dependency is not followed with IR measurements, as the working 

temperature has been increased to 60ºC. Then,  >>  is no longer valid, and a 

new -term appears. This provokes that M2 monitoring by IR-LIT is less reliable than in the 

case of M1 by the method proposed, showing higher errors due to thermal field quadratic 

relationship with , . Then, the solution proposed is to extract  from |∆ | and used 

in a second fitting according | | dependence. In such a situation, model prediction and 

experimental results agree, and the best description of 1dBCP is obtained for f = 1013Hz. As a 

future work, it is required to repeat measurements with Sensor1 to check whether this behavior 

at 60º is obtained. 

From all these results several conclusions can be outlined. Monitoring passive elements can 

be very interesting to avoid biasing point contribution to thermal field. In addition, the followed 

methodology has allowed evidencing a non-linear behaviour of cascode transistor when Ti 

increases. In addition to all this, important contributions are expected to local measurements on 

the sense of power supplied to the load or to the generator, which is basic in RF designs. These 

measurements are related with the S-parameters matrix corresponding to a quadrupole structure 

used for RF system characterization and modeling, i.e., S11 (input reflection coefficient), S12 

(reverse transmission coefficient), S21 (forward transmission coefficient), and S22 (output re-

flection coefficient). All they provide an idea of the PA efficiency, problems with previous or 

following stages, and other issues due to the connection tracks. Therefore, such local 

characterization carried out non-invasively by imaging means could be of paramount 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

 

182 

importance to have a new approach to determine the node where this undesired behavior occurs. 

This chapter thesis only reports some results affecting to power coming from the PA supplied to 

the generator (i.e., S22), but this approach can be extended to other applications in RF as for 

instance the study of microstrip filters. 
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8 MIXED SIGNAL IC’S CASE STUDY: ANALYSIS OF 

INDUCTIVELY POWERED RFIC’S  

This chapter deals with another application scenario for lock-in infrared monitoring: the 

analysis of signal processing IC’s, whether qualitatively or quantitatively, to detect the origin of 

their misbehavior and debug their design. In this case, several Radio Frequency IDentification 

(RFID) tags, featuring monolithically integrated sensors (impedimetric, PH, temperature, etc.), 

and powered by Inductive Power Transfer (IPT) have been analyzed. They presented an 

abnormal behavior, whose origin was not possible to be detected by conventional (electrical) 

means, as they did not feature any connection pad. This lack of connectivity also obstructs a 

proper electrical characterization, being neither possible to extract any electrical parameter. 

Therefore, these issues have been tackled by using InfraRed Lock-In Thermography (IR-LIT), 

while modulating the RFID IC powering scheme in the frequency domain, considering several 

Amplitude Modulation (AM) waveforms. This approach generates thermal harmonics at the 

beating frequency in all IC blocks, enabling their detection as heat sources by IR-LIT.  

In this framework, the present work extends the use of IR-LIT to failure, functional and 

consumption analyses of RFID IC’s with Inductive Power Transfer (IPT) systems. To this end, 

Chapter 8 is organized as follows. Section 8.1 provides the theoretical basis of heat source 

detection by means of IR-LIT for IPT systems testing. Section 8.2 details the block structure of 

the studied RFID IC. To assess the proposed procedure, two different IC generation dies have 

been analyzed. Section 8.3 describes the experimental details concerning the measurement 

setup. The results from IR-LIT analysis are presented and discussed in Section 8.4. Finally, the 

conclusions from this work are drawn in Section 8.5. 

8.1 Theoretical basis of IR-LIT detection by using amplitude modulated 

IPT 

IPT bases on the electromagnetic coupling between an external coil (powering coil) and 

another one integrated in the device (internal coil) [1,2], in which a voltage drop V1 (t) is 

induced. This is produced in a narrow frequency range of the Industrial Scientific Medical 

(ISM) frequency bands (above 1 MHz). Figure 8.1 depicts how the power is wirelessly supplied 

by an external system (powering system) to a device (wireless device). As this figure shows, the 

reactive part of both internal and external coils is usually compensated by an impedance 

matching network, so as to improve the power transfer at a given frequency fR (i.e., IPT 

maximum power transfer frequency).  
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Figure 8.1. Block diagram of a typical power conversion stage in IPT-powered devices, where the input and output 

voltages of each block are identified. 

 

This figure also presents the power conversion scheme followed by different blocks inside 

the IPT-powered device: first, V1 (t) is rectified [V2 (t)], then filtered [V3 (t)] and finally 

regulated to a constant voltage V4 (t) ≤ V3 (t), which is fixed by the characteristics of the 

regulator. In some cases, a current limiter is implemented for overcurrent protection: it monitors 

V3 (t), and diverts the current to ground when V3 (t) exceeds a maximum preset value. Therefore, 

accounting for this powering scheme, an increase on V1 (t) (higher power delivered to the 

device) would only yield to higher V2 (t) values, and also higher V3 (t) in the case of not 

implementing a current limiter, but V4 (t) would still be fixed by the regulator, at the operating 

voltage of the rest of the device blocks. In this conversion process, a fraction of the power 

supplied by the external powering system is transmitted to the functional circuitry biased by 

V4 (t). The rest of the power is lost in the inductive coupling itself and by Joule effect in the 

power conversion and other blocks. When such a scheme is integrated in a wireless powered IC 

(e.g., an RFID tag), pads are usually not implemented.  

In order to stimulate the thermal IR emission of all blocks at a flock-in detectable by an 

IR-LIT system, several Amplitude Modulation (AM) waveforms with a modulating frequency 

fAM can be applied by using a waveform generator. Several modulation parameters can be set: 

the modulating and carrier waveforms, as well as the ratio between their amplitudes (commonly 

referred as AM depth –h–). Such a strategy allows powering the IC with the carrier wave at a 

frequency fpow (set close to fR), and introduces a heat generation in the IC blocks at a lower 

beating frequency fB (entire multiple of fAM and lower than fpow). Taking this into account, 

several modulation waveforms, named as A, B and C, have been used and their suitability has 

been studied. They are generated with a set of modulation parameters, as summarized in Table 

8.1. Modulation A is a sinusoidal AM Double Sideband with Suppressed Carrier modulation 

(AM-DSSC). On the other hand, modulations B and C present a square-like modulating wave 

with several h’s; where AM-DSSC has not been considered as for these modulating waves, 

since it reduces the power harmonic content at fB and Signal to Noise Ratio (SNR). 
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Table 8.1. Summary of Modulation Parameters for each Modulation Waveform 

Modulation 
Type 

Modulating
Waveform 

h Carrier 
Waveform

AM-DSSC
Option 

fB 

A Sine 1 Sine Yes f=2fAM 
B Square 1 Sine No fAM 
C Square 0.25 Sine No fAM 

 

In order to better understand how such powering modulations work on the block scheme 

presented in Figure 8.1, an in-depth discussion is carried out. Each modulation generates a 

voltage V1,K (t) at the rectifier input, where K is the modulation designator (A, B or C). 

Modulation A generates a voltage V1,A (t) that can be approximated as [3]: 

 

, V sin	 2 , sin	 2 ,  , (8.1) 

 

where fexc,1 = fpow - Δf/2 and fexc,2 = fpow + Δf/2 (hence f = fexc,2 - fexc,1), where Δf = 2 fAM, 

verifying the condition fexc,1 ≈ fexc,2 = fpow >> Δf. By contrast, modulations B and C produce the 

voltages V1,B (t) and V1,C (t), respectively, at the rectifier input that can be described by a generic 

waveform V1,M (t,h): 

 

, , V sin 2  

1 ∑ sin 2 1 2        (8.2) 

 

where V1,B (t) = V1,M (t,h=1) and V1,C (t) = V1,M (t,h=0.25). Under such approximations and 

considering fpow ≈ fR,  and  write as: 

 

| |	 	 ⁄

⁄
 ,          (8.3) 

 

tan 	  ,          (8.4) 

 

where  = R/L and 2 √ . R, L and C are the equivalent resistor, inductor and 

capacitor of the RLC system formed by the external and internal coils, respectively.   is a 

constant accounting for the ideality factor of the magnetic coupling and transformer turns ratio. 

|V0| corresponds to the amplitude of the carrier and depends on the used modulation. In 

modulation A, |V0| is the amplitude of each equivalent side-band. In the case of modulations B 

and C, |V0| corresponds to the amplitude of the carrier fixed with a waveform generator. RL and 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

 

188 

Rcoil are the equivalent resistive load of the entire IC and the resistance of the powering coil, 

respectively. The expected waveforms for V1,K (t), V2,K (t), V3,K (t), and V4,K (t) when fpow = fR [i.e., 

ϕ (fpow) = 0] are detailed in Figures 8.2, 8.3 and 8.4 for modulations A, B and C, respectively.  

From Figure 8.2, it is observed that when modulation A (h=1) is considered and once 

V1,A (t) is rectified [V2,A (t)] and filtered [V3,A (t)], V4,A (t) follows an almost rectangular 

waveform, that can be approximated to: 

  

, , ∑ 1
	 	

 ,  (8.5) 

 

where D is the duty cycle. Such a waveform forces all blocks powered by V4,A (t) to turn-on and 

-off periodically at fB = f. In Figure 8.2, VTH is the regulator threshold voltage and TON 

corresponds to the time that V3 (t) ≥ VTH. As a result, V4,A (t) presents a  D = TON fB that cannot 

be externally set separately to |V0|. Such a waveform provides smooth transitions between on- 

and off-states: when V3,A (t) < VTH, V4 (t) follows V3,A (t) (sine-like waveform). This causes low 

thermal harmonic content and reduces the noise in the thermal map, which provides more 

reliable measurements than other modulations based on square waveforms [4]. By contrast, as 

TON cannot be easily controlled neither measured externally, in some cases sine-like amplitude 

modulations make more difficult understanding the system behavior under nominal operating 

conditions. When this information is required, modulations B or C may be more appropriate. 

 

 
Figure 8.2. Waveforms of the voltages across the circuit detailed in Figure 8.1 when modulation A 

biases the external coil (not to scale). 
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Figure 8.3. Waveforms of the voltages across the circuit detailed in Figure 8.1 

when modulation B biases the external coil (not to scale). 

 

According to Figure 8.3, modulation B (h=1) provides a V1,B (t) that forces all blocks to 

periodically turn-on and -off with D = 0.5 [squared V3,B (t) and V4,B (t) waveforms] at fB = fAM, 

once V1,B (t) is rectified [V2,B (t)] and filtered [V3,B (t)]. Then, TON is externally set with fB, in 

contrast with modulation A, and this allows quantitatively determining the heat density 

generated in each block over a 1/fB period, and generating a V4,B (t) that can be approximated to: 

 

, , ∑ 	 	
 ,  (8.6) 

 

 
Figure 8.4. Waveforms of the voltages across the circuit detailed in Figure 8.1 when modulation C biases the external 

coil (not to scale). 
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When using modulation C (h=0.25), V3,C (t) can be considered as a constant DC voltage 

, , with a square waveform ripple of amplitude V3 = h , , and fB = fAM  (see Figure 8.4). 

Depending on V3,C (t), several case studies appear. When , /VTH > 1 , an almost 

constant V4,C (t) is generated ( , ) with a small ripple V4,C, which depends on the regulators 

Power Supply Rejection Ratio (PSRR, useful for studies on powering issues). When 

, /VTH = 1 , regulators are enabled and disabled [i.e., V4 (t) is constant or follows 

V3 (t)] each 1/fB period, providing similar information as modulation B without resetting the 

digital blocks supplied by V4 (t) as analyzed further on. In both cases, V4,C (t) can be  

approximated to: 

 

, , ∆ , ∑ 	 	
 .  (8.7) 

 

 
Figure 8.5. Spectral distribution of [V1,K(t)]2/|V1,B|2 (a), [V2,K(t)]2/|V2,B|2 (b), [V3,K(t)]2/|V3,B|2 (c), [V4,K(t)]2/|V4,B|2 (d) for 

modulations A (blue), B (red) and C (green), considering D = 0.27 for modulation A and ,  /VTH = 4/5 for 

modulation C. 
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As observed from Figures 8.2 – 8.4, modulations A, B, and C present Fourier components 

at fB (see Table 8.1), i.e., corresponding to f (in modulation A) and fAM (in modulations B and 

C). Figure 8.5 plots the Fourier amplitudes of [V1,K (t)]
2/|V1,B|2 (a), [V2,K (t)]

2/|V2,B|2 (b), 

[V3,K (t)]
2/|V3,B|2 (c) and [V4,K (t)]

2/|V4,B|2 (d) to estimate (as loads are not available) and compare 

the power spectral amplitudes at each stage for all modulations. They were calculated by Fast 

Fourier Transform (FFT), considering the same |V0|, a linear behavior for all blocks without load 

effects, and the absolute value of f. Besides, D = 0.27 for modulation A (considering a low 

|V3,A|, i.e., |V3,A| = 1.1 VTH) and , /VTH = 4/5 for modulation C (case comparable with 

modulation B) were accounted for. As observed in Figure 8.5, all blocks present a power 

spectral component at fB, which reaches the highest amplitude for modulation B, followed by A 

and after, C. For the blocks powered by V4,K (t), the spectral amplitude at fB depends on D. For 

modulation A, |V0| fixes |V3,A|, and consequently D, which ranges, in this work, from 0 to 0.53 

(limited by design to |V3,A| = 1.5 VTH).  

 D = 0.5 is required to ensure the maximum heat generation at fB and reduce harmonic 

generation. Recalling Equations (8.5) and (8.6), when D = 0.50, modulation A presents the same 

spectral distribution as B in Figure 8.5(d), which is the optimum case. However, when |V3,A| 

lowers, both D and the spectral amplitudes decrease, and new spectral amplitudes appear [see 

Figure 8.5(d)]. By contrast, modulations B and C are less sensitive to low |V3,A| than A, as the 

heat generated at fB does not depend on |V0| once |V3,A| > VTH, and D = 0.5 can be set 

independently from |V0|. Thus, SNR in IR measurements can be enhanced by selecting the most 

suitable modulation rather than only setting |V0|. 

Let’s focus on the spectral component at a frequency f0 = fB of the surface thermal field 

Δ , , ,  at any location  generated by any of the powering modulations presented. 

Δ , , ,  originates from N heat sources, each one occupying a certain area Ad,n and 

described by a vector position . When fB is high enough to confine Δ , , ,  within 

the die (fB> 100 Hz in 525 m silicon IC’s [5]), Δ , , ,  writes as [6]:  

 

Δ , , ,  

∑ ∬ ,
, ,

	
| |

exp , cos 2 , 	,  (8.8) 

 

where | | is the distance from the heat source, dSHS,n is the differential of surface of the 

n-th hot spot, and C is a constant.  is the total power amplitude supplied with the 

generator to the chip, which is different for each modulation. When modulation A is used, 

 writes as: 

| | 	 	 ⁄

⁄
 ;  (8.9) 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

 

192 

 

whereas for modulations B and C, it can be described as: 

 

| | 	 	 ⁄

⁄
 ,  (8.10) 

 

an is the fraction of  dissipated by a given heat source n, with an area Ad,n. ,  is the 

thermal phase lag related with the heat propagation around a given heat source n, defined as: 

 

,
| |

,         (8.11) 

 

where LD is the thermal diffusion characteristic length and writes as: 

 

 ,        (8.12) 

 

where D corresponds to the thermal diffusivity of the media (85 mm2 s-1 in Silicon) [5]. From 

Equation (8.12), it can be extracted the external boundary condition independence mentioned 

above: when fB >> D(LD
2 π)−1 fulfills, the thermal field is totally confined inside the die 

(thermally thick condition). In addition, as inferred from Equations (8.9) and (8.10), 

Δ , , ,  is influenced by the coupling between coils, and follows a Lorentz 

distribution centered at fR, which presents a full width half maximum (FWHM) of  /(2) (i.e., 

coupling bandwidth between coils) and a coupling quality factor QC = fR/FWHM. 

As stated in Chapter 2, and according to Equation (8.8), Δ , , ,  produces 

thermal amplitude |Δ | , ,  and phase lag , ,  maps over the IC 

surface, which can be detected by IR-LIT means [4]. In this process, the criterion to locate the 

hot spots over these maps is to determine the position where local maxima in |Δ | , ,

 and minima in , ,  are simultaneously observed. In addition, |Δ | , ,

 depends on the local power density of each block fixed by the electrical behavior at fpow 

(high frequency), which is represented by  and ,  in Equation (8.8). Thanks 

to the frequency down conversion offered by the proposed modulations [see Figures 8.5 (a) and 

8.5 (b)], the electrical behavior of the IC blocks at fpow can be characterized by sensing their 

surface IR emission following lock-in strategies at a lower frequency fB, which fixes the 

confinement of |Δ | , ,  and , ,  around the heat sources as inferred 

from Equations (8.8), (8.11) and (8.12). Thus, differences on the heat distribution among the IC 

blocks are expected depending on the used powering modulation, as well as when setting fpow, 

fB, or |V0|. 
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8.2 RFID IC’s description 

Two different RFID ICs, named IC-1 [3] and IC-2 [7], have been tested in this study. They 

belong to a set of multi-sensing pad-free dies (1.5×1.5 mm2 area), designed at IMB-CNM and 

fabricated with a UMC technology of 0.18 µm and six metal layers in 525 m thick wafers. 

