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“Everything is theoretically impossible, until it is done”

Robert A. Heinlein

“No es cierto que la gente deje de perseguir sus suefios porque en-
vejece, mds bien envejece cuando deja de persequir sus suefios”

Gabriel Garcia Marquez
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In this thesis, we target the drain current modeling for or-
ganic thin film transistors (OTFTs) and Indium-Gallium-Zinc-
Oxide thin film transistors (IGZO TFTs) from 150K to 370K.
Using the current models developed, we analyse the temper-
ature dependences by applying direct parameter extraction
methods to experimental I — V characteristics applying tem-
peratures from 150K up to 370K for OTFTs and IGZOs. In
addition, we analyse the gate capacitance behaviour ranging
the temperature from 200K up to 300K. Most parameters of
the gate capacitance model are extracted from I — V charac-
teristics. We successfully validated our models by compar-
ison with experimental I — V' characteristics of both OTFTs
and IGZO TFTs from 150K up to 370K and C — V character-

istics at different frequencies for OTFTs.
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Introduction

Before the first transistors appeared (Edgar, 1930)(fig.1) in
1947, electron tubes were used to control the electric current.
This component required high voltage, high power consump-
tion, the efficiency was lower and even, it was bulky. This
electronic component was called the vacuum tube. Since the
Bell Labs in 1946, a group of scientific started to research in a
new device that gave solution to fundamental limitations of

the vacuum tubes.

The transistor is an electron semiconductor device able to
conduct and stop current. This component is used to control
the flow current thorough a electronic pulses (Edgar, 1930).
This semiconductor device can be P and N type. The tran-
sistor has a very long life, smaller in size, and it works at
low voltages and currents. The first transistor worked using
semiconductor junctions instead of heated electrodes in vac-
uum chamber. The first semiconductor transistor was man-
ufactured with Germanium (Edgar, 1930) (Heil, 1935) (Arns,
1998).

Over the years have new technologies of transistors and their
performance is enhanced every time. There are different types

of transistors for different engineering applications. Bipolar
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FIGURE 1: First transistor invented by John
Bardeen, Walter Brattain and William Shockly
at Bell Labs in 1947

junction transistors(BJT) (Palmour and Edmond, 1990), het-
erojunction bipolar transistors(HBT) (Cressler and Niu, 2003),
Darlington transistors (Colman and Cotton, 1986), Schottky
transistors (Shockley, 1956) are some of the most important
types of transistor developed through the years.

One of the most important types of transistors is the field ef-
fect transistor (FETs). The majority of the transistors used
in integrated circuit are FETs. Some of their advantages are
their lower consumption and small size (Bischoff and Kru-
sius, 1985). Also FET transistors are used in RF technologies
as amplifier switch (Choi et al., 2009).
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FIGURE 2: Example of a field effect transistor
structure

The field effect transistor is composed of three electrode ter-
minals called gate , drain and source. The gate controls the
electron or hole carriers located in the semiconductor channel
that flow from the source to the drain. This channel can be n-
type(electron carriers) or p-type(hole carriers) (Yabuta et al.,
2010).

The metal-oxide-semiconductor-field-effect transistor (MOS-
FET) is fabricated by the controlled oxidation of the silicon.
This silicon oxide layer is p or n type. The metal oxide semi-
conductor structure works as a parallel plate capacitor where
the gate and the substrate are the plates and the silicon oxide
is the insulator (Wodarczyk et al., 1992).

One type of transistor are the thin film transistors(TFTs). This
transistors are FET devices where the active semiconductor
region is a thin film amorphous, nanocrystalline or polycristalline
semiconductor,and as in MOSFETs, there is a dielectric be-

tween the gate gate and the active semiconductor layer. This
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mentioned layers are made by depositing thin film of an amor-

phous or polycrystalline materials (Tokunaga, 2010).

The amorphous silicon (a-5i:H) TFT nowadays the most used
TFT for large area electronic application (Powell, 1989). This
a-Si:H TFT is used in displays due to the possibility to de-
positing over big areas with a high resolution (Nathan et al.,
2004). The low cost and their mass manufacturing make a-
Si:H transistors a suitable devices for displays and large area

electronic applications (Carlson and Wronski, 1976).

Two of the most promising new technologies of TFTs are the
Indium-Gallium-Zinc-Oxide thin film transistors (IGZO TFTs)
and the organic thin film transistors (OTFTs) (Ito et al., 2008b).
Recently, the research community is taking interest in these
TFTs technologies and researchers have been considerably

improving the performances of these transistors.

The IGZO TFTs and OTFTs are deposited or printed in flexi-
ble substrates due to their low deposition temperature(similar
to the environment temperature). Thus, these transistor tech-
nologies are becoming very interesting in the development
of new technologies as flexible and printed electronics (Wong
and Salleo, 2009).

An IGZO TFT has in their semiconductor layer a material
based in Indium-Gallium-Zinc-Oxide. This transistor tech-
nology was developed by Hideo Hosono in Tokio- Japan in
2003 (Hosono, 2018). This device has an optimal behaviour in
display applications. The IGZO devices have a low consump-
tion. The electron mobility of this device is higher than other
TFTs technologies. As the electron mobility is high in this
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Passivation

ESL = etch stop layer

FIGURE 3: Indium-Gallium-Zinc-Oxide thin
film transistor structure

kind of transistors, these devices reach higher performances
than other TFTs. (Ito et al., 2008a) (Kim et al., 2012) (Ito et al.,
2008b). The IGZO TFTs are manufactured by different depo-
sition techniques such as Pulsed Laser Deposition, Solution
processing and combustion synthesis. Nowadays, the com-
bustion synthesis technique best known is the Spin coating.
In this process, a coating material is applied on the center of
the substrate and the coating material is spread due to a cen-
trifugal force applied to the substrate. The substrate rotate at
10000 rpm (Park et al., 2010).