Such IC’s embed several sensors, whose data is internally processed, modulated and finally 

transmitted wirelessly [1,2]. Concerning their IPT scheme, they present the powering approach 

shown in Figure 8.1 designed for fR = 13.56 MHz (ISM), where only IC-1 features a current 

limiter [3].  

 

 
Figure 8.6. (a) Layout of the analyzed IC, zoomed at the complete BTC area in (b), where BTC1, BTC2, BTC3 are 

identified. 

 

Figure 8.6 depicts the blocks of the RFID ICs layout [Figure 8.6 (a)], divided into 

Powering and Functional Blocks (PB’s and FB’s, respectively), and a detail of the Back 

Telemetry Circuit [BTC, Figure 8.6 (b)]. With regards to PB’s, the studied RFID IC’s 

monolithically integrate an internal coil around the chip periphery [Coil in Figure 8.6 (a)]. This 

coil consists of 56 turns distributed in 5 metal layers, featuring a Q factor (Q) of 0.85 [8] limited 

by the manufacturing technology. The powering coil consists of 8 turns of copper wire in a 

single plane with an effective area of 7 × 7 mm2 and Q = 58. To power the device, the die is 

placed centered on top of the powering coil, with a 100 µm thick plastic film separating them. 

With this setup, the effective gap between coils is set to 1 mm. Since the internal coil presents 

Q < 1, the IPT system cannot be considered resonant. However, the power transfer efficiency 

between the external powering system and IC is maximized by using auxiliary impedance 

matching networks as detailed in Figure 8.1 [2]. V1 (t) is adapted to FB requirements according 

to Figure 8.1 by means of other PB’s. A two-diode-like block [Rec, see Figure 8.6 (a)] rectifies 

V1 (t) and generates V2 (t). Then, several capacitors (filter block) smooth V2 (t), generating V3 (t), 

which biases two voltage regulators, and is monitored by the current limiter [Limiter, see Figure 

8.6 (a)] only in IC-1. The regulator 1 [Reg1, see Figure 8.6 (a)] powers the embedded sensors, 

and the signal conditioning-processing circuits, whereas the regulator 2 [Reg2, see Figure 8.6 
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(a)] powers the BTC [see Figure 8.6 (a)]. Another integrated inductor acts as a transmitter 

antenna [Figure 8.6 (a)].  

With regards to the FB’s powered by V4 (t), the die embeds several sensors, whose signal is 

first conditioned and converted into a digital data [conditioning and processing circuits, 

respectively –Figure 8.6 (a)–], and finally sent to the BTC. The conditioning circuit 

asynchronously encodes in a PWM the sensor readings continuously. The processing circuit acts 

as a pattern generation and control unit, which activates the BTC and converts into digital data 

the signal coming from the conditioning circuit. Basically, it implements an asynchronous state 

machine using a shift register with a counter at its output, which is controlled by the PWM 

generated by the conditioning circuit (control signal). Prior to transmit, the processing circuit is 

activated and sends the data to the BTC. By means of this strategy, the consumption and area 

costs are lower than those derived from introducing synchronization units. The BTC modulates 

the sensor data, and generates the Back-Telemetry Signal (BTS), which is emitted through the 

transmitter antenna, driven, among others, by two power transistors (referred as BTC1 and 

BTC2 in Figure 8.6 (b), only active during BTS emission). In addition, the BTC integrates a 

biasing circuit [named BTC3 in Figure 8.6 (b)], which is activated when V3 (t) > VTH, and after 

remains active continuously. 

Initial tests revealed a similar misbehavior for both samples. Despite they should be 

continuously transmitting the BTS, it was only detected with an external antenna during short 

and separated random periods of time, referred as TBTS. After several tests, it was seen that a 

good BTS pattern, and a controllable TBTS was achieved for IC-2 in some circumstances, in 

contrast with IC-1, in which BTS was quite more unlike to be detected, and when it was 

detected, the pattern was never the correct one, meaning that the origins of their misbehaviors 

were not the same. To analyze this, as well as performing an electrical characterization in these 

pad-free dies, first the suitability of the different modulation approaches has been assessed, and 

the best suited option has been selected for each sample. Then, the procedure to study each 

sample has been the following. For IC-1, first the misbehaving block has been detected by IR-

LIT means, and then confirmed by means of ranging fpow, which has also served to characterize 

the coupling between coils. Then, the misbehaving block has been disconnected, not improving 

the IC behavior, thus further tests ranging the IC initial working temperature (Ti) have been 

carried out to validate the failure hypothesis: dynamic latch-up activation.  

For IC-2, the coupling between coils has been first characterized to select fpow and inspect 

its local effects on the IC blocks. Then, IC-2 has been functionally analyzed to select fB and 

understand why BTS emission stops. Finally, the influence of |V0| on the block energy 

consumption has been studied. Moreover, such measurements have locally provided key design 

parameters of the RFID IC (fR, FWHM, control signal propagation, and blocks consumption). 
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8.3 Experimental details 

In order to carry out the proposed study, the powering coil was biased by using a waveform 

generator (Agilent 33255A), to modulate its magnetic flux according to the AM schemes 

detailed in Section 8.2. So as to determine whether the device was working during 

measurements, the BTS was captured by using an external receiving antenna connected to a 

spectrum analyzer (Agilent HP-8594E). Concerning the IR-LIT measurements, the IR emission 

of the IC surface was detected by using a FLIR SC5500 IR camera, featuring an internal lock-in 

module. The analyzed IC’s and the powering coil were placed over a ceramic support mounted 

on a Peltier-thermo-regulated micro-positioning stage, as Figure 8.7 depicts. This stage allows 

covering five degrees of freedom (X-Y-Z positioning, rotation and tilt), and fixing Ti. As Figure 

8.7 shows, a stack of several ceramic layers have been placed between the Peltier module and 

the powering coil. This avoids the loss of magnetic flux through the metallic Peltier module, 

therefore enhancing the energy transfer between external powering coil and the IC.  

 

     
Figure 8.7: (a) Peltier-thermo-regulated micro-positioning stage for measuring the RFID IC’s. (b) Zoom inside the 

area where the IC is placed. 

 

It is worthy to point out that the IR emissivity for each material on the die surface was not 

corrected [9]. The IR emissivities of such materials modulate the surface IR thermal emission 

and high-emissivity coatings are commonly employed [9]. This process could increase the 

sample preparation complexity and introduce artifacts in IR measurements at higher frequencies 

because of its thickness. Then, amplitude maps proportional to the surface IR emission, referred 

as lock-in amplitude | | , , , were measured instead of |Δ | , , . In this 

sense, , ,  maps were used to further confirm the existence and location of heat 

sources, since they are not affected by emissivity contrast, due to the lock-in post-processing 
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used [4]. For the sake of simplicity, such maps are referred as |ST| and , and the mean value of 

|ST| over the areas of any RFID IC block (n), i.e., PB’s or FB’s, for a given measuring condition 

(m) is named as | ∆ | , . Notice that, as IC’s emissivity is not corrected neither known, it is not 

possible to determine the exact background temperature during measurements. However, when 

setting Ti using the Peltier module, and due to the high thermal conductivity of the ceramic 

materials that separate it from the IC, we can assume that the Peltier controller readings 

correspond to chip Ti values with an acceptable error (<5ºC). In this sense, Ti values indicated 

throughout Section 8.4 correspond to the Peltier controller readings. 

 

8.4 Results and discussion 

8.4.1 Modulation strategies suitability study 

A suitability study of each modulation was carried out by monitoring the IR emission map 

over the IC-2 surface at flock-in = fB and comparing its results. Figure 8.8 shows the |ST| [Figures 

8.8 (a), 8.8 (c) and 8.8 (e)] and  [Figures 8.8 (b), 8.8 (d) and 8.8 (f)] maps resulting from 

biasing the external powering coil with modulations A [Figures 8.8 (a) and 8.8 (b)], B [Figures 

8.8 (c) and 8.8 (d)], and C [Figures 8.8 (e) and 8.8 (f)], respectively. They were captured setting 

Ti = 25ºC, fpow = 13.56 MHz (design value for maximum power transference), |V0| = 2.5 V 

(design value for optimum IC operation), and fB = 149Hz (best tradeoff between heat 

confinement -fB > 100 Hz- and SNR, see Section V.C). Concerning the camera parameters, the 

images were acquired at fr = 376 Hz and tint = 1500 µs, processing 2×104 images at flock-in = fB. 

During these measurements, the IC-2 background temperature increased below 3ºC for all 

modulations due to the DC heat component (see Figure 8.5). However, such temperature 

increase was not detected by IR-LIT neither altered the results because of the lock-in post 

processing [4]. Figure 8.8 depicts that each waveform differently modulates Δ , , , . 

According to the aforementioned criteria, several heat sources are detected over the IC-2 

surface. Although the internal coil, Rec, Reg1 and Reg2 are detected as heat sources using any 

modulation, the transmitter antenna, BTC, and both conditioning and processing circuits [only 

in  maps due to their low dissipation, see areas A1 and A2 in Figures 8.8 (b) and 8.8 (d)] are 

only identified when using modulations A and B. In such modulations, the IC is reset each 1/fB 

period as their voltages pass through zero (in contrast with modulation C), making repetitive the 

BTS random emission. This was also observed monitoring the BTS emission with an external 

antenna. As another interesting result, modulation B features a higher SNR (72.8) than 

modulations A (47.0) and C (11.2), which is in line with FFT results shown in Figure 8.5. This 

is calculated considering |ST| at Reg1 area as a signal, and the standard deviation of |ST| at the 

die outer areas as a noise. 
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Figure 8.8. |ST| [(a), (c) and (e)] and  [(b), (d) and (f)] results, using modulations A [(a) and (b)], B [(c) and (d)] 

and C [(e) and (f)]. (g) || ∆ | , | ∆ | ,  and (h) 	| ∆ | , | ∆ | ,  monitored on the most relevant IC-2 areas. 

 

To assess that the measured maps agree with Equations (8.9) and (8.10), the following was 

checked. Modulation B provides a  to the IC 4/ times higher than that of modulation 

A [ratio between Equation (8.10) with h = 1 and Equation (8.9)], and 4 times higher than that of 

modulation C [ratio between h indexes in Equation (8.10)]. Due to its linear relation, this should 

be also observed in |ST|, and in the blocks featuring a linear behavior, i.e., 

| ∆ | , | ∆ | , 1.27 and | ∆ | , | ∆ | , 4 is expected. Such ratios are evaluated at 

the internal coil (Coil), Reg1, Reg2 and Rec (extracting its deviation over several pixels –error 

bars–), as well as at BTC1, BTC2 and BTC3 (1 pixel average –without error bars–). Figures 

8.8 (g) and 8.8 (h) plot such results for | ∆ | , | ∆ | ,  and | ∆ | , | ∆ | , , respectively. 

These figures report a good agreement between theory and measurements at the internal coil 

area due to its linear electrical characteristic. With regards to the other IC blocks, they show 

different degrees of agreement with theory, since they present a non-linear behavior (not 

considered in Figure 8.5) that depends on each modulation, and the previous relations are not 

valid for FB’s (as V4 (t) is a regulated voltage). Due to this and the low SNR for | ∆ | , , higher 

deviations to | ∆ | , | ∆ | , 4 are observed in Figure 8.8 (h), mainly in the BTC parts [not 
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periodically activated with C and powered by V4 (t)]. By contrast, | ∆ | , | ∆ | ,  depicts in 

Figure 8.8 (g) a lower dispersion from the expected value in the PB’s due to the higher SNR in 

|ST|. The highest deviations observed at Reg1 and Reg2 (27% and 13%, respectively) are due to 

the dependence of their heat generation on TON, which is induced by load effects of FB’s 

(activation/deactivation, mainly due to BTC) and not considered in Figure 8.5. According to 

this, two effects have contributed. TON is not the same for modulations A and B. This is inferred 

from detecting a lower | ∆ | ,  than expected (i.e., | ∆ | , 1.27	| ∆ | ,  at Reg1 and Reg2); 

and obtaining | ∆ | , | ∆ | , 1 at BTC1, BTC2 and BTC3, when it should be 

| ∆ | , | ∆ | , 1 as can be inferred from Section II [power spectral amplitude at fB 

depends on D, see Figure 8.5 (d)]. Both situations can only occur when D < 0.5 for modulation 

A, since D = 0.5 is externally set when using modulation B. This is also supported by the 

following: recalling Equations (8.5) and (8.6), and taking into account that | ∆ | ,  is 

proportional to the fB harmonic of V4,B (t) at BTC1, BTC2 and BTC3, when modulation A 

generates a  D ≠ 0.5, | ∆ | ,  is lowered with respect to that when D = 0.5, with the ratio: 

  

| ∆ | , 	 .

| ∆ | , 	 .
sin 	 ,   (8.13) 

 

which is always lower than 1. This, in turn, also causes that, in modulation A, all blocks are not 

activated during the same TON in contrast with modulation B, this yielding to the observed 

deviation from the expected | ∆ | , 1.27	| ∆ | ,  for Reg1 and Reg2, 

According to initial tests, the misbehavior of IC-1 seemed to be caused by a PB. To 

determine the origin of the misbehavior of this block, a qualitative study will be carried out, for 

which it is not relevant that all IC blocks are activated during the same TON. In addition, the 

lowest harmonic content is desired to perform this test, so modulation A will be used for this 

purpose in Section 8.4.2. In contrast, a precise comparison between the heat generated at each 

block under operating conditions is required for the quantitative study to be carried out in IC-2 

(section 8.4.3). Therefore, modulation B is the most suitable one for this purpose, as it presents 

the highest SNR to detect the BTC parts as heat sources, the most representative to detect by 

IR-LIT the actual IC behavior (resets the IC periodically), and the best suited to carry out the 

functional and consumption analysis (as fB externally sets TON independently from |V0|). 

8.4.2 Qualitative study of IC-1 powering scheme using modulation A 

8.4.2.1 Detection of misbehaving IC powering block by ranging fpow 

Taking advantage of the low harmonic content generated by modulation A, and its 

capability for analyzing the behavior of the powering blocks, this section analyzes by several 

IR-LIT measurements the misbehaving IC-1 powering block. Figures 8.9 (a) and 8.9 (b) depict 



MIXED SIGNAL IC’S CASE STUDY: ANALYSIS OF INDUCTIVELY POWERED RFIC’S 

  199 

|ST| and  in the IC-1 surface, zoomed at the current limiter area in Figures 8.9 (c) and 8.9 (d), 

respectively. They were captured using modulation A and setting Ti = 25ºC, fpow = 13.56 MHz, 

|V0| = 2.5 V, and fB = 168 Hz. Concerning the camera parameters, the images were acquired at fr 

= 383 Hz and tint = 500 µs, processing 105 images at flock-in = fB. Comparing these results with the 

layout in Figure 8.6, it is observed that heat dissipation at fB locates around Rec and Limiter 

areas. A metal track with lower emissivity disturbs the |ST| measurement in Figure 8.9 (a)-(c) 

over the current limiter area, but  in Figure 8.9 (b)-(d) supports that a heat source has been 

identified, as it is not affected by emissivity contrast [4]. Figure 8.9 (b) also highlights that the 

powering coil (at the image edges) behaves like a heat source. Notice that the current limiter 

mostly dissipates all applied power, as can be observed in Figure 8.9 (a), while the rectifier 

provides the corresponding current, being also detected as heat source. For the rest of PB’s 

(Reg1 and Reg2), very weak thermal information is detected, meaning that current cannot reach 

them to properly bias the FB’s (sensors, conditioning circuit, processing circuit, BTC, 

transmitter antenna), which are not even detected in the  image. Therefore, the heat source 

located at the current limiter area suggests that this block is abnormally activated and explains 

why no BTS is detected. To check whether it is always activated regardless of the V3 (t) value at 

its input, the following has been tested.  

 

 
Figure 8.9. (a) |ST| and (b) thermal phase lag images in the IC-1 surface at fpow = 13.6 MHz, fB = 168 Hz and 

Ti = 25ºC; zoomed at the limiter area in (c) and (d), respectively. 
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Figure 8.10. Dependence of | ∆ | ,  and | ∆ | ,  of IC-1 on fpow, using modulation A and setting fB = 24 Hz 

and Ti = 25ºC. 

 

As reported by Equations (8.2), (8.3), (8.9) and (8.710), the power transfer between coils 

follows a Lorentz distribution with fpow (centered at fpow = fR –maximum power transfer–), and 

FWHM. From these equations, it is expected that deviations from fpow = fR decrease |V1,A|, and 

consequently, |V2,A| and |V3,A|, as well as the total power transferred to the chip. Benefitting from 

this fact, several IR-LIT measurements with fpow ranging from 12.85 MHz to 13.85 MHz were 

carried out with modulation A, setting Ti = 25ºC, fB = 24 Hz (SNR improvement) |V0| = 2.5 V, fr 

= 383 Hz and tint = 1500 µs, and processing 5×104 images at flock-in = fB. In this sense, slight 

variations of fpow around fR have been forced in order to decrease the power transferred to the 

chip and confirm that this behavior does not depend on fpow and |V0|. Figure 8.10 depicts 

| ∆ | ,  and | ∆ | ,  (values and their Lorentz model fittings) as a function of fpow, and 

shows representative |ST| images over the limiter area. This figure mainly demonstrates that the 

current limiter remains activated for any value of V3,A (t) (see |ST| images in Figure 8.10). 