The OTFTs has as semiconductor active layer an organic or
small molecule material (Horowitz, 2004). The main advan-
tage of this device is their manufacturing processes. This
fabrication methods are low cost and simple (Hirai, 2004)
(Klauk, 2006). One important feature of this technology is
that its mechanical flexibility makes them compatible with
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flexible displays. Other promising applications of this de-
vices are the biosensors (Roberts, Sokolov, and Bao, 2009)

(Sheraw et al., 2002) and electronic papers circuitry.

Much effort has been dedicated to the development of elec-
tronic devices based on both main types of organic materials:
oligomers and polymers. These two kinds of organic materi-
als present important differences related to both their prop-
erties and methods of preparation. While oligomers are usu-
ally obtained by vacuum deposition techniques, polymers
are most frequently deposited by spin coating or inkjet print-
ing. Concerning their properties, conductivity and non-intentionally
doping is usually lower for polymers than for oligomers; poly-
mers also present a more disordered structure than oligomers.
In polymers, P3HT is the one that has presented highest mo-

bility values, above 5x10_2% (Lyuleeva et al., 2018). An-
other feature of organic materials that can vary significantly
from one material to another is the energy distributions of lo-
calized states (DOS), which, in addition, can be further mod-
ified with annealing processes.

Currently, the OTFTs can be manufactured using printing meth-
ods such as inkjet printing process. But, the roll to roll print-
ing process is taking advantage over other printing processes.
In this process, a roll with the OTFT structure template spreads
the semiconductor ink over another roll that contains the sub-
strate(fig.5). By means of the roll to roll process the OTFTs
can be manufactured in mass and their effective manufactur-

ing cost is low.

There are different OTFTs manufacturing processes such as
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Organic layer
Dielectric layer
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FIGURE 4: Organic thin film transistor struc-
ture

sputtering, chemical and physical vapor deposition, organic
evaporation and another solution-based processes.In the sput-
tering process, energetic ions are accelerated towards a tar-
get(substrate or glass). This ions strike the target and atoms
are sputtered from the surface. The atoms advance until the
substrate and incorporate into the growing film (Lee et al,,
2013). The chemical vapor deposition is a process in which
precursor gases react to form film deposits on a substrate.
The advantage of this manufacturing method is that this pro-
cess can be carry out at atmospheric pressure and tempera-
ture (Chou et al., 2017).

Organic material deposition requires uniform and precise heat-
ing with excellent temperature and deposition rate control.
This is commonly achieved using a source similar to an ef-
fusion furnace (also known as a knudsen cell or k-cell). In
this type of source, evaporation of the target material occurs
via electrical (Joule) heating of a refractory metal filament
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coiled around a metal, ceramic, or quartz crucible. The cru-
cible is heated above the melting or sublimation point of the
source material to create adequate vapor pressure for depo-
sition (Taylor, 2015).

FIGURE 5: OTFT Roll to roll manufacturing
process

The structure, manufacturing process and performance of the
transistor has been evolving over the years, for this reason the
used of models that describes relevant physical phenomena,
mobility, current, voltage and capacitance in transistors plays

a fundamental role in this technological evolution. Without
these models, it would be impossible to analyse the behaviour
of these devices and then improvements would impossible.
Since the first transistor appeared, the physical behaviour mod-
els have been evolving as transistor technology evolved.

Nowadays, the models used in circuit simulators are called
compact models. This compact models are composed of an-
alytical equations using physical and fitting parameters used
to reproduce accurately physical phenomena.
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An example of parameter extraction and compact model is

the Unified Model and Parameter Extraction Method (UMEM)
applied to thin film transistor. The UMEM extracts the main

electrical parameters (mobility, threshold voltage, tempera-

ture characteristic of density if states, etc) from the exper-

imental measurements of the TFT under study. Also, the

method works at different transistor geometries, allowing the

comparison between two or more device technologies be pos-

sible (Estrada et al., 2005).

As mentioned before, the compact models have played an
important role for the research community in the evolution

and new applications of transistors, and the same can be ex-
pected for IGZO TFTs and OTFTs.

This doctoral thesis presents the development and improve-
ment of temperature-dependent capacitance and drain cur-
rent models in OTFTs and IGZO TFTs taking into account dif-
ferent physical phenomena existing in these devices. These
models are developed to ease the incorporation of these elec-

tron devices in large area and flexible electronics applications.

This document is divided in 4 chapters that show the devel-
opment of compact models and its validation. In the first part
of this work, we present a gate capacitance compact model
for OTFTs transistors and the verification of this model by
comparison with experimental results from OTFTs manufac-
tured by CEA-Liten (France). In the two next chapters, a com-
pact drain current model for OTFTs transistor valid for both
the above and subthreshold regimes is developed. The vali-

dation of this model was carried out at different temperatures
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from 150K up to 350K. The devices under analysis was manu-
factured by CEA-Liten. An analysis of the model parameters

extracted with different temperatures model is carried out.

Finally, the compact drain current model used for OTFTs is
adapted to IGZO devices and validated in IGZO transistors
manufactured by TNO Netherlands. We also present an anal-
ysis of parameters behaviour at temperatures from 200K to
370K.
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Chapter 1

Gate capacitance compact
model in Organic Thin Film

Transistor

In the past years, important research has been made in OTFT
modeling (Marinov, Deen, and Iniguez, 2006) (Estrada et al.,
2005) (Horowitz and Delannoy, 1991) (Zaki et al., 2014), giv-
ing emphasis to develop an accurate I — V model for these
devices. However, little attention has been given to model
the C — V characteristics of the device (Marinov, Deen, and
Iniguez, 2005) (Calvetti, Colalongo, and Kovacs-Vajna, 2005)
(Fadlallah et al., 2006) (Li et al., 2010) (Marinov, 2015) (Mari-
nov et al., 2006).

Regarding C — V modeling, there are a few models of ca-
pacitance in accumulation regime; some models apply dif-
ferent functions for the accumulation regime and the sub-
threshold regime (Castro-Carranza et al., 2012). Also, there
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are capacitance models which consider the frequency depen-
dence. These models can be used for low, medium and high
frequencies (Castro-Carranza et al., 2014). Nevertheless, to
the best of our knowledge, there is no capacitance model that
works over a wide range of frequencies and valid up to the

tirst capacitance derivative using a analytical expression.

A compact capacitance model has to describe every physi-
cal effects present in the capacitance of OTFTs. For example,
the compact capacitance model presented by (Horowitz and
Delannoy, 1991) reproduces very well the experimental gate
to gate capacitance data and it considers each physical be-
haviour presented in the subthreshold regime, as well, in the
accumulation regime, but it is composed of many physical
parameter being that the simulation softwares and circuits

simulation becomes complicate.

In this chapter, we present a compact capacitance model de-
veloped for OTFTs valid from depletion to accumulation regime
with continuous and smooth transition as well as for the first
order capacitance derivative. This model takes into account
the mobility and current at different frequencies. The com-
pact capacitance model uses the UMEM parameter extraction
procedure presented in (Estrada et al., 2005); parameters are
extracted from I — V data.

The compact capacitance model developed is used to ana-
lyze the effect of the parameter related to the density of states
(DOS) in the capacitance. In accordance to (Castro-Carranza
et al., 2012), OTFTs show a high crystallinity degree when
this parameter is close to 0. At the same time, this parameter



UNIVERSITAT ROVIRA I VIRGILI
PHYSICAL BEHAVIOUR ANALYSIS AND COMPACT TEMPERATURE-DEPENDENT MODELING IN ORGANIC AND IGZO TFTS
Harold Cortes Ordofiez

39

describes the manufacturing quality and it is used to charac-

terize phenomena that affect the OTFTs devices.

The first order capacitance derivative has been considered
as a method to extract the threshold voltage (V1) and the
flat-band voltage (Vrp) in crystalline field effect transistors
(equivalent to the second derivative method) (Rudenko et al.,,
2013) (Rudenko et al., 2014) (Rudenko et al., 2005) (Rudenko
et al., 2012). Here we study it in OTFTs and from it we dis-
cuss the information provided regarding Vr, Vrp and the op-
erating regimes in OTFTs.We demonstrate that our model re-
produces very well the experimental results of the first order

capacitance derivative.

1.1 Capacitance model

The capacitance model developed in this work is based on
(Castro-Carranza et al., 2014) with specific improvements in
depletion regime.To extract the parameters, we model the I-V

characteristics by means of the expression
—WCiprer(Ves — Vr)

W
L(1+ Rfci}”FET(VGS - Vr))
Vps(1+ AVps)

Ips = (1.1)

+ Iy

where W and L are the channel width and length respec-

tively, Ci is the insulator capacitance,Vps and Vs correspond
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to drain to source voltage and gate to source voltage respec-
tively. R is the resistance between source and drain, Ij is the
leakage current, A and m control the channel length modula-
tion and the sharpness of the knee region respectively (Estrada
et al., 2005). The field effect mobility dependence is modeled

as
urer = uret,(Vos — Vr)7 (1.2)

HFETy = (1.3)

Via
being urer, related to the value of the mobility for low per-
pendicular and longitudinal electric field(Cerdeira et al., 2001).
correspond to the band mobility for the OTFT under study
and V4 is related to the density of states (DOS) (Estrada

et al., 2008a) and it is extracted using the UMEM procedure
(Estrada et al., 2005).The saturation voltage calculated by 1.5
depends of the saturation modulation parameter («).The -y
parameter indicates the deviation from crystalline mobility
behaviour. This parameter is related to DOS by means of
the characteristic temperature (Tp) (Estrada et al., 2008a).This
parameter is also extracted through the UMEM procedure.In
particular v parameter is given by eq.1.4.

T
7 =23 =2 (1.4)

On the other hand, the saturation voltage is calculated as

Vpssat = a(Vgs — V) (1.5)

As discussed in (Castro-Carranza et al., 2014), to obtain an
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expression of the total channel charge(Qcp), it is necessary to
use the non linearized equation of the drain to source current.

This current is written as

_ —WGCiprer,
Ips = I Van! (1.6)
(Vore — Vpse) 27 — VE) (14 AVps,)

2+

where the effective drain to source voltage (Vps,) is given by

the expression

V.
Vpse = 2 (1.7)
Vbs —
14 (——=)m|m
1+ ()]

Actually eq.1.1 is the linearized (in terms of Vpg)version of
eq.1.6. It is important to use an effective gate voltage expres-
sion (Vg1.) because this extends the current model shown
in the expression eq.1.6 to subthreshold regime. This equa-
tion allows to calculate the drain current in both subthreshold
and accumulation regimes making this model more accurate.

Ve is calculated as

Ves — Vr
Skl
Vore = SVGTekaln[l +e “Vertbt | (1.8)

where, Sy, is a fitting parameter, k;, is Boltzmann constant,

T is the operation temperature of device.

The insulator capacitance(Ci) is calculated considering gate
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insulator thickness (d;), the vacuum permittivity (eg) and di-

electric constant (¢;) as

(1.9)

The above expression considers the frequency dependence,
according to the formula proposed by Cole and Cole (Cole
and Cole, 1941) (Castro-Carranza et al., 2014).The dielectric
constant as a function of the frequency can be obtained by
€i0€ico

€ = €jo T w

1+ (ﬁ)l.%p

(1.10)

where w = 271f , €;, and gy correspond to the permittivity at
low and high frequency respectively, 7 is a fitting parameter
has frequency units and p is a fitting parameter with value
between 0 and 1 (Castro-Carranza et al., 2014).