Besides, it shows that | ∆ | ,  and | ∆ | ,  follow the same lorentzian behavior with fpow 

than , as Equations (8.8) and (8.9) state, i.e. the Lorentz model and measurements 

perfectly agree. From this model, fR = 13.558 ± 0.011 MHz and FWHM = 0.619 ± 0.069 MHz 

have been determined for IC-1 at the limiter area, as the coil presented a very low SNR in this 

case. Considering the obtained results, QC = 21.9 is measured, and it is corroborated that ISM 

band central frequency (13.56 MHz) is very close to fR. In conclusion, the IPT powering works 

properly at fpow = 13.56 MHz, and the BTS random emission should be linked to the abnormal 

activation of the current limiter. According to these results, the current limiter activation is not 
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triggered by elevated V3
 (t), thus the main hypothesis is that this block could be activated by 

substrate currents.  

In order to check this hypothesis, Focused Ion Beam (FIB) millings were carried out to 

electrically disconnect this block from the rest of the power conversion stages. After that,  IC-1 

was inspected again by IR-LIT means. From these measurements, not reported here, it was 

detected that the current limiter activated again, this suggesting a latch-up triggering. Notice that 

this technology is static latch-up free by design, as can be observed from Figure 8.11: it presents 

a deep N-well (Niso) [10] with a P-well diffusion that avoids implementing the NMOS 

transistors directly on the substrate and isolates them, leading to a reversely-biased PN junction 

when is biased with a DC voltage. Thus, latch-up triggering could only be due to a high 

frequency substrate current (i.e., at fpow) coming from Rec (latch-up triggering source) and 

collected by the substrate biasing contacts located between PMOS and NMOS wells (see Figure 

8.11). They activate the parasitic NPN Bipolar Junction Transistor (BJT, see Figure 8.11), 

which eventually induces the PNP triggering, leading to enter the current limiter into latch-up. 

This is supported by Figure 8.9, in which thermal information only appears around the current 

limiter and rectifier blocks (the rest of the blocks are not detected as heat sources). 

 

 
Figure 8.11. CMOS-like structure corresponding to the NMOS and PMOS transistors of the IC-1 current limiter 

block, in which all parasitic structures (i.e., NPN and PNP BJT transistors, diodes, resistances and capacities) are 

identified. 

 

8.4.2.2 Dynamic latch-up triggering delay with temperature for latch-up hypothesis 

validation 

This section presents the study of the dependence of |ST| and  on Ti, in order to confirm 

the hypothesis of IC-1 dynamic latch-up activation. To do that, IR-LIT measurements were 

performed in IC-1 for several Ti values (Ti = 25ºC, 10ºC, -10ºC and -20ºC). They were carried 

out with modulation A, setting fB = 157.3 Hz |V0| = 2.5 V, fr = 383 Hz and tint = 1500 µs, and 

processing 2×104 images at flock-in = fB. Such measurements aim at exploiting the temperature 

dependence of the minimum substrate current density required for activating the NPN transistor 
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(Jtrig) [11]. As R9 (see Figure 8.11) is temperature dependent, when Ti decreases (Ti,1 > Ti,2), the 

substrate resistivity  also decreases [ (T1)<( (T2)] and a higher substrate current density 

would be necessary to trigger a latch-up process (Jtrig,1<Jtrig,2), i.e: 

 

,
,

,
,  ,     (8.14) 

 

delaying, for a fixed Jtrig, the current limiter activation when Ti lowers. Figure 8.12 depicts, for 

all Ti’s, the profiles of |ST| [(a) and (c)] and  [(b) and (d)] extracted along the cuts 1 [(a) and 

(b), Reg2 area] and 2 [(c) and (d), Limiter area] depicted in Figure 8.12 (e). Figures 8.12 (c) and 

(d) demonstrates that as Ti decreases, Reg2 starts appearing as a heat source. Figures 8.12 (a) 

and (b) evidences the opposite effect in the current limiter: the dissipated power lowers with Ti. 

This demonstrates that at a lower Ti, the current limiter diverts much less current, so the Reg1 is 

properly powered [12] which confirms our previous hypothesis. 

 

 
Figure 8.12. |ST| [(a), (c)] and phase lag [(b), (d)] profiles at fB = 157.3 Hz and fpow = 13.6 MHz cut along IC-1 

Limiter [(a), (b), corresponding to cut 2 in (e)] and Reg1 [(c), (d), corresponding to cut 1 in (e)] for several Ti’s (25ºC, 

10ºC, -10ºC and -20ºC); (e) Phase lag image showing the position of the analyzed profiles. 

 

8.4.3 Quantitative analysis of IC-2 using modulation B 

8.4.3.1 Characterization of coupling between coils and fpow selection for system 

analysis 

This characterization aims at assessing the correct design of the coils coupling at the 

selected ISM frequency (13.56 MHz), providing local information about fR and FWHM in all IC 
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blocks and extracting QC for IC-2, with a higher frequency resolution than the study performed 

for IC-1 in Section 8.4.2.1, also having a closer look to the FB’s behavior with frequency, 

allowed by the modulation B characteristics. Another interest of this study is discarding that the 

misbehavior is due to the coils or other blocks coupling. As reported in section 8.4.2.1, it is 

expected that deviations from fpow = fR decrease |V1,B|, and consequently, the power transferred to 

the chip. Several IR-LIT measurements with fpow ranging from 13.00 MHz to 14.30 MHz were 

carried out in IC-2 with modulation B, setting Ti = 25ºC, |V0| = 2.5 V, fB = 149Hz (for the 

reasons stated in Section 8.4.1), fr = 376 Hz and tint = 1500 µs, and processing 2×104 images at 

flock-in = fB. Except for |V0| and fB, the rest of these parameters were fixed for all the 

measurements in Section 8.5.3. 

 

 
Figure 8.13. (a) Dependence of | ∆ | ,  on fpow, averaged in Reg1, Reg2, Rec, and Coil of IC-2 [see Figure 8.6 (a)], 

using modulation B and setting fB = 149 Hz. (b) Dependence of | ∆ | ,  on fpow, at the BTC areas identified in Figure 

8.8 (c) [i.e., BTC1, BTC2, BTC3, see Figure 8.6 (b)], using modulation B and setting fB = 149 Hz. (c) FWHM and (d) 

fR values extracted from the Lorentz fittings at each area. 

 

Figure 8.13 depicts several key parameters of some representative IC-2 blocks (Reg1, 

Reg2, Rec, Coil, and BTC) resulting from this analysis. Figures 8.13 (a) and 8.13 (b) plot 

| ∆ | ,  as a function of fpow (values and its Lorentz model fitting) over multiple (i.e., Reg1, 

Reg2, Rec, and Coil) and single (BTC1, BTC2, and BTC3) pixel areas, respectively.  

 In Figure 8.13 (a), the standard deviation of |ST| in the considered areas is also presented 

as error bars, to provide an idea of the temperature dispersion inside them [not presented in 

Figure 8.13 (b), single pixel average]. Both figures show that Lorentz model and measurements 

perfectly agree also for IC-2 and it can be inferred that fpow deviations from fR differently affects 

each block. Figures 8.13 (c) and 8.13 (d) respectively present FWHM and fR for each block, in 

which the error considered results from the Lorentz model fitting. FWHM changes in each 
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block [see Figure 8.13 (c)] because of its different electrical characteristics (i.e., voltage drops, 

current ratings, and activation voltages), with a lower value than the internal coil [827 kHz, see 

Figure 8.13 (c)]. On the contrary, all blocks feature the same fR [fR = 13.539 ± 3×10-3 MHz, see 

Figure 8.13 (d)] and maximum power transfer frequency band (13.40-13.65 MHz, also 

confirmed by external antenna measurements) as the internal coil. Namely, the observed 

frequency behaviors are due only to |V1| (t) lowering related with the magnetic coupling, and no 

coupling effects between blocks, which could lead to the observed IC-2 misbehavior, are 

observed. Considering the obtained results, QC = 16.9 is measured. In addition, it is 

corroborated that ISM band central frequency (13.56 MHz) is close to fR, which allows a 97.6% 

of the maximum power transfer to the block with the lowest FWHM [BTC1, see Figure 8.13 

(c)], i.e., with the highest sensitivity to fpow changes around fR (worst case).  

 

 
Figure 8.14. |ST| image corresponding to a zoom inside the IC-2 Reg1 area of Figure 8.8 (c), superposed to the IC-2 

layout, where the hottest area, corresponding to two auxiliary transistors, and the power transistor are identified. 

 

In conclusion, the IPT powering works properly at fpow = 13.56 MHz, and the BTS random 

emission should be linked to an activation/deactivation of the BTC (suggested in Section 8.4.1). 

As V3,B
 (t) increases when BTC is inactive, |ST| in Reg1 (powers embedded sensors, 

conditioning, and processing circuits) is much higher than that in Reg2 (powers BTC), specially 

at auxiliary transistors controlled by the Reg1 start-up circuit. To highlight this, Figure 8.14 

compares the |ST| map of Figure 8.8 (c) with the IC-2 layout, and demonstrates that the hottest 

spot within Reg1 does not correspond to its power transistor (in contrast with Reg2), but to such 

auxiliary transistors. This indicates that: once the IC-2 is reset, the sensors and conditioning 

circuits are started up (BTS emitted) and after, they are continuously operating (analog blocks 

consuming current from Reg 1). Thus, BTC could only be deactivated by the processing circuit 

(digital part) due to an abnormal event in its control signal (e.g., a glitch or spike). When this 

event occurs, the processing circuit enters into a non-defined state, desynchronizing the 

conditioning circuit and BTC. As a result, the BTC is deactivated and BTS stops. 
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8.4.3.2 RFID IC functional analysis ranging fB 

This section presents the IC-2 functional analysis to assess whether the processing circuit is 

the responsible for the IC-2 misbehavior. To check this, the IC under operating conditions (i.e., 

fpow = 13.56 MHz and |V0| = 2.5 V) was periodically reset with modulation B (highest SNR). In 

this way, fB drove TBTS and the IC blocks were selectively deactivated/activated (heat sources 

location changes) according to the following. When fB < 1/(2TBTS), the BTS starts at the 

beginning of each 1/fB period during a constant TBTS=T0 (T0 = 1.5 ms, in this case) as the IC-2 is 

periodically reset. In such a situation, both signatures corresponding to the BTC activation 

(appearance of BTC) and deactivation (higher heat generation at Reg1 area than in Reg2, see 

Figure 8.14) can be simultaneously detected or decoupled, depending on the weighting 

parameter  = (2fBT0).  provides the fraction of TON for each 1/fB period, in which the camera 

accumulates the IR radiation coming from the IC while the BTC is activated. Thus, when 

 << 1 (i.e., TON >> T0), BTC3 and the heat pattern depicted in Figure 8.14 (higher heat 

generation at Reg1 area) should be detected in |ST| and  maps (BTC deactivation only 

detected). As  increases to 1/2, the BTC activation signature gradually contribute to both maps, 

the accumulation times being equal for both signatures when  =  [i.e., fB = 1/(4T0)]. By 

contrast, for 1/2 <  < 1, the opposite occurs: BTC deactivation signature contributes less. When 

fB > 1/(2T0), TBTS = 1/(2fB) is forced by the periodical IC reset (i.e.,  = 1), and only the BTC 

activation is measured. Such effects are more visible in the  maps, as this behavior appears as 

a relative phase lag variation. Thus, fB allows controlling both the temperature confinement 

around heat sources [4] and blocks activation/deactivation.  

In order to study the blocks activated/deactivated to understand the IC-2 misbehavior, 

several IR-LIT measurements were performed, ranging fB from 24 Hz ( << 1, and fB < 100 Hz) 

to 2649 Hz (BTS emission stops, fB > 1/(2T0) and fB > 100 Hz). Figure 8.15 displays the |ST| 

[Figures 8.15 (a), 8.15 (c), 8.15 (e), 8.15 (g) and 8.15 (i)] and  [Figures 8.15 (b), 8.15 (d), 8.15 

(f), 8.15 (h) and 8.15 (j)] maps, respectively, for the following fB’s: 24 Hz [Figures 8.15 (a) and 

8.15 (b)], 74 Hz [Figures 8.15 (c) and 8.15 (d)], 149 Hz [Figures 8.15 (e) and 8.15 (f)], 2449 Hz 

[Figures 8.15 (g) and 8.15 (h)] and 2649 Hz [Figures 8.15 (i) and 8.15 (j)]. For the 

measurements at fB = 2449 Hz and fB = 2649 Hz, tint = 180 µs was set, in order to ensure a 

correct lock-in correlation [4]. Figures 8.15 (a) and 8.15 (b) show that at fB = 24 Hz, only Rec, 

Reg1, Reg2, and BTC3 are detected as heat sources (almost all heat generated in Reg1), 

whereas the conditioning and processing circuits are only observed in Figure 8.15 (b). However, 

as fB increases (fB = 74 Hz), BTC1 and BTC2 starts to appear, especially in  map [Figure 

8.15 (d)], since  increases and a higher heat confinement is ensured.  

 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY  

 

206 

 
Figure 8.15. |ST| [(a), (c), (e), (g) and (i)] and  [(b), (d), (f), (h) and (j)] results for IC-2, using modulation B and 

setting fB at 24 Hz,  [(a) and (b)], 74 Hz [(c) and (d)], 149 Hz [(e) and (f)], 2449 Hz [(g) and (h)], and 2649 Hz [(i) 

and (j)]. 
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As Figures 8.15 (e) and 8.15 (f) detail, the entire BTC (i.e., BTC1, BTC2 and BTC3) and 

transmitter antenna are also observed at fB = 149 Hz (since  = 0.447 and fB > 100 Hz). For this 

frequency, the heat starts to be confined in the die, and the contrast between BTC and Reg1 in 

|ST| and  maps is enough to detect and distinguish them simultaneously with the highest SNR 

(i.e., the best tradeoff between heat confinement, blocks detection, and SNR). From fB > 333 Hz 

to fB = 2449 Hz ( = 1), only the activation of BTC is observed [see Figures 8.14 (g) and 8.14 

(h)], and the transistors activated by the Reg1 start-up circuit disappear. By contrast, the 

transmitter antenna, Rec and Reg2 are still detected even up to fB = 2449 Hz. For fB > 2649 Hz, 

IC-2 no longer emitted the BTS, and then, such blocks were no more detected [see Figures 8.15 

(i) and 8.15 (j)], since V4 (t) is not high enough to activate the FB’s [only regulators appear in 

Figure 8.15 (j)]. According to the IC-2 design, this behavior is due to a delay of approximately 

200 µs for V3 (t) to reach VTH caused by the charge time of the filtering block capacitors. 

In conclusion, the periodical IC reset by modulation B, jointly with the blocks selective 

activation, presents that the problem comes from the processing circuit (digital block), but the 

abnormal event inducing the failure is not still identified. 

 

8.4.3.3 RFID IC blocks consumption study ranging |V0| 

This section analyzes how |V0| modulates the energy consumption (i.e., generated heat) of 

each block and the effects of overvoltage, as glitches or spikes induced by the external coil to 

the control signal tracks of the processing circuit can be their more likely origin (i.e., the higher 

|V0|, the higher noise amplitude in the control signal tracks). In addition, high local energy 

consumption can provide interesting information about the abnormal behavior of BTS, and 

confirm whether the block responsible for the IC-2 misbehavior is the processing circuit. To this 

end, several IR-LIT measurements were carried out with modulation B (highest SNR), 

fpow = 13.56 MHz (operation conditions) and fB = 149 Hz (the best tradeoff between heat 

confinement, blocks detection and SNR). The average of energy consumption in each block 

during a 1/fB period was performed according to this proportionality relation inferred from 

Equation (8.8): 

 

, 	| ∆ | ∝  ,    (8.15) 

 

taking | ∆ | | ∆ | , , and referring ,  as , . 

Figure 8.16 depicts the dependence of the IC-2 blocks consumption on |V0| in different 

ways. Figure 8.16 (a) plots , 	| ∆ | ,  as a function of |V0| (proportional to energy 

consumption). This figure illustrates that a significant part of the energy provided to the die is 

mainly lost at the internal coil (Coil), Reg1, and Reg2. It is especially remarkable that, when 
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|V0| ≤ 2 V, Reg1 presents almost the same energy consumption than Reg2. This does not hold 

when |V0| ≥ 2.5 V, where Reg1 consumes more. To better understand these effects, Figures 8.15 

(b) and 8.15 (c) plot the | ∆ | ,  normalized to | ∆ | ,  at |V0| = 1.5 V, i.e., 

| ∆ | , | ∆ | , @| | . , which directly provides the block energy consumption respect to 

|V0| = 1.5 V. In these figures, the consumption in Rec, Reg2 and Coil present an almost linear 

dependence on |V0| [Figure 8.16 (b)], in contrast with the rest of the blocks [see Figure 8.16 (c)]. 

In this sense, Figure 8.16 (c) reports that the consumption in Reg1 follows an exponential rise, 

as increasing |V0| forces the Reg1 start-up circuit to generate a higher amount of heat when BTC 

deactivates (stated in Section 8.4.3.1 and highlighted in Figure 8.14). By contrast, BTC3 

presents the same linear dependence observed in Figure 8.16 (b) for Reg2 (correct operation). 