The total channel charge expression was derived in (Castro-

Carranza et al., 2012)
—-WC? (Vore — Vpse)>*7 — Vor!
= 1.11
QcH Ins MFET 3+ (1.11)

By differentiating eq.1.6 with respect to Vg, we obtain the
channel to gate and the gate to gate capacitances in accumu-

lation regime as

~9QcH _ 9Qc

CcH-c = = —Cgg (1.12)
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The depletion capacitance depends on the depletion width as

2
€s &5 | 2es|Vgs — V1|
b cit\ce™ gNp (113

where, e5 represents the permittivity in the semiconductor

layer, g is the electron charge and Np corresponds to the non

intentional doping concentration which is in order of 10'4cm =3

(Kim et al., 2013). If the film gets the full depletion, Wp takes
the W value. _
€s
Cp = 1.14
=" (114)

In the gate capacitance model we consider that the capaci-

tance in the deep subthreshold regime (Cp)is due to the film
depletion (Castro-Carranza et al., 2014). It is modeled in eq.1.14.

CpCiWL .
; if Vg < Vr
Cro = { (Cp +Ci)(WL) (1.15)
CiWL if Vgs > Vr

Then, the final gate capacitance model is the result of a sum
of the capacitance in accumulation regime given by the equa-
tion eq.1.12 and the depletion capacitance shown in the ex-
pression eq.1.15.The complete capacitance model can be cal-
culated by

— tanh(pB)

1 1+ tanh
Cror = [ICeol— w+IHp)

5 (116)

] + [ICcal

where B = (Vgr + AVr)Q2, being AVt a correction of the

threshold voltage for capacitance in C — V measurements. Q2
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correspond to a transition parameter and has units of V! .

The function Tanh gives a smooth transition between regimes.

Capacitances can be calculated as

20
Cl-]- = — BXQ/]-Z (1.17)
when i is different to j and
90:
Cij = 8% (1.18)

]
when i is equal to j

i and j can be any of the three terminal electrodes(drain-D,
source-Sand gate-G). In a 3-terminal device such as an OTFT

there are 9 independent non reciprocal capacitances.

The gate to drain capacitance (Cgp)for small signal simula-
tion can be calculated from the Q¢ eq.1.11 (Castro-Carranza
etal., 2012).Cgp is given by

_9QcH
Cap = Ty, (1.19)

Finally, the gate to source capacitance (fig.1.1)(Cgs) eq.1.20
can be calculated as the difference between Cror and Cgp
shown in the expressions eq.1.16 and eq.1.19 respectively (Castro-
Carranza et al., 2012).

Ccs = Cge — Cep (1.20)
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FIGURE 1.1: Capacitance between gate and
source terminals in PMMA on P3HT thin film
transistor structure

1.2 Capacitance compact model valida-
tion

To validate the developed capacitance model, we performed
measurements on a polymer p-type polymeric MIS capacitor.
Also,to carry out the parameter extraction, we performed I —
V measurements (tab.1.1) in OTFTs manufactured in CEA-
Liten (Grenoble-France), the layers of which were of the same
materials and had same thickness as the targeted MIS capac-
itors. The semiconductor organic layer is based in the SP400
polymer and the organic dielectric layer is fluorinated. Ac-
cording to eq.1.2 and eq.1.3 urgr is not directly extracted,
since it depends on Vg. Using our extracted parameters we

2
obtained prgr = 0.418% at Vgs = 30V.The bias voltage
applied to the capacitance measurement was £100mV.
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TABLE 1.1: Model parameters extracted from

I — V measurements. They have been used fro

drain to source current, charge channel and
gate to capacitance models.

Parameter Value

o 0.663
v 0.386
AV —0.029
AVr[V] —0.7
m 4.487
Q[v1 0.8
Sv.,[C71] 5.5
T[K°] 300
Vaa[V] 5.10%
Vr[V] 3.09
n|Hz] 392

p 0.47

The MIS capacitor used in the measurements had as L =
20um and W = 7860um. At low frequencies, we can ap-
ply our OTFT capacitance model to organic MIS capacitors
with the same layer structure, materials and quicknesses. The
charge and capacitance equations of the organic MIS capaci-
tors are calculated from the gate charge and capacitance equa-
tions presented in the capacitance model for OTFT, and ap-
plying Vp = 0V, which requires to apply the L’'Hopital rule to
find the analytical expressions which are indicated in (Ifiiguez
and Moldovan, 2010)(for 3-terminal FETs). We will show in
this section that our approach is valid at least up to 10kHz

The OTFT used to extract the parameters thorough UMEM
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procedure from the I — V curves were top gate bottom con-
tact multifingers with 13 fingers, which corresponds to 13
parallel channels with Wr = 665um each. The final chan-
nel dimensions are W = 7980um and L = 20um . The source
and drain have a width of 20um. The relative permittivity
of the dielectric is approximately 2Fm ! and the thickness is
700nm. The semiconductor thickness is 40nm with a relative

1

permittivity close to 4Fm~". This wafer was manufactured

by the roll to roll printing process.

Itis important to highlight that we inverted the polarity of the
model equations, voltages and the results obtained because
the device used are P-type. Therefore, they were treated with
the polarity of an N-type device. The manufacturer has not
disclosed to the authors the chemical formulas and process-

ing details by the fabrication of the samples.

10u +

Experimental
—o— l,g modeled at V,= 1V

< E
% 100p 4 E
10p .
1p r
100f o i‘
10f 4 6 20 :

1f T T T T T T T T

-10 0 10 20 30

Vs(V)

FIGURE 1.2: Modeled and experimental drain
to source current(Ips) as function of Vgs.
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The measurements of the capacitor were taken at three differ-
ent frequencies: 500Hz, 1kHz and 10kHz in parallel equiv-
alent circuit mode. The equipment used for take this mea-
surements is Agilent 4284A LCR Meter available in IMEP-
LAHC Grenoble laboratories. As it can be seen in fig.1.2, the
non-linear drain current model calculated data is in excellent

agreement with experimental data.

40.0p L L
—=— Experiment 0.5 kHz|
35.0p Model 0,5 kHz L
= Experiment 1 kHz
30.0p Model 1 kHz -
=— Experiment 10 kHz
L 25.0p 4 Model 10 kHz -
)
Q
& 20.0p- -
o
S 150
@ 2P B
O
10.0p -
5.0p 5 -
_ e
0.0 F===== T T T
0

20
VesV)

FIGURE 1.3: Modeled and experimental ca-
pacitance at 500Hz, 1kHz and 10kHz frequen-
cies.

At 500Hz , the capacitance model reproduces from depletion
to accumulation regime the measurement data very well as
shown in fig.1.3 .A good agreement between the experimen-
tal and modeled values is obtained at 1kHz and 10kHz. This
validates the capacitance model presented in this work. Fol-
lowing eq.1.10, €;; = 1.989 , €j = 1.704 and €;3 = 1.182 are
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the values of the permittivity at 500Hz, 1kHz and 10kHz fre-
quencies respectively.

1.3 First Order Capacitance Derivative

We apply the first order derivative to the gate capacitance
obtained by our OTFT model and measurements. It was ap-
plied at the three targeted frequencies. The fig.1.4 shows the
tirst derivative of Cror against Vs applied to both measure-
ments and model at 500Hz. Our model reproduces reason-
ably well the experimental results including the position of
the observed two peaks taking into account that in every dif-
ferentiation process usually some accuracy is lost.

7,0p

6,0pH

5,0p —o— Experimental
1 Model

4,0p—

3,0p

2,0p—

9C sV gs (FIV) at 500 Hz

1,0p

0,0

FIGURE 1.4: First derivative of Cror vs Vg at
500 Hz
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4,0p
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3,0p

2,0p

9CqaldVgs (FIV)at 1 kHz

1,0p

0,0 T T T T T T ; T

FIGURE 1.5: First derivative of Cror vs Vg at
1 kHz

In fig.1.5, we analyzed the derivative of the gate capacitance
at 1kHz. The agreement between model and experimental
data is quite good, including the position of the two peaks.

At 10kHz, the agreement between experiment and model is
still accurate. At higher frequencies, when non quasi static
effects are very significant, we will need to account for them
in a more accurate way that just by means of ¢; (Estrada et
al., 2013).Anyway, we still observe in fig.1.6 only traces of the
second peak.

The first peak corresponds to Vr defined as the transition
voltage from full to partial depletion. The second peak is re-
lated to the transition between the partial depletion and the

accumulation regime, which start at flat bland voltage(Vrp)
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FIGURE 1.6: First derivative of Cror vs Vs at
10 kHz

as it happens in crystalline accumulation mode (or deple-
tion) SOI MOSFETs in accumulation mode (Rudenko et al.,
2014). Our model reproduces quite well the transition be-
tween these operating models.

1.4 Review

We presented a compact OTFT capacitance model which shows
good agreement with experimental C — V data, and their deriva-
tives, for frequencies up to 10kHz, and from the depletion
to accumulation regimes. The capacitance model is derived
from expressions of total charges compatibles with our pre-

viously presented drain current model. Most parameters of
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the capacitance expressions were extracted from I — V mea-

surements.

We found that the Cpor takes the C; values in the accumu-
lation regime. We observed that Cror decreases as the fre-
quency increases, and we demonstrated that the theory pro-
posed by (Cole and Cole, 1941) is fulfilled. i.e, ¢; is frequency
dependent up to 10kHz in our manufacturing OTFT technol-
ogy under study.

The analysis of the experimentally obtained first order capac-
itance derivatives shows clear transition behaviours between
full and partial depletion, and between partial and accumu-
lation behaviours. The second peak of the plots of the first
order derivatives of the gate capacitance versus the gate volt-
age indicates in which voltage there is not electrical charge in
the organic material. In other devices this voltages is called
flat band voltage (Vrg). Our model reproduces quite well
the results of the first order derivative of the gate capaci-
tance(including the positions of both peaks) up to 10kHz.
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Chapter 2

Compact modeling of
OTFTs at temperatures from
150K up to 300K

As explained in the Introduction and in Chapter.1, Organic
TFTs are very promising devices for flexible and printed elec-
tronics. OTFT performances are already comparable to a-Si:H
TFTs (tig.2.1). Therefore, OTFTs can be applied not only as
sensors in flexible substrates, but also in circuits for sensor
driving and interfacing. In order to design OTFTs circuits,
physically-based current models for OTFT DC, AC and tran-
sient characteristics are needed. This requires a correct un-
derstanding of the physical effects affecting OTFT behaviour.

The behavior of I-V characteristics of organic thin film tran-
sistors, has been frequently represented using the same ex-
pressions as for MOSFETs (Horowitz et al., 1998), to which
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FIGURE 2.1: Representative structure of elec-
tron transporting of a n-channel thin film tran-
sistor

specific effects present in OTFTs as ohmic or non-ohmic re-
sistance at drain and source contacts are added (Necliudov et
al., 2003) (Klauk et al., 2003). The presence of leakage current
through the dielectric (Shur et al., 2007), or across the chan-
nel are other features that have also been considered. The
work presented by (Estrada et al., 2005) shows some pen-
tacene OTFTs that can be very accurately modeled using the
same expression for mobility as for amorphous silicon TFTs.
The transistor model also included series resistance and non-
ohmic contacts. Among the advantages of this method are
the simple and precise extraction procedures that can be used
to determine all model parameters from the electrical charac-
teristics of the devices. At the same time, model parameters

are related to physical properties of the device.
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In general, mobility in OTFTs increases with gate voltage, al-
though the law of growth may vary from one material to an-
other. Some authors have reported also a dependence of mo-
bility with Vpg, which has been related to a Frenkel-Poole
type effect associated to traps in the material (Gupta, Jeon,
and Yoo, 2008), as well as to the lowering of the emission
barrier in traps located at the boundaries between crystals in
polycrystalline materials (Verlaak, Arkhipov, and Heremans,
2003).