BTC1 and BTC2 present a peak at |V0| = 2.5 V, and when |V0| ≠ 2.5 V, they are deactivated for 

different reasons.  

 

 

Figure 8.16. (a) Dependence of Ad,n | ∆ | ,  of IC-2 on |V0|. (b) Dependence of | ∆ | , | ∆ | , @| | .  of IC-2 on 

|V0| for internal coil (Coil), Reg2 and Rec, some of them following an almost linear dependence. (c) Dependence of 

| ∆ | , | ∆ | , @| | .  of IC-2 on |V0| for Reg1 and BTC. 

 

The BTS monitoring with an external antenna revealed that T0 depends on |V0|: T0 increased 

from 0.55 ms (for |V0| = 2 V, wrong pattern) up to a maximum of 1.5 ms (for |V0| = 2.5 V, 

correct pattern), and after decreased to 0.65 ms (for |V0| = 3 V, correct pattern). Thus, when 

|V0| < 2.5V, the regulators does not provide the V4
 (t) levels required to operate in all IC blocks, 

and the BTS pattern is not the proper one. When |V0| > 2.5V, an overvoltage condition is 

emulated, observing the same behavior detailed in Section V.C: the processing circuit enters 

into a non-defined state, deactivating the BTC earlier than in the case of |V0| = 2.5 V. Notice that 

IR-LIT results shown in Figure 8.16 (c) for |V0| = 3V depict how BTC1 and BTC2 present lower 

values in comparison to the other |V0| considered, since they are less weighted than Reg1 for 1/fB 

period (as 1 <  < 2 holds).  

One of the solutions to solve the observed misbehavior involves a redesign of the 

processing circuit to make it more robust against power noise. This contemplates the conception 

of a new states machine for this block, adding an auto-reset functionality to avoid the 

(a) (b) (c)

n
n

,B
@

A
d

,
,

n
n

|
|

S
�

T
B

,B

n
n

,B
@

,B



MIXED SIGNAL IC’S CASE STUDY: ANALYSIS OF INDUCTIVELY POWERED RFIC’S 

  209 

occurrence of non-permitted or non-defined states (watchdog safety redundancy solution). 

Besides, to reduce inductive couplings between the external coil and signal tracks, the latter 

should be shortened implementing a tree signal distribution strategy. 

8.5 Conclusions 

The misbehaviors of two pad-free IPT-powered RFID IC’s have been non-invasively 

studied by gathering IR-LIT inspections and modulating its power conversion scheme with 

several AM waveforms. Moreover, some of its key design parameters (fR, FWHM, and block 

consumption) have been locally extracted and analyzed. First, the suitability of the proposed 

approach has been assessed. Among all power modulations, an AM with sine modulating wave, 

h = 1 and DSSC option has been selected to study the misbehavior of IC-1, due to the lower 

harmonic content to study the IC powering scheme. Also, an AM with a square modulating 

wave and h = 1 (carrier and modulating frequencies fpow and fB, respectively) has been 

determined as the best suited option to detect all blocks under working conditions, to carry out a 

deeper study on IC-2.  

Then, a qualitative analysis has been carried out on IC-1 to determine the powering block 

responsible for the observed misbehavior: a random BTS with a non-proper pattern. First 

IR-LIT measurement revealed a design-related defect: the current was being diverted through 

the current limiter even at low voltage bias. To confirm this block as the responsible for the IC 

misbehavior, the voltage inside the IC has been varied, by deviating fpow from fR. In this process, 

it has been seen that the activation of the block is independent from fpow, and hence from |V1| 

generated inside the die. Then, a FIB cut was performed in some connections of the limiter to 

disable its abnormal activation. Since the current limiter was still active after the FIB cutting, 

this abnormal activation should be due to a parasitic defect.  

The current limiter parasitic elements have been qualitatively analyzed to understand the 

latch-up activation. They indicate that the current peaks generated by the filter can lead the 

current limiter to a latch-up triggering (dynamic latch-up activation). This effect is less likely at 

lower temperatures, so a test at several Ti’s (25ºC, +10ºC, -10ºC and -20ºC) for IC-1 has been 

performed to have another evidence of this effect. The results show that when Ti lowers, a 

higher current level reaches the regulator, validating our assumptions: a dynamic current 

crowding phenomena originates a latch-up triggering that do not allow powering the rest of IC 

blocks. 

Concerning IC-2, it showed also a random BTS when its powering scheme was not 

modulated, but TBTS could be controlled when using modulation B and setting the proper |V0|. To 

study this effect, first the coupling between coils has been characterized, to inspect its local 

effects on the IC-2 blocks and ensure that the problem is not related with the IPT system. Thus, 

fR and FWHM have been extracted in the internal coil and all RFID blocks with a good accuracy 
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(below 2% error), assessing that when fpow=13.56 MHz (working conditions), a good efficiency 

in power transmission is obtained in all blocks (96.7% in the worst case).  

After that, functional and consumption analyses have been conducted. The functional 

analysis has allowed detecting the dysfunctional blocks by ranging fB, observing that for 

fB = 149 Hz, the most important IC blocks are activated. Thermal results suggested that the BTS 

was stopped due to the misbehavior of the processing circuit. Next, the energy consumption per 

block has been analyzed by setting fpow = 13.56 MHz and fB = 149 Hz, observing that the main 

heat generation occurred, from the highest to the lowest, at the internal coil, Reg1, Reg2, and 

Rec. From this study, it has also been observed that overvoltage events induce the same 

behavior obtained in the functional analysis: BTC deactivation due to the processing circuit. 

Thus, all experimental results have pointed out that the responsible for such misbehavior is the 

processing circuit. Such a circuit sends the data to the BTC, and when an unexpected event 

(e.g., glitches or spikes due to inductive noise) occurs, it enters into a non-defined state, 

stopping the BTS emission. One of the solutions to tackle this involves a redesign of such a 

block to make it more robust against power noise. This contemplates the conception of a new 

states machine for this block, adding a safety redundancy functionality based on a watchdog. In 

this way, the watchdog will be monitoring the processing circuit, and when a non-defined state 

is detected, this block will be reset (auto-reset). Besides, a tree signal distribution strategy is 

proposed to minimize the inductive couplings between the external coil and signal tracks. 

Thus, the proposed procedure has been assessed and demonstrated as a powerful and 

innovative tool, not only for failure analysis and electrical parameters extraction in power 

electronics, but also to perform a deeper behavioral study on more complex microelectronic 

systems, such as the presented IPT-powered RFID IC’s, and determine their possible 

misbehaviors. Besides, setting fB not only allows controlling the temperature confinement 

around heat sources, but also the blocks activation/deactivation. It can be useful to enhance 

simulations of mixed-mode signals or to carry out a deeper analysis on the efficiency of power 

transfer between the external powering system and the IC. 

Notice that the economic effort required to setup an IR-LIT system in comparison to an IR 

conventional setup is not extremely high: it only represents an increase between 6-8% of the IR-

camera cost, fixed by the acquisition of the pieces of equipment detailed above. Obviously, the 

cost of the IR-camera is very high, but it can be rapidly amortized due to the test time reduction. 

Furthermore, for the present case, an ATE system could not be used as the analyzed IC does not 

present connection pads. 
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9 FINAL CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions 

The limitations in microelectronics system analysis and debugging of the classical or time 

domain infrared thermography have been discussed and demonstrated. The time domain 

approach cannot measure thermal variations below NETD limit and boundary conditions can 

perturb the measurements. Moreover, apart from the optical limits, lateral resolution can be 

compromised by temperature blurring due to heat spreading effect. To overcome all such 

limitations, lock-in strategies and frequency heat source modulation provide a powerful 

approach to infrared thermography to face the new challenges emerging from current 

microelectronic systems. Also, using the proper heat source modulation gathered with lock-in 

detection, can provide far more information about the behavior of the system and the different 

components inside it, than other characterization techniques. This goes in line with the main 

purpose of the present work: first detecting and locating heat sources in microelectronic systems 

by means of surface thermal maps, and then analyzing the obtained results, not only to better 

understand their behavior under a faulty scenario, but also to extract electrical figures of merit 

that describe the system behavior in all situations. 

For this reason, a lock-in infrared thermography system, the physics involved in the 

measurements, and its calibration issues have been first presented, studied and analyzed. This 

system allows extracting the thermal behavior (influenced by the electrical characteristics) of a 

sample at a determined frequency, eliminating the background temperature and other harmonic 

noise.  

The physics underlying an infrared thermography system have been explained in Chapter 

2, as well as the main difficulties encountered to obtain a realistic temperature measurement. 

The limitations of the time domain approach have been shown, highlighting how the NETD 

limits the minimum temperature variations detectable. They can be extracted from the statistical 

noise combining the infrared thermography with both a periodical modulation of the heat 

sources (working in the frequency domain) and a lock-in strategy. The basis of such procedure 

has been presented: only the temperature field at a certain frequency is captured, dismissing the 

background temperature (DC temperature) and other harmonic content. As a result, the signal to 

noise ratio is increased. However, to obtain the best sensitivity levels to avoid image artifacts, 

lock-in infrared thermography requires properly setting up all parameters involved in the 

measurement process. In this sense, several tests have been carried out to determine the optimal 

configuration.  
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Two different excitation approaches (homodyne and heterodyne) to create frequency 

modulated temperature fields have been theoretically analyzed in linear passive systems, so as 

to determine the relationship between the applied excitation and the thermal measurement 

(thermal amplitude and phase lag). Notice that the derived expressions can be applied in any 

system under their appropriate approximation in big/small signal analysis working in linear 

regime, being one of the original results of this work. From these equations, it can be concluded, 

for a linear electric system that the measurements obtained with heterodyne method, the heat 

propagation properties are dissociated to the electrical information at the inspection frequency 

flock-in, in contrast with those obtained with homodyne methods, where both effects are 

merged. Also, it has been detected that, for heterodyne modulation, the phase lag is independent 

from electric phase lag, this giving the opportunity to use the phase lag to compare heat source 

behavior at different frequencies, which cannot be used with homodyne excitation.   

Therefore, both excitation approaches combined with the lock-in infrared thermography are 

useful to locate hot spots in microelectronic systems. It is worth pointing out that heterodyne 

approach allows measuring high-frequency electrical characteristics as figures of merit, gains or 

admittances. 

Once the lock-in thermography setup has been optimized, it has been used to deeply study 

the behavior of several samples, as well as obtaining some figures of merit that describe their 

electric characteristics. Each sample is representative for a different application scenario, and 

their results are extensible to a wide range of electronic systems.  

In this sense, the first tested sample has presented, in Chapter 3, a case study of electrical 

testability in the frequency domain of monolithically integrated devices by infrared 

measurements: the electrical frequency response of a Thermal Test Chip (TTC) heating resistor 

RH, as well as its electrical coupling with the embedded thermal sensor RS, is measured by 

means of heterodyne lock-in infrared thermography. From these measurements, compared with 

pure electrical ones, it has been demonstrated that the electrical frequency response (heat 

sources at higher frequencies) of a sample can be thermally sensed at lower frequencies through 

infrared measurements (frequency down conversion by joule effect), when heterodyne 

modulation is used. This has been benefited to obtain the real component of RH admittance and 

the resonance frequency defined by the TTC and its parasitic elements, showing a good 

agreement with the electrical results, as well as revealing an electrical coupling between RH and 

RS. This coupling has also been characterized, analyzed and modeled qualitatively, showing a 

good agreement with thermal and electrical measurements, and explaining the observed 

electrical coupling by a capacitive path through the oxide and substrate.  

The results highlight the benefits of the presented approach: as it is a non-invasive off-chip 

approach, using IR-LIT to obtain electrical figures of merit can avoid eventual electric 

couplings, which could disturb the results. Moreover, the presented procedure can also be used 
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to observe the frequency response of different parts or blocks of more complex IC’s, even when 

they do not feature connection pads to be analyzed by electrical characterization techniques, fact 

that has been exploited to analyze other samples in this work.  

In Chapter 4, the second group of samples, seven Silicon Carbide Schottky Barrier Diodes 

(SiC SBDs), D1 to D7, has presented a case study of how to use non-invasive IR-LIT detection 

to determine the structural weak spots in power semiconductor devices, which resulted from 

their manufacturing, thermal ageing tests or destructive surge current tests. To do that, four new 

biasing techniques have been proposed, which combined with IR-LIT, can modulate and then 

detect the thermal map over the SBD’s surface, decoupling and identifying the failure 

mechanisms depending on the device operation regime. Namely, the samples are studied under 

electrical forward and reverse biasing conditions (Small Signal Modulation for Thermal 

Analysis approach -SIMTA-), or during its transition between on- and off-state (rectifying 

mode) at low (Rectifying Mode Modulation for Thermal Analysis -REMTA-) and high 

(Heterodyne Rectifying Modulation for Thermal Analysis -HEMTA-) frequencies (i.e., up to 

5 kHz and 30 MHz, respectively). For reverse- and forward-SIMTA, two dedicated circuits 

were designed and implemented, to reach high-voltage (up to 1 kV) and high-current bias (up to 

20 A), respectively. It is worthy to point out that, in the IR-LIT state of the art, such elevated 

biasing current and voltage values have not been reported before the publications developed 

through this work, even systems showing such biasing values are not commercially available.  

Using the presented biasing techniques, the failure locations of several SiC SBD’s have 

been determined, which were first detected electrically during different screening stages with 

standard qualification procedures based on I/V curves or dynamic characterization, which did 

not provide spatial information. Diodes D1 to D4 served as a proof of concept for failure 

location by means of IR-LIT, but diodes D5, D6 and D7, in contrast, were state-of-the art 

devices whose surge current capability limitations are currently under study. Therefore, these 

diodes were submitted to the complete failure analysis procedure, i.e., the failure locations have 

been further analyzed by using FIB, SEM and/or EDX techniques.  

First, by performing IR-LIT and electrical measurements before and after each test, it has 

been concluded that no remarkable electrical changes were provoked when surge current ageing 

tests were applied to these diodes. However, when they were submitted to surge current 

capability tests, they all presented the same electrical failure signature at reverse biasing 

conditions: loss of blocking capability, due to the creation of structural weakest spots, all 

located at the field stopper contact area. FIB, SEM and/or EDX techniques have been employed 

to confirm the assumptions inferred from IR-LIT results, being key to correlate the physical and 

electrical failure signatures. They have showed similar interface failure symptoms in all three 

diodes: W contact was degraded by electromigration-thermomigration mechanisms (Schottky 

barrier local modification). Therefore, IR-LIT measurements, gathered with the most suitable 
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modulation schemes, have revealed the location to look for structural modifications responsible 

for electrical deviations, both not being always related. The analysis of these locations has 

revealed that the surge current capability in SBD’s is not limited by initial double barrier 

behaviors, and it could be improved by including an additional metal layer (e.g., titanium) 

between Al and W to create a diffusion barrier and stop this degradation mechanism. Therefore, 

this procedure has been pointed out as a useful tool to debug wide band-gap power electronic 

devices, giving valuable information to improve their design.  

As a consequence of the results obtained in Chapter 4, sample D1, which presented a 

multibarrier behavior, was determined as a good sample to perform further investigation. In this 

sense, Chapter 5 presents a new application scenario: the spatially-resolved evaluation of 

multibarrier behavior in 4H-SiC Schottky diodes, by gathering lock-in thermography and 

SIMTA modulation. A complete model has been quantitatively inferred from thermal results, 

describing the hot spots as equivalent Schottky diodes connected in parallel to the main diode. 

Also, the nature of the defects within the weak spots has been determined, accounting for the 

extracted barrier heights, which depend on the energy at which the Fermi level is pinned: 3C-

SiC stacking fault states, corresponding to the measured barrier heights (0.47-0.87 eV range). 

According to thermal results, these faults were created by excessive pressure during wire 

bonding process. Notice that in contrast to other microscopic characterization techniques, this 

thermal analysis can be carried out non-invasively, which avoids the modification of sample 

structure during its preparation. In this case, the results were also verified using SEM 

inspections after performing FIB millings over the hot spot areas. They revealed an excessive 

pressure during wire bonding procedure, giving valuable information to improve the 

encapsulation process.  

From all these results, it is obvious that electric parameters can be calculated from thermal 

means. The complexity of inspected samples, as observed, has increased from chapter to 

chapter. In Chapter 6, the sample complexity is strongly increased, to assess a new application 

scenario: the extraction of local thermal resistance (i.e., 	 , ) of the active devices 

included in Monolithic Microwave Integrated Circuits (MMIC) by thermal means. To do this, 

lock-in thermography and powering modulation at the devices channel (avoiding thermal 

coupling between them), are used to infer the local dissipated power in each individual device 

and its temperature distribution. With these two parameters and monitoring the MMIC backside 

temperature, the local thermal resistance is derived. A set of six different MMICs, all them 

featuring 5 p-HEMTs as active devices, have been used as a case study featuring different 

package cases (Kovar and CuMo) and die-attaches.. As a first stage, the gate-source voltage of 

all 5 p-HEMTs in parallel, has been calibrated as a thermo sensitive parameter (TSP), to 

monitor the MMIC temperature during measurements. . Considering this, and following the 

JEDEC standard, the average thermal resistance of each MMICs has been measured using the 
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standard JEDEC method, resulting MMIC-6 and MMIC-3 as the best ones in terms of thermal 

behavior, thus being them selected to measure their local thermal resistance. Results have 

revealed that the active device that stands the maximum thermal resistance (the most heated 

device) is p-HEMT-3 (58°K/W and 24 °K/W for Kovar and CuMo cases, respectively). 

This chapter demonstrates that the presented method provides a greater thermal and 

electrical knowledge of the electronic components that are integrated in an IC, such as the 

studied MMIC. Therefore, it allows analyzing the IC components behavior during operating 

conditions (both electrical and thermal), and optimizing the design process or verify the 

fabrication process in a more reliable and robust manner.  

Further increasing the complexity of the studied samples, Chapter 7 details another 

application scenario for lock-in infrared monitoring: the analysis of a class A feedback cascode 

amplifier for RF applications. This chapter has locally studied and assessed the electrical 

frequency (from 100 MHz up to 2 GHz) behavior of a Radio Frequency – Power Amplifier  

(RF-PA, 2 transistor Class A feedback cascode architecture) by thermal imaging means, taking 

advantage of the heterodyne driving approach presented in Chapter 2. This driving generates 

thermal harmonics at the beating frequency f in all transistors representative of higher working 

frequencies, allowing the detection with the camera. From this study, three important figures of 

merit have been extracted in each transistor forming the RF-PA: output power, power gain 

frequency response, and its 1dBCP for linearity characterization (jointly with its Pin,@1dBm). 

Finally, such results have been compared with thermal monitoring circuits embedded to the 

RF-PA to act as Built-In Self-Tests (BISTs), allowing their thermal characterization and 

assessment. Additionally, studies on the best BISTs placement, as well as other measurement 

parameters (e.g., f required to avoid thermal interaction), can be carried out. To this end, the 

theoretical basis for such measurements has been previously performed on the basis of a small-

signal equivalent electrothermal circuit using analytical expressions. Such model takes into 

account the frequency behavior and the gain compression effect with input power. As a main 

result, it has been observed that the biasing current contributes to monitored power at f, due to 

non-linear effects of both transistors. 

From the frequency measurements below 1dBCP, all integrated schematic parts (inductors, 

capacitors, M1 and M2) can be detected with the heterodyne excitation, considering two central 

frequencies for the power gain fc,G: 440 MHz and 620 MHz. Different thermal behaviors are 

observed depending on f, from which it can be concluded that iRF paths fix a thermal phase shift 

in M1 of 180 with respect to the rest of elements, whereas M2 dissipation dominates for f < 300 

MHz. Moreover, it has been observed that the frequency response is limited by a substrate 

current, which goes directly from M1 to Lin, and the Cext,1. For gain and Pout measurements, all 

derived models have been taken into account, jointly with monitoring the temperature in M1 and 

M2 using lock-in detection schemes. A calibration is required to describe all such behaviors. 
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Another feature detectable in this cascode architecture is the current feedback to the RF source 

thanks to monitoring the thermal field in Lin. 

From measurements carried out at fc,G=440MHz for 1dBCP, several conclusions have been 

drawn when using the IR camera and embedded thermal sensor. The results derived from 

thermal sensor and IR, which consider a redefinition of the 1dB decay criterion by another one 

after calibration, are slightly different. When measuring in M2, results follow the expected 

model and provide more reliable results due to the substrate thermal coupling. On the contrary, 

such dependency is not followed with IR measurements, as other effects related with heat 

conduction through different materials composing the chip change this behavior. From all these 

results, it can be concluded that this off-chip approach can extremely assist to the placement of 

integrated temperature sensor to discuss and understand their results 

As detailed in all the chapters, IR-LIT can not only detect the heat sources during operation 

or after a failure, but it can also be used to obtain some electric figures of merit, as well as 

observing how each part of the system influences the system operability. Taking into account 

this advantage, Chapter 8 presents a new and more complex application scenario for lock-in 

infrared monitoring: the analysis of signal processing IC’s, whether qualitatively or 

quantitatively, to detect the origin of their misbehavior and debug their design. In this case, 

several Radio Frequency IDentification (RFID) tags, featuring monolithically integrated sensors 

and powered by Inductive Power Transfer (IPT) have been analyzed.  

Their misbehaviors have been non-invasively studied by gathering IR-LIT inspections and 

modulating its power conversion scheme with several AM waveforms. Moreover, some of its 

key design parameters (fR, FWHM, and block consumption) have been locally extracted and 

analyzed. First, the suitability of the proposed approach has been assessed. Among all power 

modulations, modulations A and B have been selected to study the misbehaviors of IC-1 and 

IC-2, respectively.  

A qualitative analysis (modulation A) has been carried out on IC-1 to determine the 

powering block responsible for the observed misbehavior: a random back-telemetry signal 

(BTS) with a non-proper pattern, due to a parasitic latch-up activation in the current limiter. The 

elements of such parasitic conduction path have been qualitatively analyzed to understand its 

activation. They indicate that the current peaks generated by the filter can lead the current 

limiter to a latch-up triggering (dynamic latch-up activation). As this effect is less likely at 

lower temperatures, IR-LIT measurements at several Ti’s have validated the latch-up 

assumption: when Ti lowers, a higher current level reaches the regulator, thus a dynamic current 

crowding phenomena originates a latch-up triggering that do not allow powering the rest of IC 

blocks. 

Concerning IC-2, it showed also a random BTS when its powering scheme was not 

modulated, but the time BTS was received, i.e., TBTS, could be controlled when using 
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modulation B. To study this effect, first the coupling between coils has been characterized (fR 

and FWHM extraction), assessing that when fpow=13.56 MHz (working conditions), a good 

efficiency in power transmission is obtained in all blocks (96.7% in the worst case). Then, the 

problem was not triggered by a bad IPT powering.  

After that, functional and consumption analyses have been conducted. The functional 

analysis has detected the dysfunctional blocks by ranging fB, observing that BTS was stopped 

due to the misbehavior of the processing circuit. Next, the energy consumption per block has 

been analyzed, observing that overvoltage events induce the same behavior obtained in the 

functional analysis: BTC deactivation due to the processing circuit. Thus, all experimental 

results have pointed out that the responsible for such misbehavior is the processing circuit. To 

tackle this issue, some improvements on the IC design have been proposed. 

It can then globally concluded that IR-LIT, in combination with the presented biasing 

techniques and analytical approaches, have been assessed and demonstrated as powerful and 

innovative tools, not only for failure analysis and electrical parameters extraction in power 

electronics, but also to perform a deeper behavioral study on more complex microelectronic 

systems, determine their possible misbehaviors and propose design improvements.  

 

9.2 Future work 

First, some of the proposed improvements in the different samples, will be implemented, to 

finally analyze their impact on the behavior of the corresponding technologies by IR-LIT 

means. First, the WN diffusion barrier suitability to avoid electro- and thermo-migration of W 

into Al will be tested, not only in 4H-SiC W-SBD’s technology shown in Chapter 4, but also in 

JBS’s with the same Schottky contact. Their maximum surge current capability will be tested, 

comparing samples with the same layout, and featuring or not the diffusion barrier. The samples 

are currently under test, and interesting results are expected from this analysis.   

With respect to the IPT-powered RFID ICs, some of the proposed solutions, including the 

redesign of the processing circuit to make it more robust against power noise (new states 

machine, watchdog), as well as a tree signal distribution strategy, will be implemented and 

tested. It is expected that, with these improvements, the BTS will be emitted properly, also 

allowing a good IC operation in a wider range of powering conditions.  

In class A feedback cascode amplifiers for RF applications, further investigation on the 

local measurements of S-parameters (quadrupole structure), used for RF system characterization 

and modeling, will be held, in order to provide a better knowledge on how they affect the PA 

efficiency, and detect problems with previous or following stages, and other issues due to the 

connection tracks. 
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Also, considering the potential of the different modulation schemes presented, future work 

will be devoted on applying them in new application scenarios, such as… 

Finally, one of the main issues found during this work, has been the difficult process to 

correct of the emissivity contrast on the sample surface. In this sense, on the one hand, further 

investigation on how to correct it by software, compensating the camera vibrations, will be held. 

On the other hand, new materials will be investigated to be deposited, as a thin layer on top of 

the samples. Some of the characteristics that this material should present, is that it should be 

electrically isolating, its deposition should be compatible with the wire bonding technologies 

used (deposition after bonding), high emissivity, good stability under a wide range of 

temperatures, and good thermal conductivity to avoid the screening of the thermal effects to be 

observed.  
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current”. 25th European Symposium On Reliability Of Electron Devices Failure Physics 

And Analysis (ESREF), Berlín (Alemania), September 2014, Oral. 

3. X. Perpiñà, X. Jordà, J. León, M. Vellvehi, D. Antón, and S. Llorente. “Comparison of 

Temperature Limits for Trench Silicon IGBT Technologies for Medium Power 

Applications”. 25th European Symposium On Reliability Of Electron Devices Failure 

Physics And Analysis (ESREF), Berlín (Alemania), September 2014, Oral. 

4. F. Chevalier, D. Tournier, X. Jordà, J. León, X. Perpinyà, J. Montserrat and P. 

Godignon.”Impact of the design of 4H-SiC JFET on switching delay and gate potential 

distribution with the aim of a free-wheeling diode integration”, 2104 European Conference 

on Silicon Carbide & Related Materials, Grenoble (F), September 2014, Poster. 

9.4 Patents and exploitation models 

As a result of the candidate research work, two procedures or strategies have been 

presented as application patents, and other three are still being written. Those presented are:  

1. J. León, X. Perpiñà, M. Vellvehi, X. Jordà. “Procedimiento de Análisis Funcional de 

Semiconductores Alimentados Inalámbricamente”. Country of application: Spain. No.: 

P201530015 (08-01-15). Comments: This application follows to work published in journal 

paper number #10, and now is under PCT phase (PCT1641.1049). Flir has manifested its 

interest in this one. 

2. J. León, X. Perpiñà, M. Vellvehi, X. Jordà. “Método no invasivo de caracterización 

electrotérmica local de componentes electrónicos en circuitos integrados” Country of 

application: Spain. No.: P201531937 (30-12-15). Comments: This application follows to 

work held under a contract with MIER Comunicaciones about microwave power amplifier. 

Flir has manifested its interest in this one.  
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A. PROPER CONFIGURATION OF LOCK-IN INFRARED 

THERMOGRAPHY 

The performed tests to identify the optimum parameters in our lock-in thermography 

system are fully explained in this Annex. Before performing any measurement, two TTCs have 

been soldered on a PCB substrate, and after, they have been wire bonded to make them dissipate 

power (RH bondings, applying a voltage between VRH
+ and VRH

-) and measure their temperature 

in the center (RS bondings and connections). Next, they have been coated with a black matt paint 

(JELT NOIR) to correct the sample surface emissivity, as Figure A. 1 shows. As explained in 

Chapter 2, this coating allows homogenizing the surface emissivity of the TTC with a higher 

value ( = 0.94). The TTC pointed as TTC14 in Figure A. 1 is the one used in all the 

measurements. 

 
Figure A. 1. TTC module coated with black matt paint used as a test vehicle 

 

Concerning the experimental conditions, several considerations have been taken into 

account for performing the tests. First, the waveform generator Agilent 33522A has been used 

since it allows biasing the TTC with a sine-like voltage waveform and generating a lock-in 

synchronization signal to the camera (sine-like waveform). In this way, the jitter noise between 

both signals (biasing and synchronization) has been maintained almost null, as it has been 

verified by additional electrical measurements (use of oscilloscope). Having a low jitter noise is 

very important to perform lock-in detection [2]. Second, the microscope G1 lens [Field of View 

(FoV) 9.6mm x 7.7mm] is selected for the parameters optimization, so as to inspect the entire 

surface of the TTC (6mm x 6mm). For the vibration analysis and the evaluation of the vertical 

bar-like noise, it is selected the microscope G5 lens (FoV 1.9mm x 1.4mm). Third, the sample 

has been heated up to 60ºC by means of the Peltier heating stage. Thereby, the dependence of 

camera’s sensitivity on Ti can be determined. Figure A.2 summarizes this information, 
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schematically showing all parts of the final experimental setup and electrical connections 

previously described. In the next sections, the conclusions inferred from all optimization tests 

will be outlined.  

 
Figure A. 2. Schematic connections of the setup for the test of parameters 

 

 
Figure A. 3.  Thermal amplitude measurement at fexc=30 Hz presenting the line used to represent all profiles of the 

following results. 
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In the following sections, the results of each test are summarized, showing the most 

interesting results in which the optimization is based. So as to compare the different results in 

each test, lateral profiles along the x axis of RH, when crossing RS, have been analyzed, as shown 

in Figure A.3 (see line in green).  

A.1 Frame Rate 

Concerning the frame rate, the tests have concluded that fr should be neither a multiple or 

divider of flock-in, because they show incorrect and noisy results. This can be observed in Figure 

A. 4, where the thermal amplitude at fr = 240Hz and flock-in = 60Hz is depicted. Moreover, if this 

value is a prime number, it is easier to find a compatible flock-in value. The rest of lock-in 

frequencies are useful, but the best one is the maximum frame rate (fr = 383 Hz), because, 

keeping constant nf, as higher is fr, tacq shortens and also verifies the condition of being a prime 

number. However, in many measurements, it has appeared a vertical bar-like noise superposed 

on the thermal image (see Figure A.5). After its analysis, it has been determined that this noise 

depends on fr and lowers when fr = 376 Hz. Figure A.5 depicts several thermal amplitudes 

acquired at several fr values, supporting this conclusion. For this reason, fr = 376 Hz is taken as 

the standard frame rate for all measurements from now on. 

 

 
Figure A. 4. Thermal amplitude profile along cut 1 of Figure A. 3 at fexc = 30Hz and considering several fr values. 
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Figure A. 5. Vertical bar-like noise observed in the thermal amplitude measurements at fexc = 37.37 Hz, considering 

several fr values: 160 Hz(a), 299 Hz(b), 320 Hz(c), 376 Hz(d), 383 Hz(e). 

A.2 Integration time 

Two limitations have appeared on the selection of tint. On the one hand, tint should be lower 

than a critical value depending on the maximum temperature reached on the sample surface, so 

as to avoid the saturation of the accumulators in the camera read-out circuitry. On the other 

hand, NETD described in Equation (2.9) lowers as tint increases. Finally, another limitation for 

the selection of the optimal tint is flock-in. Using the undersampling approach [1,2,3], tint should be 

lower than flock-in/4, in order to avoid capturing more than a half period of the signal of interest. 

 

 
Figure A. 6. Thermal amplitude (a) and phase lag (b) profiles along cut of Figure A. 3 for several tint. 

 

After some tests, the optimum tint is defined as the highest one that avoids the saturation of 

the sensor and satisfies the frequency limitation conditions. For instance, when Ti=60ºC, the 

best integration time is tint=500µs, because image acquisitions at tint =750 µs present more noise 

(a) (b) 
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in some areas. Figure A.6 illustrates such result, where it is clearly shown that, with tint = 1 ms, 

the image is totally saturated, not giving a defined phase in any pixel (only noise), thus it is not 

represented in Figure A. 6 (b). 

A.3 Number of frames 

According to [2], as longer is tacq, the noise level lowers in measurements. But, on the other 

hand, it is not optimal to increase indefinitely nf in terms of time cost: for a fixed fr, the averaged 

amplitude noise level (<Anoise>) depends on nf following an inverse square root relationship. For 

this reason, a tradeoff between noise and measurement time is expected and determining the 

minimum value of nf for acceptable results is mandatory. Then, measurements have been 

performed for several nf values. In all measurements, fr is the first parameter that should be set, 

since it fixes the measurement noise. Figure A.7 presents the profiles of amplitude and phase 

along the profile detailed in Figure A.3, for three nf values (i.e: 2104, 5104 and 105). In this 

figure, the lowest noise has been achieved for nf = 105, but, for nf = 2104 the signal to noise 

ratio could be considered acceptable for hot spot location, for example.  

 

 
Figure A. 7. Thermal amplitude (a) and phase lag (b) profiles along cut 1 of Figure A. 3, considering several nf 

values: 2, 5 and  frames. 

A.4 Initial temperature 

On the selection of Ti, two limitations have appeared. On the one hand, it can be deduced 

from Equation 2.3 that the camera sensitivity for low Ti values (20-40ºC) is not as good as for 

higher values (>40ºC). The reasons why this happens are: first, the radiation coming from 

reflections on the inspected object and the atmosphere provide signal levels similar to those 

radiated by the sample. Second, infrared sensors are commonly designed to be effective from 

temperatures above 40-50ºC [4]. On the other hand, the higher Ti, the lower tint should be, 

avoiding the saturation. Therefore, optimum Ti values should be a tradeoff of both cases. This 

has been checked with the TTC. Figure A.8 depicts at several Ti values, the profiles of thermal 

(a) (b) 
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amplitude and phase lag along the profile detailed in Figure A.3. The described behavior can be 

specially observed in inactive areas at the edges (e.g., see RS location in both figures), in which 

no temperature variations should appear. From these results, it is determined that the optimum 

values for Ti range from 50ºC to 75ºC.  

 

 
Figure A. 8. Thermal amplitude (a) and phase lag (b) profiles at fexc = 148 Hz, for several Ti values. 