Material properties of polymers as molecular weight, regioreg-
ularity and in general its microstructure (Verilhac et al., 2006)
(Sirringhaus et al., 2000), diluents in the case of spin casting
deposition techniques (Joung et al., 2005), as well as involun-
tary or controlled doping (Jiang et al., 2002) (Arkhipov et al.,
2003) can significantly modify not only the value of mobility
at low fields, but its variation with temperature and voltage.
In addition, processing conditions as thermal annealing will
affect the properties of the materials and therefore mobility
(Joung et al., 2005).

For the above reasons, the electrical behavior of organic de-
vices may vary significantly for different materials and struc-
tures, which is something that must be taken into account

when models are implemented.

From the theoretical point of view several expressions to model
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mobility as function of different parameters have been ob-
tained. For example, in (Arkhipov et al., 2003), the depen-
dence of mobility with regioregularity in PBHT was repro-
duced, calculating mobility as function of charge carrier con-
centration, considering hopping as main transport mecha-
nism and a double Gaussian DOS. Adjustment with experi-
mental data was achieved by just fitting DOS parameters un-
til agreement was met. In (Arkhipo et al., 2004), the same ap-
proach was used to model the dependence of mobility with

doping concentration.

Since, the final goal of these studies is to model the behav-
ior of the transistor, expressions representing the behavior of
mobility must be previously obtained to be included in the
transistor models.

Nowadays, new research in transistors semiconductor at low
temperatures appears with the purpose to study the behaviour
of different materials operating at temperatures lower than
300K. For this, it is necessary to develop current models able
to analyse physical effects with temperature dependences (Jon-
scher, 1964).

Very few models have considered the temperature depen-
dence, although temperature analysis is useful to identify rel-
evant physical mechanisms. Most of those temperature stud-
ies have been carried out only for I-V characteristics at high
temperatures and do not address all parameters. The work
by (Estrada et al., 2013) only targets mobility in polymeric

transistors.
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A recent paper presents results of low temperature I-V char-
acteristics in OTFTs and the temperature dependence of some
parameters within a range of low temperatures (Haddad et
al., 2018) (Wang, Register, and Dodabalapur, 2019) (Wang and
Dodabalapur, 2018). However, the parameter extraction method
used is based on crystalline devices, and as a result, param-
eters which are related to the OTFT Density Of States (DOS)
are not studied. Currently, to improves the performance of
this devices since the physical point of view, have been devel-
oping different manufacturing process to manage the physi-
cal parameters explained before in OTFTs (Lodha and Singh,
2001).

In the first part of this second chapter, we present a complete
analysis of the current in an OTFTs manufacturing technol-
ogy for temperatures ranging from 150K to 300K. Parame-
ters were extracted using a physically based unified model
and extraction method (UMEM)), specific for OTFTs, based on
assuming an exponential DOS and variable range hopping
(Estrada et al., 2008a) (Zaki et al., 2014). The dependence of
model parameters with temperature are determined. Lastly,
we analyze the C-V behavior at low temperatures from 200K
to 280K using the compact capacitance model able to work in
both, depletion and accumulation regime (Cortes-Ordonez et
al., 2019).

The parameters used in the I-V characteristics are extracted
as (Estrada et al., 2005) (Kim et al., 2013). Using the extracted
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values of the parameter, our model shows very good agree-
ment with the experimental I-V and C-V curves in both tech-
nologies for temperatures ranging from 150K to 300K in two
manufacturing technologies and from 200K to 280K respec-

tively.

2.1 OTFT drain current model and pa-

rameter extraction

In OTFTs, as in inorganic amorphous TFTs, the purgr as func-
tion of Vs is modeled by the following expression

(Vos — V)7
= yy———’ 2.1
HEET = o™ (pg 2.1)
rewriting the last expression,
_ Ho 5
mrer = —~ (Vos — Vr) (2.2)
Vaa

the term ‘]//[—07 is extracted from the UMEM procedure.

aa
Eq.2.1 and eq.2.2 can be derived in terms of physical param-
eters following the works by (Estrada et al., 2008a) and (Vis-
senberg and Matters, 1998). The model developed by (Vis-

senberg and Matters, 1998) derived the following expression
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of the field effect mobility considering the variable range hop-

ping(VRH) mechanism of carries between localized states.

HrET = — ( —) T .. (2.3)

where 0y is a fit parameter, q is the electric charge , Tj is
the characteristic temperature of the localized states, ag cor-
responds to the effective overlap describing hopping, Bc is
around 2.8. C;, es and k; are the dielectric capacitance per
unit area, the dielectric constant of the dielectric layer and
the Boltzmann's constant respectively. The flat band voltage
(VEB), defines the onset of accumulation, and in OTFTs can be
identified with the threshold voltage, Vr.

The expression of the yrpr model was obtained from

L 1 9lpg
= — —_— 2.4
HEET = 3y CiVps Vs @4
The drain current model was calculated from:
W t
IDS = fVDS/ dxa[é(x), T] (25)
0

being t the channel thickness.

The work presented by (Vissenberg and Matters, 1998) shows
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the calculation of the conductivity (¢[é(x), T]), where (x)
represents the carrier occupation for a given Fermi level. The
mobility model shown in eq.2.3 depends on the characteristic
temperature T of the exponential DOS described as

E
84(E) = gdoexp(—m) (2.6)

being oy and «y fitting parameters.

The temperature characteristic (Tp) is calculated from the
model as T
0

=2(= —1 2.7

r=2(7 -1 (2.7)

where T is the operation temperature of the OTFT under study.The

¥ parameter should indicate the quality of the device technol-

ogy. Following (Estrada et al., 2005), v > 0 indicates that the

behaviour is typical of amorphous and nanocrystalline de-

vices and is related to the trap conduction mechanism.

In order to obtain an analytical expression, the localized charge
density in the organic semiconductor layer was considered to
be much larger than the free charge density. The resulting ex-
pression of the drain current current in the above threshold
regime is
Ios = BT, To)C 57
2T, 2Tp

(Vs —=Vrg) T —(Vos—Vps— Vi) T ],

(2.8)
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where
B(T,Tg) = —° T k_sz)).-. (2.9)
[Be(2a0)3] T To
AT 2T
[Sln(TO)]E(Ci) T
2k, Ty E,l
(es) T

The expression of yrer (eq.2.3) is obtained by applying eq.2.4
to the expression of current in eq.2.8.