A.5 Image vibration reduction: origin and solution 

At the very beginning, artifacts have appeared at the images during their acquisitions for 

lock-in processing. This fact has been due to relative vibrations between the sample and the 

camera. This became an important problem since they affected to the measurements. This effect 

is more pronounced when using microscopic lenses. Therefore, several tests have been carried 

out in order to mitigate them. As a result, we concluded that the camera, its support, and the 

sample should be properly fixed and isolated from the surrounding vibrations. For this reason, 

we decided to use an optical table with high performances (isolation from surrounding 

vibrations), centering the support on the optical table and properly fixing both the sample and 

camera (the latter very close to the support, minimizing cantilever problems), leading to the 

final setup shown in Chapter 2. As a result, the related noise on the final measurements has been 

practically mitigated. However, a small oscillation remained during the acquisitions, especially 

when the microscopic G5 lens was used. This effect was more noticeable when the inspected 

sample presented areas with an abrupt change on its . As a result, some artifacts appeared in 

the thermal amplitude and phase lag at locations without any heat source at all. Therefore, an 

insightful second study has been conducted to determine this vibration source. 

Vibrations have been measured in an area, where  changed abruptly (wire bondings not 

perfectly coated, for example). The OS value of a pixel from this area was monitored along 

several frames, and then it has been processed by FFT (Fast Fourier Transform). In this way, the 

harmonic content of the vibrations has been extracted. At the same time, we have recorded the 

sound generated by the camera Stirling cooler and we have analyzed its harmonic content by 

(a) (b) 
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FFT. Figure A.9 compares such results and shows that they agree. Therefore, we have 

concluded that the Stirling cooler was the source of these vibrations: this cooling device moved 

the camera detector. Moreover, in the literature, some works reported a resonance frequency of 

57Hz for these vibrations, which is one of the main harmonic components observed in Figure A. 

7. Then, the following solution has been proposed: selecting flock-in values that are not multiple 

of any of the harmonics originated from the Stirling cooler. This has been tested performing on-

line and off-line lock-in post-processing. As Figure A.10 depicts, the former showed unexpected 

thermal information when flock-in was not a multiple of 28.5 Hz (flock-in = 67 Hz), but the latter 

yielded the expected results: the vibration contribution on the measurements was completely 

removed. 

Such difference between on-line and off-line lock-in could be due to the fact that some 

frames have been lost in the former case. This interferes in the lock-in post-processing, thus 

displacing the harmonic content of the temperature variations. For this reason, apart from the 

setup optimization, it is an interesting option to capture the frames and then processing them 

instead of performing the on-line lock-in, when the vibrations are a critical source of noise.  

 

 
Figure A. 9. Comparison of the harmonic content of the microphone record (black), and  

that of the noise in stand G (red) as reported in Annex B 
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Figure A. 10. Thermal amplitude measurements corresponding to flock-in =

 67 Hz (not multiple of 28.5 Hz) when 

performing an on-line (a) and off-line lock-in processing (b). In (a), unexpected thermal information (wire bonding) 

is observed that disappears in (b). 
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B THERMAL TEST CHIP STRUCTURE AND FREQUENCY 

THERMAL ANALYSIS 

This annex presents the Thermal test Chip (TTC) used as a test vehicle in Chapter 3 and to 

properly set up the IR Lock-in thermographic system in Annex A. The thermal behavior of the 

TTC is analyzed with the aid of the 3D thermal simulations showing not only how the 

temperature is distributed over the chip surface but also in depth. Moreover, homodyne and 

heterodyne lock-in infrared thermographies results using the TTC are also presented to show the 

effect of the excitation frequency on the thermal field confinement around the heat source and 

other physical effects due to heat dissipation processes detectable by means of IR Lock-in 

Thermography. 

B.1. Thermal test chip Structure and its thermal behavior 

The test vehicle used for setting up the lock-in thermography system is a Thermal Test 

Chip (TTC) developed at IMB-CNM [1, 2]. It integrates two distributed resistors, one used to 

heat up the silicon chip (heating resistor), and the other one to measure its temperature at the 

center (sense resistor). The heating resistor (RH) consists of a 130 poly-silicon strips 

interconnected in parallel (61.4 Ω) homogeneously distributed on the top of a silicon substrate 

(6 × 6 × 0.525 mm3 chip dimensions), leaving a square space in the chip center. The sense 

resistor (RS), made of a platinum strip, is located in the chip center and surrounded by the poly-

silicon strips, as shown in Figure B. 1. The schematic cross section of the TTC is depicted in 

Figure B. 2, which illustrates that the poly-silicon strips are electrically isolated from the silicon 

substrate and from the platinum sensing resistor with a very thin layer of SiO2, which does not 

practically affects the heat diffusion towards the silicon substrate [1]. 

Thanks to this strip topology, the current flows uniformly across the poly-silicon strips. In 

[3], a thermal simulation with the structure shown in Figure B. 3 is performed. Figure B. 4 

depicts the temperature distribution of this structure, along x axis (perpendicular to the strips 

length) for several depths y ranging from 0 to 40 µm, where is observed that the temperature 

distribution along X axis is almost constant from y = 30 µm. The same behavior is expected on 

the surface of the analyzed TTC: passivation layers and deposed surface coating over TTC 

surface feature lower effective thermal diffusivity than Silicon [4]. This yields a uniform heating 

over RH area, which allows identifying an effective uniform heat source with the geometry 

shown in red in Figure B. 5.  

To understand how this heat source behaves on the TTC surface, 3D thermal simulation 

results reported in [1] are depicted in Figure B. 6. This figure provides the surface thermal field 

reached in steady state conditions by the TTC dissipating 50W in RH. The simulation considers  
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Figure B. 1. Layout of the poly-silicon resistor design (not to scale, extracted from [2]). 

 

 
Figure B. 2. TTC schematic cross section (not to scale, extracted from [1]). 

 

a heat source of 50W homogeneously distributed on the top of the TTC, except on the inactive 

areas (center and edges), fixing the backside temperature at 20ºC. Figure B. 6 (a) shows the 

effect of the presence of RS on the 3D temperature distribution: the temperature distribution 

along the X axis when crossing RS, an inactive area. In contrast, Figure B. 6 (b) indicates the 

temperature profile on a parallel cut or profile far away from RS. As observed from Figure B. 6, 

50W are needed to create a temperature difference of 6.5ºC between the chip surface and its 

backside. Moreover, the maximum temperature difference between the RS and RH areas is 

approximately 2.5ºC. The shape of the heat source and the thermal behavior along these two 

directions has been used throughout this chapter to analyze and compare all experimental 

results. From now on, the temperature profiles corresponding to these lateral cuts will be 

referred as cut 1 [see Figure B. 6 (b)] and cut 2 [see Figure B. 6 (a)]. 
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Figure B. 3. 3D-structure simulated in [3], part of the full size TTC, showing its dimensions. 

 
Figure B. 4. Profile of simulated temperature increase along x direction for several depths at t=50 µs, for a structure 

similar to that of Figure B. 1 (extracted from [3]). 

 
Figure B. 5. TTC schematic view showing the geometry and dimensions of the effective heat source (in red) on its 

surface. 
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Figure B. 6. Temperature distributions along X axis: a: when crossing Rs –cut 2–; b: far away 

 from Rs –cut 1– (extracted from [1]). 

B.2. TTC thermal homodyne measurements 

B.2.1. Joule heating TTC characterization  

This section intends to detect the TTC heat source shapes shown in Figure B. 6 to check 

whether they can be detected and correspond to simulation results. For this purpose, the TTC is 

biased under homodyne excitation (fexc,0 = 40 Hz and V0 = 5.55 V) and its second harmonic is 

monitored (i.e., flock-in = 2×fexc,0). To compare with the profiles of Figure B. 6, the temperature 

profiles along cuts 1 and 2 (far from and crossing RS) are plotted in Figure B. 7. In this figure, it 

can be observed that the thermal resolution of the camera cannot properly distinguish the 

temperature differences between both profiles with such low power dissipation. The heat source 

shape is clearly determined with lock-in detection approach. Figure B. 8 depicts the amplitude 

and phase lag images corresponding to the thermal AC field, respectively. This figure shows 

that the location of RH and RS can be well discriminated. For further analysis, the temperature 

profiles corresponding to the cuts 1 and 2 are plotted in Figure B. 9. This figure shows that the 

temperature difference between them is only of 13 mºC, being such difference lower than the 

NETD of the camera (20mºC). Notice that these profiles are similar to those shown in Figure B. 

6, but their meaning is slightly different. The temperature difference between RH and RS areas in 

this case is due to the steady-state propagation of heat from RH to RS at an AC power. As the 

sinusoidal heat propagates along the device, the sinusoidal temperature of further points will be 

delayed compared with the temperature in the heat source. Such delay is represented in the 

thermal phase lag image in Figure B. 10. It is worth to point out that a heat source can be 

located if and only if the thermal AC field presents a maximum and minimum in its amplitude 

and phase lag images, respectively. This is because of the used postprocessing software 

implements the -90º correlation, as indicated in Chapter 2. 
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Figure B. 7. Comparison of temperature profiles along cuts 1 and 2. 

 

  
Figure B. 8. Thermal amplitude (a) and phase lag (b) images, depicting cut lines 1 and 2.. 

 

 
Figure B. 9. Comparison of thermal amplitude profiles along cuts 1 and 2 of Figure B.9 (a). 

(a) (b) 
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Figure B. 10. Thermal phase lag profiles along cuts 1 and 2 of Figure B.9 (b). 

 

As shown in Chapter 2, the higher the excitation frequency, the higher the thermal field 

confinement around the heat source will be [5,6,7,8]. In order to show this behavior 

experimentally, several lock-in thermographies have been performed on the TTC considering 

several excitation frequencies. Their parameters have been set at flock-in = 2fexc,0 (joule effect 

component), Ti = 60ºC, tint = 500 µs, nf = 105, and fr = 383 Hz. G1 lens has been used for an 

optimum lateral resolution. In this section, we focus on the results corresponding to Joule’s 

heating effect, which are observed in the second harmonic, as outlined in Chapter 2. They are 

presented in Figure B. 11. This figure highlights how the thermal field confines around the heat 

source. Moreover, when fexc,0 increases, this lowers the signal to noise ratio, causing a noisier 

measurement. 

Figure B. 11 highlights some problems in the coating deposition over the TTC: the 

amplitude of thermal field does not follow the heat source geometry when increasing fexc,0. The 

problem in the case of the TTC is the used coating. Its thickness is not uniform and affects in 

the measurements: there are areas where the coating is thicker due to capillarity adhesion to the 

wire bondings during its deposition. This has caused thickness differences on its surface. This is 

related with the characteristic distance  defined in Chapter 2 and heat confinement around the 

heat source: when the coating thickness is higher, fast heat variations do not reach the chip 

surface, producing a more confined thermal field. Then, this induces a thermal signal not 

detectable by the camera in lock-in configuration. However, such inhomogeneity in the coating 

deposition does not interfere in the rest of the chip, far from the wire bondings of RS.  Outside 

this area, RH area can be well distinguished as the frequency increases, as shown in Figure B. 

12, where the profile of the thermal amplitude along line 2 obtained from Figure B. 11 at 

different fexc,0 values is shown. Moreover, as higher is fexc,0, higher relative temperature 

differences between RH and RS areas take place as shown in more detail in Figure B. 12. 



B. THERMAL TEST CHIP STRUCTURE AND FREQUENCY THERMAL ANALYSIS 

  237 

 
Figure B. 11. Surface temperature distribution (thermal amplitude) for various fexc,0: (a) 5 Hz; (b) 24 Hz; (c) 48 Hz; 

(d) 98 Hz; (e) 148 Hz; (f) 198 Hz; (g) 248 Hz; (h) 298 Hz; (i) 498 Hz. 
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Figure B. 12. Thermal amplitude profiles crossing Rs (cut 2, green) for various fexc,0  

(normalized to the maximum value of each profile). 

 

 
Figure B. 13. Thermal amplitude profiles for various fexc,0 (normalized to the maximum value of each profile): (a) cut 

3 crossing RS and the thinner coating zone (blue profile); (b) cut 1 far from RS (black profile). 

B.2.2. Peltier heating TTC characterization 

This section provides further information about TTC thermal behavior: Peltier heating. In 

section B.2.1, thermal information at flock-in = 2×fexc,0 (Joule effect component) has been detected. 

Inspecting at at the first harmonic (flock-in = fexc,0), it is possible to detect heating resulting from 

Peltier effect. This effect consists on the heat removal/delivery by the action of carriers’ 

displacement [9] and can provide complementary information to previous analysis, but not used 

in this PhD work. As observed in Figure B. 2, the current flows from the aluminum pad to the 

poly-silicon strips and it exits through aluminum again. They define two metal and 

semiconductor junctions, in which Peltier effect can occur when a current crosses them. The 

heat absorbed [or dissipated power P(t)] by the lower junction per unit time is written as: 

 

   ,  (B.1) 

(a) (b) 
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where A and B are the Peltier coefficients of poly-silicon (semiconductor) and aluminum 

(metal), respectively. I(t) is the current that flows through both junctions. Recalling from 

Chapter 2 the expressions for homodyne excitation, we expect the following power dissipation 

depending on the sense of current passing through the junctions: 

 

 , , , cos , , , cos 2 ,  (B.2) 

 

From this expression, it can be observed that it is possible to detect thermal information in 

the first harmonic. Figure B. 14 depict both thermal amplitude and phase lag images, and their 

corresponding profiles across the center of the TTC are presented in Figure B. 15 and Figure B. 

16. As both profiles 1 and 2 are similar, only the second ones (green) are plotted. In these 

figures, we observe that, as the current is the same in both pads, the amplitude is similar in both 

of them. The current is sinusoidal, and when it enters into the TTC through the right pad 

(positive semi-cycles), it exits through the left pad. This heats up the left pad, while it cools 

down the right one. In the negative semi-cycles, the previous situation is reversed. Thus, there 

exists a difference on the thermal phase lag between them of 180º, as shown in Figure B. 16. 

 

 
Figure B. 14. Lock-in amplitude (a) and phase lag (b) images showing the Peltier effect 

 
Figure B. 15. Lock-in amplitude profile showing the Peltier effect 

(a) (b) 
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Figure B. 16. Lock-in phase lag profile showing the Peltier effect 

B.5 References 
 

[1]  X. Jorda, X., X. Perpiñá, M. Vellvehi, F. Madrid, D. Flores, S. Hidalgo and J. Millán, “Low-cost 
and versatile thermal test chip for power assemblies assessment and thermometric calibration 
purposes”, Appl. Therm. Eng., vol. 31, no. 10, pp. 1664-1672, 2010. 

[2]  F. Madrid, “Thermal Conductivity and Specific Heat Measurements for Power Electronics 
Packaging Materials”, PhD Dissertation, Universitat Autònoma de Barcelona, 2005. 

[3]  X. Perpiñá, “Internal IR-laser Deflection Measurements of Temperature and Free-Carrier 
Concentration in Power Devices”, PhD Dissertation, Universitat Autònoma de Barcelona, 2005. 

[4]  O. Breitenstein, and M. Langenkamp, Lock-In Thermography: Basics and use for Functional 
Diagnostics of Electronic Components. (Springer-Verlag,  Berlin Heidelberg, 2003). 

[5]  J. P. Rakotoniaina, O. Breitenstein, and M. Langenkamp, “Localization of weak heat sources in 
electronic devices using highly sensitive lock-in thermography”, Mat. Sci. Eng. B-Solid, vol. 91-
92, pp. 481-48, 2002. 

[6]  O. Breitenstein, M. Langenkamp, F. Altmann, D. Katzer, A. Lindner and H. Eggers, “Microscopic 
lock-in thermography investigation of leakage sites in integrated circuits”, Rev. Sci. Instrum., vol. 
71, no. 11, pp. 4155-4160, 2000. 

[7]  M. C. Tan, M. Y. Tay, W. Qiu and S. L. Phoa, “Fault localization using infra-red lock-in 
thermography for SOI-based advanced microprocessors”, in Proc. of the 18th IEEE International 
Symposium on the Physical and Failure Analysis of Integrated Circuits (IPFA), Incheon (South 
Korea), 2011, pp. 1-5. 

[8]  A. Nowroz, G. Woods, and S. Reda, “Improved post-silicon power modeling using AC lock-in 
techniques”. in Proc. of the 48th ACM/EDAC/IEEE Design Automation Conference (DAC), New 
York (USA), 2011, pp. 101-107. 

[9]  D. M. Rowe, Thermoelectrics Handbook: Macro to Nano. (Taylor & Francis Group, Boca Raton, 
2006). 



C. SMALL-SIGNAL HEAT GENERATION IN RF CLASS A FEEDBACK CASCODE AMPLIFIERS 
 

241 

C SMALL-SIGNAL HEAT GENERATION IN RF CLASS A 

FEEDBACK CASCODE AMPLIFIERS 

As stated in Chapter 7, class A RF amplifiers are typically used in applications for 

amplitude and/or phase signal modulation or demodulation (i.e., schemes with non-constant 

envelopes, such as Quadrature Phase-Shift Keying Quadrature Amplitude Modulation (QAM), 

and Orthogonal Frequency-Division Multiplexing), in which high linearity and low noise are 

required [1]. For instance, such modulation/demodulation schemes are commonly used in 

wireless communications in signal receivers (low noise amplifiers) or transmitters (power 

amplifiers), with further design requirements, where an off-chip approach can have access to 

internal nodes and be useful for its non-invasive characterization, debugging, and technological 

variability analysis. The aim of this annex is to demonstrate and provide more details about 

equations, criteria or results outlined in Chapter 7 related with the analyzed power amplifier. 