Eq.2.8 and eq.2.9 has the same form as the expression of the
drain current derived by (Shur and Hack, 1984) for a-Si:H

TFTs
W T
Ips = P(T, T0)Cip 5 (210)
21, 21,
[(Ves=Veg) T — (Vs — Vep) — Vps) T |
where
o
_ pl (Ci) T
P(T, Ty) = P(T, To)——— (2.11)

To

()T
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and
_Epp —Ey
k;, TNyex kyT
P/(T,Ty) = — b2 VEXp 212
( O) _EFO_EV T() ( )
[qkygaexp Koo T
szn(n—T) To
(0]
2%k, To

being Er, and Ey the Fermi level and the valence band en-
ergy respectively.Therefore, we can make equivalences be-
tween parameters in eq.2.8 and eq.2.9 and those in eq.2.10,
eq.2.11and eq.2.12. Equating eq.2.8 and eq.2.10 and replacing
BT, Ty for P(T, Ty), the drain current model when Vps <<
Ves — Vep is

W
Ips = fCiVFET(VGS — VrB)Vps (2.13)

and the prrr is modeled as

21,

2 2T0
cH) T — 2
urer = P'(T, To)—( ! T; (Ves—Vrp) T (2.14)
94
(65) T

The expression of yrrt (eq.2.14) has the same form of (Vs —
Vrp) dependence as eq.2.3. By equating both equations we
can write the yrpr parameters in eq.2.3 in terms of the phys-

ical parameters appearing in the expression of eq.2.14.
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2To
c) T

PI(T, Ty)" 1)2T0 = VZ‘;V (2.15)
(es) T

In OTFTs, g = 1em?/V s.

The external voltage applied along drain and source is calcu-
lated as
Vps = Vigs + IpsR (2.16)

being Vs and R the voltage applied to the channel and R the

series resistance.

Taking into account the effect of the voltage drop at the series
resistance up to first order, the general continuous analytical

expression for drain current is modeled as

—~WCiurer(Ves — Vr)
o
L(1+ Rfcil/lFET(VGS — V1))

Ips =

(2.17)

where L and W are channel length and channel width respec-
tively. C; is the insulator capacitance, R is series resistance
and it is extracted as in (Cerdeira et al., 2016), m is a fitting pa-
rameter related to the sharpness of the knee region. I is the
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leakage current.The channel length modulation dependence

with the drain source voltage (Vps) is given by A parameter.

To extract the key parameters in the above threshold regime,
we calculate the integral function for the current in OTFTs
in linear regime (eq.2.19) from the integral function H(Vgs)
(eq.2.18) shown in (Estrada et al., 2005) and (Kim et al., 2013).

Vs 106 (X)d
H(Vgs) = Jo IDS?‘S/(GS)) : (2.18)
Hy(Vgs) = ﬁ(vcs — Vr) (2.19)

Applying eq.2.19 to the experimental transfer characteristics
at low drain-source voltage, and carrying out linear regres-

sion of resulting values, we extract V7 from the intercept and
1

7 from the slope . We obtain the Ss slope from (Ipg) T+ vs
(Ves — Vr) and the V,, parameter is extracted as:

(") uoCiVps [+

thﬂ - [ Ssl+,)/

(2.20)

The parameter « controls the saturation voltage. The satura-
tion voltage is given by:

VDSat = OC(VGS — VT) (2.21)

To calculate the a parameter it is necessary to calculate the
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1

Ssat slope from I;Sj;try vs (Vgs — Vr). The parameter « in
saturation regime is extracted by

2
o = e = 2.22
(1) oCi 222

In the subthreshold regime, the drain current is modeled as
(Kim et al., 2013):

Ipsy = Ipsye S (2.23)

where S is the subthreshold swing, and is extracted as:

2.3

~ Slope(Ipg) 229

Ips, corresponds to the current when Vg = 0V.

The non-linear resistance is applied when the output charac-
teristics are deformed at low Vpg by effects of the non-ohmic
contact. The non-linear resistance is modeled by

RC — RcoeirlvDS oy I:;/llfTT..- (2'25)
do nkT
IDS (VGSmax )]e

Rco = 0 when the non-linear contact is not present. To calcu-
late the parameters n and I, it is necessary to plot log(Ips)vsVp;.
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Vp1 is the drain voltage where the non-ohmic phenomenon
is present. The slope and the intercept of the curve plotted
are calculated and these are rename as Sg;,4, and Int .4, re-

spectively.

The parameter 7 is calculated following

log(e
_ g—(k)T (2.26)
Sdiode™—
lrode q
and the parameter 1;, as
1, = 10!™diode (2.27)

Having all the parameters extracted, we use a unified expres-
sion of the drain current, which tends to eq.2.23 in subthresh-
old and to eq.3.4 above threshold (Kim et al., 2013). The total

drain current is modeled as:

Ios, = |1ps|[ M Ves Z WV DVIQ)) = 5 o

1—tanh(Vgs — (Vr + DV)Q)]
2

.+ ‘IDsb + IoH

Q is a fit parameter and the leakage current(lp) is the mini-
mum current value of the experimental data. DV is extracted

as. 1
L 77=
DV = (V) Ipe ——— )1+ 2.29
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The activation energy is given by:
Eq = Tokb (2.30)

where kb is the Boltzmann constant.

The maximum trap density (g;0) is calculated following (Hernandez-
Barrios et al., 2018) and it is apply to calculate an estimate
value to g9 in OTFTs.