C.1 Introduction 

Figure C.1 depicts the schematic of the power amplifier investigated in Chapter 7: a 

cascode amplifier with a negative feedback loop and source inductively degenerated due to 

wirebonding parasitics used as a proof-of-concept of electrical testing by thermal monitoring. 

According to this figure, such amplifiers are formed by two constituting parts: an amplifying 

and high impedance output (isolating) stages. Each stage can be implemented using a single 

MOS transistor (see Figure C.1): the amplifying stage uses a transistor in common source 

configuration inductively degenerated (M1, referred as active), and the high impedance output is 

implemented with a transistor in common gate configuration (M2, referred as cascode). 

Moreover, the cascode amplifier shown in Figure C.1 also presents a negative feedback loop 

through resistor R1, which allows self-biasing M1 and contributes in the real part of the input 

impedance to relax the input matching circuit specifications and complexity [2]. Furthermore, 

LS introduces an inductive degeneration in the amplifier, which aids to match the input 

impedance and improves the amplifier noise figure for non-feedback architectures. This is 

thanks to LS adds in the matching network a real impedance at resonance , which depends on 

Cgs1 and gm1 as 	⁄  [3]. Like in the case of LChoke, wire bondings are used to 

implement LS, but with multiple wires connected in parallel to ensure LChoke >> LS, fix IDD with 

LChoke and decouple DC bias from RF signal. In summary, this topology has the following 

performance improvements instead of other single stage designs [1, 4, 5]: higher power gain and 

working bandwidth (due to the presence of the cascode stage), higher power amplifier output 

impedance (posterior stages isolation), lower power consumption; and the reduction of the 

Miller capacitance on the input of the amplifier [4] and the noise (thanks to the feedback loop 
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and LS). Concerning the noise performances, the negative feedback loop and inductive 

degeneration in M1 offer the capability to reduce the noise sources of M1 at its output (mainly 

DC and spectral odd components), and this improvement is maintained by the cascode stage, as 

it has superior noise performances. Unfortunately, the excellent noise and gain performance of 

cascode stage degrades at very high frequencies. This is due to substrate parasitic admittance at 

the drain-source common node that increases as frequency increases [6], [7]. In consequence of 

lower impedance in the source of M2, its drain noise appears in the output [3], [8]. Concerning 

the high frequency behavior, its maximum working frequency is limited by the M2 gate to drain 

capacitance [4]. To improve this behavior, an external capacitor is included in the design to 

improve the system response (Cext,1 in Figure C.1). Cascode amplifiers are widely used in mm-

wave frequencies as a constituting part of more complex amplifiers (e.g., low noise amplifier) or 

circuits (e.g., transmitters or receivers). In addition, the feedback loop topology poses many 

additional testing conditions useful in other scenarios for S-parameters local extraction, as for 

instance, the current delivered to the input under working conditions. For all these reasons, the 

study in depth of this particular topology is useful. Moreover, the interpretation of the results 

could be a good starting point to integrate thermal monitoring circuits to proceed in the 

measurements of the figures of merit more relevant to define the amplifier performances.  

To demonstrate the physical background of the approach proposed in Chapter 7 for Pout, 

Gain and 1dBCP determination by thermal means, the circuit shown in Figure C.1 will be 

theoretically studied to link its electrical behavior with the heat generation. As noise analysis is 

out of the scope of Chapter 7 and a maximum of 2 GHz is going to be considered, LS resistor-

like behavior on the matching network is going to be analyzed, but its voltage drop can be 

neglected (as justified in C.1.1) and LS ≈ 0 can be considered (as LS<<Lin,) [3]. 

 

Figure C.1 Schematic of the monolithically integrated power amplifier, also indicating external elements as LChoke and 

LS implemented by wirebondings (back-end approach). 
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Figure C.2 Sign assignment to all involved electrical variables: voltage (a), current (b), and results summary (c). LS 

not shown as it will be considered in Rin,Tot. 

C.2 Heat generation Analysis in a Feeback Cascode Amplifier Topology 

C.2.1 Sign assignment criteria of all involved variables 

In order to proceed with the thermal analysis of the schematic shown in Figure C.1, it is 

required first fixing a criterion to determine the sign of the power dissipated in each transistor, 

and figure out a mechanism to distinguish its contributions to the electrical and thermal 

behavior of the circuit. In general, the criterion to have a positive (negative) power transfer 

considers that the power flux goes from the input to the output (from the output to the input), 

and this can be associated to the sense of the RF current at the input iRF. To study this and apply 

this criterion, let’s focus on transistors M1 and M2 of the schematic depicted in Figure C.1, since 

the heat will be mostly generated on them at f and this will be used to study its electrical 

frequency response. Assuming LS ≈ 0 as discussed further on, Figure C.2 summarizes at M1 and 

M2, all sign assignments for RF signals (voltage and current) and the followed criteria according 
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to iRF sense [see Figures C.2 (a) and (b)], the sense of the DC biasing current [see Figure C.2 

(b)], and the considered sign in each electrical variable and dissipated power at f for different 

situations. Figure C.2 (a) shows the sign for iRF at the input, highlighted in black (positive) and 

red (negative), according to the sense of power transfer previously mentioned. This figure also 

depicts that v
ds1

 < 0 and v
ds2

 < 0 holds when the voltage drops from minus to plus as drawn in 

Figure C.2 (a), as M1 and M2 small-signal equivalent circuit states when ,  >0 and ,  >0. 

This can be understood since the small-signal equivalent circuits are variational models: they 

are based on increments (or decrements) of current that induce decrements (or increments) in 

voltage as the device becomes less (more) resistive under conduction, and this is observed in the 

equivalent circuit as a sign change. Figure C.2 (b) helps to understand this. Figure C.2 (b) shows 

the current sense criterion according to that of iRF: black is positive and red is negative. This is 

supported by the fact that iRF positive (negative) sense splits into (results from) , oriented to 

(coming from) the ground and ,  diverted to (coming from) the load, being the solid lines 

the real path of current in this application. Comparing Figures C.2 (a) and (b), when ,  > 0 

and , > 0, v
ds1

 < 0 and v
ds2

 < 0 hold, and vice versa. Moreover, Figure C.2 (b) also presents 

that IDD only passes through M1 ( , ) and M2 ( , ) due to the fact that the capacitors Cin, 

Cext,1, and Cext,2 confines this current in that branch/leg. Notice that, in the case that non-linear 

effects occur in M1 or M2, ,  and ,  (always positive, current path from VDD to ground) 

can multiply all generated even intermodulation products due to a given non-linearity (e.g., a 

non-linear transconductance or output resistance non-linear behavior), resulting into an 

undesired contribution to f spectral power component. Taking all this in mind, the sign of 

small-signal electrical variables and dissipated heat at f (low frequency) are given in Figure 

C.2 (c) for M1, M2 and ZL at fi (high frequency). At first sight, the heat generation at M1 and M2 

is produced with a phase difference of  (a sign change), i.e., they are out of phase, whereas M2 

and ZL are in phase (no phase lag delay). This is the expected result: the amplifying stage inverts 

the sign to input voltage, and hence the power transfer. On the contrary, M2 is a non-inverting 

stage, and maintains the sign of input voltage. However, when a non-linearity occurs in M2, it is 

possible to observe M1 and M2 dissipating heat in phase (as observed in Chapter 7, Section 7.4). 

C.2.2 Heat generation at f for a feedback cascode amplifier topology 

Figure C.3 shows the small-signal equivalent circuit of the cascode amplifier considered 

here, without taking into account LS. This circuit, to solve it easily, has been considered that 

∞ (virtual ground approximation, no current passes through R2) at low and medium 

frequencies (below the 3dB cut frequency of the PA) have no effect (just for limiting current 

gate during ESD events, gate protection function). In this approximation, the behavior of each 

transistor is supposed to be of one current source controlled by the gate voltage following a 
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generic expression of the type 	 , 	 	 , where i makes reference to the 

indexes of each transistor. This model takes into account the output resistance of each transistor 

defined between its drain and source terminals (cannel resistance), where it is supposed to take 

place the maximum dissipation in the transistors. Other elements have been considered and they 

have been grouped with passive components with a certain frequency response in terms of a 

given impedance Z, to provide some generality to the calculation. To demonstrate that the result 

shown in Figure C.3 (c) is correct, Figure C.4 shows several small-signal equivalent circuits to 

explain why in our feedback topology when LS<<Lin and LChoke, LS ≈ 0 holds, as assumed in 

Figure C.3, for all  accounted for in this work. As stated, LS presents a resistor (RS) 

and capacitor-like (CS) behaviors depending on . In any case, CS >> Cgs1 and i'≈0 due  
 

 
Figure C.3. a) Small-signal equivalent circuit extracted from Figure C.1 supposing LS=0. b) Schematic simplified 

from Figure C.2 (a), considering R2 ∞ (vritual ground approximation, no current passes through R2) and an 

equivalent model for the controlled voltage source of M2. 



ADVANCED ANALYSIS OF MICROELECTRONIC DEVICES AND SYSTEMS BY LOCK-IN IR THERMOGRAPHY 
 

246 
 

 

Figure C.4. Small-signal equivalent circuits demontrating that the assumption LS=0 holds in this topology. 

to the feedback loop (all current from the generator will pass through R1 and will go to other 

parts of the amplifier). Therefore, the small-signal equivalent circuit deduced in Figure C.4 

agrees with that depicted in Figure C.3 (c). Probably, in this amplifier, the contribution of RS to 

the matching network can be neglected, not having the noise reduction effect expected. 

Taking all this into account, the sign criteria explained in section C.1.1, and the small-

signal equivalent circuit of Figure C.3 when heterodynally driven [i.e. 

/2	 sin 2 sin 2 , where fexc,0 ≈ f1, f2; f = f1-f2 ], the heat generation in M1 

and M2 at f=f, as well as the power delivered to ZL at f=fi (i.e.,	 , , 	 , , and 

	 , , respectively), obeys the following set of equations: 

 

, Re , , ⁄
,

 , (C.1) 
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, Re ⁄ , , ⁄ | ,  ,        

(C.2) 

 

, Re ,  ,        (C.3) 

 

where the subscripts Δ  (or ) and “non linear” make reference to the spectral 

component Δ  (or ) and non-linear elements of the expression, respectively. Notice that in this 

notation, all involved variables (i.e., voltage, intensity, or electrical dissipated power) admit the 

complex exponential description for making easier all involved calculations. Namely, for a 

given voltage, intensity, or dissipated power , it can be expressed as | |	 , 

where | | and  are the amplitude and phase of , respectively; and Re | |	Cos 2

	 , as used from now on in the case of dissipated power in heat sources. When writting 

	 	 , this means that the term Δ  of this quadratic expansion of  is taken in the 

calculations, where | | and  can be evaluated in another frequency and is not explicitly 

indicated. For instance, this is the case when  is heterodinally driven (f = fexc,0 ≈ f1 ≈ f2 holds), 

| | and  are evaluated at f ≈ fexc,0, but when 	 	 , new spectral components appear (e.g., at 

Δ ), aside from others that are kept (e.g., ). Thus, thanks to the Joule effect, | | and 

 at higher frequency are down converted to a lower frequency f = f1-f2 (see Chapter 2, 

Section 2.3.3). Equations (C.1) and (C.2) can be approximated by assuming , ≫ , ⁄  

(for i = 1, 2): 

 

, Re , ,
 ,                  (C.4) 

 

, Re ⁄ , | , .   (C.5) 

 

,  < 0 means that M1 takes power from the DC bias and moves it to f, acting M1 as a 

voltage controlled current source that supplies power to the load. On the contrary, ,  > 0 

and , > 0 hold, as they do not invert the power supplied by M1. Equations (C.1)-(C.4) are 

required to relate the heat generated in M1 and M2 with the output power, power gain, and 

1dBCP, and check whether such parameters can be thermally monitored, which are interesting 

figures of merit in frequency of class A amplifiers. To proceed with this, the circuit of Figure 

C.3 should be therefore solved for several regimes to explain the experimental thermal behavior 

measured. The following equations are involved: 

,     (C.6) 
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	     (C.7) 

    (C.8) 

,
⁄     (C.9) 

,      (C.10) 

,
	 	⁄

	 ⁄
              (C.11) 

, 	 ,
         (C.12) 

	
           (C.13) 

,      (C.14) 

where s is the variable of the Laplace transformation and takes s≈j 2 fexc,0 when vin is 

heterodynally driven, as all amplitudes and phases involved here. As already stated, recall that 

in this notation, all electrical variables (voltage, intensity, or dissipated power) admit the 

complex exponential description. For a given voltage, intensity, or dissipated power , it can be 

expressed as | |	 , where | | and  are the amplitude and phase of , 

respectively; and Re | |	Cos 2 . To analyze all equations reported in Chapter 7, 

three case studies have been considered depending on the linearity behavior of the transfer 

characteristics curve [relationship of with , ; i.e.,	 , 	] of 

M1 and M2: 

i) Case A: Heat Generation in M1 and M2 present a current source linear behavior with 

, i.e. 	  (constant transconductance case and without non-linear 

effects, i.e., | , ∆ =0), which corresponds to the ideal situation where the 

linear gain of the amplifier is defined (without taking into account any thermal 

interaction). 

ii) Case B: Heat Generation in M2 presents a quadratic behavior, while M1 behaves linearly, 

i.e., 	  (constant transconductance) and 		 	  

(transconductance is a linear function of  where K2>0, i.e., | , ∆ ≠0), 

which belongs to the case of high voltage VGG in M2 to ensure a better impedance 

decoupling between M1 and ZL, as well as possible thermal coupling effects between 

transistors (M2 should be generating less heat). Very important for Pout and power gain 

monitoring by thermal means. 
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iii) Case C: M1 and M2 present a trasconductance linear behavior with gate voltage, i.e., 

	  and 		 	 , where K1>0 and K2>0. In 

this case, the thermal coupling between transistors is considered also extending this 

analysis to the compression effects observed at the output of the amplifier. This is 

related with 1 dBCP and the intermodulation products generation due to M1 non-linear 

effects originated from a non-constant trasconductance. 

All them are analyzed alone, providing the result of its nodal electrical analysis for , , 

and , as well as the resulting heat generation in each transistor when required, to link 

temperature monitoring of power amplifier parts to output power, gain and 1dBCP 

measurements when the amplifier is heterodynally driven. Notice that all results from nodal 

electrical analysis also apply in the case of homodyne driving, also justifying the first 

expressions shown in Chapter 7, Section 7.1.2. 

C.3 Case A electrical nodal analysis 

In this section, the ideal case is considered to highlight in next sections how non-linearities 

modify the gain under heterodyne excitation. According to the circuit of Figure C.1 and 

substituting this dependence to Zeq,1 (see C.6), this provides the following two equations in 

nodes a and b identified in Figure C.3 (c): 

, , ,
    (C.15) 

 

	 , ∥
, ,

 		 (C.16) 

 

Solving this set of equations, the following relations for vsg2, vab, and vout are inferred: 

, 	

, , ,
, ∥ , ,

 

(C.17) 

1
, ∥ , ,

         (C.18) 

, , ∥ , ,

  (C.19) 
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C.4 Heat generation in Case B: contribution of biasing point to f power 

spectral component 

C.4.1 Nodal electrical analysis 

This situation is produced when VGG almost biases M2, in such a way that its 

transconductance linearly depends on vsg2 (end of the linear behavior in its ID-VGS transference 

curve) and RF signal is low enough to ensure a constant transconductance in M1. It should be 

noticed that the change of sign of K2 (quadratic term of M2) obeys to vgs2=-vsg2 and the sense 

change in the controlled current source done when extracting the small-signal circuit, as 

indicated in [9], to make easier the schematic analysis. According to this and the sign criteria 

given above, ,  and ,  are the biasing DC current and voltage used for calculating heat 

generation at f, respectively, which verify , >0 and ,  >0. When a non-constant 

transconductance behavior occurs in M2, | , ∆  adds information related with the 

electrical biasing point at f, i.e., , , 	 0. I
DD

 only passes through M
1
 and 

M
2
 (not detected at any other place, as presented in Chapter 7 Section 7.4.1 and observed in 

Figure 7.8). In this situation, just only Zeq,2 changes as: 

,
	⁄

	 ⁄
    (C.20) 

,
	

,   (C.21) 

where ,  writes as: 

,
	

              (C.22) 

and the rest of equations remain equal. Taking all these into account, the nodal equations at 

nodes a and b of Figure C.2 are also modified as follows: 

, , ,
  (C.23) 

	 	 , ∥
, ,

  (C.24) 

Substituting Equation (C.23) into (C.24), a second order equation with the following structure is 

obtained: 

0    (C.25) 

and its solution is: 
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⁄    (C.26) 

Notice that, this equation when  = 0 gives the same solution shown in Equation (C.17). 

Therefore,  has the following form: 

	 , 	

, ,
, ∥ , ,

(C.27) 

where: 

     (C.28) 

and the rest of parameters are: 

 , 1      (C.29) 

 

, 	 , ∥ , ,

, ∥ , ,

  (C.30) 

 

	 	1 	 	 ,  

, 1
, ∥ , ,

  (C.31) 

1
, ∥ , ,

    (C.32) 

, , ∥ , ,

   (C.33) 

As already mentioned,  and  and all impedances involved are evaluated at fexc,0 (high 

frequency information available), only changing the voltage amplitude depending on the 

excitation (homodyne or heterodyne). Notice that such equations also apply for an homodyne 

excitation at fexc,0. Recall that the generation of Δ , , , Δ  (as defined throughout this 

thesis) is a consequence of the heterodyne driving, with the approximation previously provided 

(i.e., fexc,0 ≈ f1, f2) with a f within the bandwidth of the thermographic system to monitor the 
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electric down converted information. Moreover, the possibility of monitoring ,  by 

temperature is interesting. This is treated in the next sections. 

C.4.2 Heat generation by M2 and its relationship with ,  

During measurements, thermal interaction between M1 and M2 can occur, and as 

demonstrated in Chapter 7 (Sections 7.1.4 and 7.4.1), dissipation in one of each transistor is 

higher than in the other in the frequency range of interest. In particular, for gain analysis, it is 

observed that ,  > ,  and the distance between transistors helps to decouple their 

interaction. In any case, ,  can be monitored by ∆ , . To demonstrate this, the power 

dissipated in the cascode or transistor M2 can be written as for any given value of f: 

, 	Re 1
, ∥ , ,

																																																					
	 	 ,

, ∥ , ,

,   (C.34) 

 

which can be expanded with quadratic terms of vsg2 as follows 

 

, 	Re 1
	 	

, ∥ , ,

						
, ∥ , ,

	 	 ,

, ∥ , ,

.     (C.35) 

 

From Equations (C.34)-(C.35), it follows that when such low values of ∆ , ∆  are obtained 

or thermal coupling between M1 and M2 occurs, , ∆  can be monitored with ∆ , ∆ , as 

previously stated. This can be directly inferred from Equation (C.34), which writes for 

,
0 (according to Equation C.4 and case B condition) as: 

 

Re
1, Δ 	 1.    (C.36) 

 

By considering in Equation (C.35) that only odd terms of vsg2 contribute to f=f and assuming 

(gm2+gds2) >> K2 vsg2 (M2 linear behavior) this equation can be approximated by: 
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, 	Re 1
	 , 	 	 	 , 	

, ∥ , ,

																																																												
	 , 	 , 	

, ∥ , ,

         (C.37) 

 

Since ∆ ,  depends on , , ,  is therefore detectable by ∆ , . Notice 

that when 
,

0 this contribution can be compensated after measurements, 

as analyzed in Case C. In this way, possible problems arisen from M1 and M2 thermal interaction 

(see Chapter 7, Sections 7.1.4 and 7.4.1) can be overcome. 

C.4.3 Relationship between ,  with , ∆  

Linking ∆ , with ,  can result beneficial when the thermal interaction occurs 

between M1 and M2, and ∆ , ≫ ∆ ,  at M1 location, which is the situation observed 

in Chapter 7. With electrical measurements of ,  carried out with a VNA under a 

heterodyne excitation, ,  can be monitored, and writes as: 

 

, Re
, , ∥ , ,

	        (C.38) 

and expands as: 

, Re
,

	 	

, ∥ , ,

        (C.39) 

In this case, vsg2 can be monitored with ∆ , , since it has a power spectral component at f=f, 

and writes as for 
,

0 (according to Equation C.4): 

Re , 	      (C.40) 

where ∆ ,  is generated by ,  and detected by lock-in correlation at f=f, since the 

 and  are electrically evaluated at f = fi ≈ fexc,0. Notice that only odd terms of vsg2 

contribute to f=f, thus ,  depends on ,  as: 

 

, Re
,

	 	 , 	

, ∥ , ,

	 , 	  (C.41) 
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Thanks to this dependence, possible problems arisen from M1 and M2 interaction (see Chapter 7, 

Sections 7.1.4 and 7.4.1) can be overcome, making easier the results interpretation as the heat 

dissipation under working conditions occur in M1, and M2 tends to reach lower dissipation 

values (as discussed in Chapter 7 Section 7.1.4). Notice that case A presented in C.2 is obtained 

by K2=0. In any case, as ∆ 	  depends on , , ,  can be detectable by 

∆ , . Notice that Pout depends on ,  and this can be calibrated with ∆ , , as 

carried out in Chapter 7 Section 7.4.2, also being possible to infer the power gain. As stated 

before, when 
,

0, this contribution can be compensated after 

measurements, as inferred in Case C. 

C.5 Heat generation in case C: gain compression effects under heterodyne 

excitation 

C.5.1 Nodal electrical analysis 

This situation corresponds to the case study of 1dBCP, where the active transistor M1 limits 

its output current supplied to the load, and some of the results from this section are presented in 

Chapter 7 Section 7.1.2 (gain compression). The amplifier output compression introduces signal 

distortion and intermodulation products, which degrade the amplifier performances. In both 

situations, having the possibility to monitor this by thermal means is of interest. Under this new 

case study, only the following equation changes: 

, 	 , 	

,

, ,
, ∥ , ,

,

,

  

(C.42) 

where 	 ′(i.e., 1 ′ 0):  

 

′
⁄

  ,    (C.43) 

 

and the rest of involved parameters: 

	

,

, 	

, ∥ , ,

 ,  (C.44) 

 

′ , 1 	 ,

,
 ,     (C.45) 
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	1 	 ,  

, 1
, ∥ , ,

,

,
 (C.46) 

 

where: 

 

, 	 	 ,  ,   (C.47) 

and 

 

,
	

 .     (C.48) 

 

The other electrical variables necessary for heat generation calculation remain unchanged in 

comparison to the previous forms: 

 

1
, ∥ , ,

   (C.49) 

 

, , ∥ , ,

   . (C.50) 

 

All comments performed in C.4.1 about homodyne and heterodyne excitation apply: the 

amplitude and phase of vsg2 and all impedances involved are evaluated at fexc,0 (high frequency 

information available), only changing the voltage amplitude depending on the excitation 

(homodyne or heterodyne). Notice that such equations also apply for an homodyne excitation at 

fexc,0. 

C.5.2 Gain compression of M1 and both M2 and IDD influence in thermal measurements 

This section relates gain compression with heat generation by each transistor. First of all, 

let us focus on gain compression and its dependence on heat generation, to finally deduce 

Equation (7.19) of Chapter 7. For f spectral heat generation calculation at M1 and M2 and 

inferring its relationship with the electrical power delivered to ZL, several considerations have 

been taken into account in analogy to the previous sections. In M1 and M2, heat is mainly 

generated in rds1 and rds2, which are the equivalent channel resistance for M1 and M2, 
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respectively. In this case, the model should account for the saturation of M1 to reproduce 

1dBCP, making possible that any of both transistors can fix the amplifier gain compression. 

Therefore, the heat generation by M1, and M2, at f=f and the power transferred to ZL at f = fi 

(i.e., , , , , and , , respectively) obeys the following set of equations, 

previously presented (assuming , ≫ , ⁄ , where i = 1, 2): 

, Re , ,
 ,   (C.51) 

, 	Re 1
	 , 	 , 1 2 non linear, Δ

	

, ∥ , ,

	 	 , 	 , 1 2 non linear, Δ
	

, ∥ , ,

	 , , 	 , 1 2 non linear, Δ
	

, ∥ , ,

,  (C.52) 

 

, Re
,

	 , 	 , ,
	

, ∥ , ,

, 	

, ,
	 ; (C.53) 

Several conclusions can be extracted from this first set of equations. As already stated, ,  

and ,  depend on , , and consequently on ∆ , . From Equation (C.52), it is 

also possible inferring the sign change between ,  and , , as detailed, discussed, 

and experimentally observed in Chapter 7 Section 7.4.2. In the case of , , it holds as M2 

fixes 1dBCP, as discussed in Chapter 7 Section 7.4.3. Another consequence of such equations is 

that the second term in ,  related with 
,

 should be identified (e.g., by 

data fitting), and taken into account in previous equations to quantify 1dBCP, as demonstrated 

in Chapter 7 Section 7.4.3. Thus, removing the contribution of biasing point to ,  is a 

must for gain compression studies by thermal means and Equation (C.51) should be simplified 

for making feasible its fitting to data as presented in Chapter 7 in Equation (7.19) and thermally 

measuring the 1dBCP. To this end, let us define a voltage gain  considering	 	  in the 

case of transistor M1: 

	
	 	

	 	 	 	 	⁄
 ,                    (C.54) 
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where , , , and  are constants that collect all circuital parameters of Equations (C.28) and 

(C.42)-(C.45), which relates 	 	 . Under small-signal approximation, 	  can 

be expanded in Taylor series around the amplitude of 	 , | |, as long as | | ≪ ,  and 

	  variations are of the order of | |, as follows: 

	 | | ∑ | |

!
	 	 | |    (C.55) 

where | |  w-th derivative of 	 . By expressing 	  in this way, it allows 

analyzing the non-linearities and harmonic distortion introduced by M1 due to its non-constant 

transconductance, as well as its intermodulation products generation, all them contributing to 

, , , , and , . In this case, the following approximation applies: 

| | 	      (C.56) 

To determine the second term of Equation (C.54) related with  and that 

contributes to the thermal field at f = f, Equation (C.55) is expanded considering | | 0 (Mc 

Claurin series), as 	  performs the small variation in Equation (C.54) and allows accounting 

for positive and negative fluctuations in 	 , instead of 	 | | . Additionally, 	 ≪

,  holds, or in other words, the voltage biasing point is much higher than small-signal 

values. Taking all this into account,  can be approximated as: 

| | 0 	    (C.57) 

where | |  writes as: 

| | | | | | | |

| |

 (C.58) 

and evaluating | | 0, simplifies to: 

| | 0 	 4 4    (C.59) 

Finally, Equation (7.14) can be rewritten as: 

, Re
	 | |

| | 	 | | | | | |⁄ , 4 4  

(C.60) 

and consequently ,  is: 
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, Re
	 | |

| | 	 | | | | | |⁄ , 4 4 	| |   

(C.61) 

Analogously to the analysis previously held, ,  can be also written as function of , as 

follows: 

, Re ⁄ , | , .   (C.62) 

 

where ⁄ 	 	  and | ,

	 	 | | 0 	 . Thus, ,  can be expressed as: 

, 	Re
	 | |

| | 	 | | | | | |⁄
	

	 | |

| | 	 | | | | | |⁄
			 , 	 	  . (C.63) 

and consequently ,  is: 

, 	 Re
	 1 in

1 in 	 1 1 1 in in 1 in
2

2

	
	 1 in

1 in 	 1 1 1 in in 1 in
2

4

| in|2
1
4 2 , 2

2 | in|2   (C.64) 

This equation can be evaluated by first measuring |Δ | ,  to determine the parameters 

related with  (i.e, parameters proportional to , , , and  ), and with these fixed values, 

extract , , and , 4 4  fitting Equation (C.64) to thermal measurements 

performed on M2. 

C.5.3 Harmonic distortion and intermodulation effects in ,  electrical 

measurements when amplifier is heterodynally driven 

This section analyzes how the introduced harmonic distortion can lead to intermodulation 

effects, which can affect ,  electrical measurements depending on the VNA’s frequency 

resolution. To be representative of the results reported in Chapter 7, all calculations have been 

done considering that , | | as the sum of amplitudes for each tone used in 

heterodyne excitation is the amplitude | | used in | |. To study when M1 and M2 fix 1dBCP, 

a dependence for ,  on  with this structure inferred from Equation (C.49) is used: 
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, Re 	  .         (C.65) 

Notice that, VNA measurements detect the voltage, not the power. Therefore, all calculations 

should be carried out in voltage and each stage should be calculated individually. To evaluate 

harmonic distortion in M1, the Taylor series expansion of Equation (C.42) around |	 |

	 2⁄ , shown in Equation (C.55), is carried out. This approach allows converting  into a 

more simple expression [see Equation (C.42)] to analyze the contribution to signal distortion 

and intermodulation products [i.e., 	 1 ,  for ] due to M1 saturation when 

the amplifier is heterodynally driven. This leads to the following result for f1 and f2 at the input 

of M2: 

	 	 2⁄ 	
	
	

	 ⁄

!
	

	 ⁄

!
	    (C.66) 

and the intermodulation products at the input of M2 (i.e., 2 f2- f1,2 f1- f2, 3 f1-2 f2, 3 f2-2 f1): 

	
	 ⁄

!
	

	 ⁄

!
	 .     (C.67) 

In this calculation, the Taylor series around |	 | up to O 	 	 2⁄  has been considered 

enough as the Taylor coefficients rapidly decreases with the inverse of the order factorial 

number. Taking into account the root square in Equation (C.65), the amplitude of voltage 

compression at the output of M2 corresponding to f1 and f2: 

	 	 2⁄ 		 	 	 2⁄ 	 	 2⁄ 	 	 2⁄ 	
	 ⁄

!
	

	 	 2⁄ 	 	 2⁄ 	 	 2⁄ 	 	
	 ⁄

!
	

	 	 ⁄ 	 	 ⁄

!

	 ⁄ 	 ⁄

!
	      (C.68) 

and the sum of intermodulation products at the output of M2 up to O 	  (i.e., 2 f2- f1,2 

f1- f2, 3 f1-2 f2, 3 f2-2 f1, and viceversa): 

3

16
	 0 2⁄ 	 1

0 2⁄ 3

32
	

2
0⁄

2!
	 0
3 3

32
	

2 	 0 2⁄

2!

2
3

16
		 0⁄

2 	 0 2⁄

2!

9

64
	

3 	 0 2⁄

3!
	 0 	

48

128

	 1
0⁄

2 	 0 2⁄

2!

48

128
	 0⁄

3 	 0 2⁄

3!
	 0    (C.69) 

Thus, the result of this analysis, in terms of undesired intermodulation products [i.e., 	

1 ,  for ], demonstrates as a certain amount of power from the heterodyne input is 

transferred into intermodulation frequencies such that 	 1 ,  (for ), and 

when the VNA frequency resolution is below f, all them contribute at fi ≈ fexc,0. 
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To distinguish all spectral components of the intermodulation products when f is out of 

the VNA resolution power, many of this intermodulation products can appear at the inspection 

frequency , . In the case treated in Chapter 7, intermodulation products cannot be resolved 

with the used VNA when considering fs below its resolution limit, as occurs in Figure 7.17. 

Moreover, ,  values when , @ , 3 dB’s and a certain value due to 

intermodulation should be added to obtain 1dBCP in the 1 tone case, in accordance to the results 

detailed here in the case of intermodulation. This result can be derived assuming that all power 

is real, , | |, and | | | | 2 , 2 , | |, where | | is 

the power transferred to intermodulation products. Therefore, the following expression to 

determine 1dBCP, based on plotting | | | | versus | |: 

10	log 	 0 | | 10	log | | | | 1   (C.70) 

by substituting the previous assumptions into Equation (C.70) and carrying out some algebra, 

the relationship between ,  and ,  to obtain the 1dBCP previously described in 

(C.66) is: 

10	log 	 0 , 10	log , 1 10	log	 1
| |

	 ,
     (C.71) 

where the term 10	log	 1
| |

	 ,
 0.5 dBm for the cases plotted in Figures 7.17 (c) and 

(d) from Chapter 7. According to this figure, this term becomes 0.38 and 0.47 for f = 113 and 

1013 Hz, respectively. Differences could be associated to errors related to the fitting or in 

determining | | (performed experimentally from electrical measurements). In fact, a small 

difference between such frequencies is observed in | |, as intermodulation products cannot be 

properly distinguished in frequency by the measuring equipment settings, as stated in Chapter 7 

Section 7.4.3.2. Then, in the case of a VNA is not suitable to carry out compression gain studies 

with heterodyne driving of the amplifier, but this situation changes when using thermal means, 

as discussed in the next section. 

C.5.4 ,  extraction from thermal measurements for  and 

1dBCP determination 

After determining and compensating the biasing point contribution to the thermal field, the 

resulting |∆ | , ∆  provides the behavior of Re ,  (high frequency 

down conversion by Joule effect), and consequently, ,  and ,  can be easily 

deduced from Equations (C.52) and (C.53), respectively. However, ,  and  do not 
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present the same 1dBCP and the followed criterion should be changed, as previously 

demonstrated. Therefore, determining  from thermal measurements is possible, assuming 

several aspects. By compensating the biasing point contribution to the thermal measurements, 

 can be inferred as Re , , since  and  (i.e., amplitude and 

phase of ) are evaluated at , , expecting a very low  when are close to 

fexc,0≈fc,G. Namely, ,  makes reference to  and  evaluated 

electrically at ,  and when  is squared, the term Δ  is only considered. Thus, a 

precalibration can be used to fit the following expression with temperature, as: 

Re
,

	 	
,

, ∥ , ,

, .	(C.72) 

This equation predicts that the 1dBCP can be fixed by M1 (due to its non-constant 

transconductanc depicted in Equation C.54) or M2 (factor multiplied by 	). Notice that 

,
0 starts to become relevant around 1dBCP of M1 or at higher input 

powers, which make possible studying this phenomenon in the first situation analysed in C.5.3 

(M2 fixes 1dBCP). In any case, the origin of output compression (i.e., due to M1 or M2) can be 

determined by local measurements, as assessed in Chapter 7. 
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