2 oo Vx
Ncﬁ((fo x_(PS_GOf dx)

1+4e Pt
1 I
(kbTT)((Jy —Tsz.ekaO)

1+2T
x —9r
—(f O“H%dx.ekaO )
Pr— Ps Pf

—(f0 e 1 = dz.ekbTr)

142 T

8do = (2.31)

where, ¢ is the fermi level potential, s is the surface poten-
tial, ¢; is the thermal potential and @77 is the characteristic
potential. N¢ is the density of the states in the equivalent
conduction band in OTFTs. Tr = 2Ty — T. The eq.2.31 is
used for IGZO devices, and in this case, it is used to calculate
an estimated g, in OTFTs.
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The density of interface states(D;;) is calculated from S and is
given by:

Sin
_ kbTiIn(10)

q

-G —-Cp

D (2.32)
where Cp is the depletion capacitance of the organic film

layer calculated as (Castro-Carranza et al., 2014).

Keeping the parameters obtained through UMEM procedure,
the gate capacitance is calculated following the procedure ex-
plained in the chapter 1. In this case, the total gate charge

model in accumulation regime is given by

—WC? (Vore — Vpse)¥™ — VS?Z
Ips HEET 3+

QcH = (2.33)

where Vi, is the effective gate voltage overdrive and it is
used to model the transition of the non linearised expression
of the current between the subthreshold and the accumula-
tion regimes (Chapter 1,(Cortes-Ordonez et al., 2019)). Vps,
is the effective drain voltage,(a continuous function tending

to Vpg in the linear regime and to Vpg,; in saturation).

The unified expression of the gate capacitance is explained in
(Chapter 1 ,(Cortes-Ordonez et al., 2019)) and it is given by:

— tanh(pB)

1 1+ tanh
CTOT = [|CEQ|#] + [|CGG|—(IB)

> | (2.34)
Crg and Cgg correspond to the depletion and accumulation
capacitance, respectively. B = (Vgr + AVr)Q2, being AVt a

correction of the threshold voltage for capacitance in C — V
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measurements. Q2 corresponds to a transition parameter and
has units of V1. The function Tanh provides a smooth tran-
sition between regimes (Cortes-Ordonez et al., 2019). Cgg is
calculated from the Qcpy derivative respect to V.

Applying the eq.2.33 is calculated the gate charge as,

Qc = —QcH (2.35)

2.2 Parameter extraction from I-V char-

acteristics

In the first manufacturing technology, we performed mea-
surements on polymeric p-type based in SP500 polymer OTFTs
manufactured in CEA-Liten(Grenoble- France). The OTFTs
under study were top gate bottom contact multifingers with
L =20 ym and W = 2000 ym. The total channel length of the
transistor consists of 13 parallel fingers with Wr = 154 ym.
The dielectric thickness is 700 nm and the relative permittiv-
ity is close to 2. The thickness of the organic semiconductor
layer(the active layer of the OTFT) is 40 nm and the estimated

relative permittivity is 3.

The fig.2.2 shows the experimental and modeled Ips — Vs
characteristics at Vpg = 1V(linear regime), and fig.2.3 at Vpg =
20V (saturation regime) in both linear and logarithm scale .A
reasonably good agreement between the experimental data
and the Ipg model is observed, at least for Vg lower than
25V. Ipg increases with temperature due to the field effect

mobility increase caused by a carriers increase (Kim et al.,
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—o— Model at 150 K°
Experiment at 150 K°
—>— Model at 200 K°
Experiment at 200 K°
2.0 —— Model at 280 K°
Experiment at 280 K°

2 .5p 4

500.0n <4 5~

R

=

T

FIGURE 2.2: Modeled and experimental drain
to source current(Ips) as a function of Vg at
Vbs = 1V in linear and logarithmic scales

2013). A good accuracy between the experimental data and
the Ips model is presented at logarithm scale in the subthresh-
old regime in both Vpg = 1V and Vpg = 20V.

Fig.2.4, fig.2.5 and fig.2.6 show a good agreement between
experimental data and the Ip modelled in the output charac-
teristic at different Vi changing the temperature from 150K
up to 300K . We can observe also that at low temperatures the
Ip model is accurate enough, and it predicts the temperature
behaviour very well at different Vp .

In tab.2.1, we can see the values of the extracted parameters.
As seenin fig.2.7, the mobility increases with the temperature
within the targeted low temperature range(150K - 300K). As
explained above, we associate this phenomenon to the fact
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FIGURE 2.3: Modeled and experimental drain
to source current(Ips) as a function of Vg at
Vps = 20V in linear and logarithmic scales
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FIGURE 2.4: Output characteristics in differ-
ent V; at 150K

AND IGZO TFTS
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1 1

I, model at V_= 20V

—={=I1,model at V_= 15V

7.50p | =}=I,model at V_= 10V
Experimental

500y |

I(A) at 260K

2500

FIGURE 2.5: Output characteristics in differ-
ent V; at 260K

=—0=—1, model at V_= 20V

I, model at V = 15V
15.0u -{| ——1, model at V_= 10V -
Exprimental

I,(A) at 300K

T . T .
0 5 10 15 20

VoV)

FIGURE 2.6: Output characteristics in differ-
ent V at 300K
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FIGURE 2.7: urgr vs Temperature from 150K
up to 300K

that mobile carrier density increases with increasing temper-
ature. The fig.2.8 shows the dependence of 7 for this technol-
ogy. Usually, 7y in OTFTs ranges from 0 to 1, being 0 the value
of a crystalline devices (Kim et al., 2013). We observe that
7 decreases with increasing temperature, indicating a more
crystalline like behavior. If < is nearly to 0 as in crystalline
devices, the generated charge is free.

Overall, the S parameter increases with increasing tempera-
ture (fig.2.9). The density of states (DOS) at the interface in-
creases very lightly with increasing the temperature (values
shown in fig.2.10 and tab.2.1 as D;;).S depends monotonically
on the interface trap density, and its increase with increasing
the temperature is mostly due to the fact that the subthresh-
old current in mostly due to diffusion, which increases with
temperature. The values of g, are indicated in tab.2.1.
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FIGURE 2.9: S vs Temperature from 150K up
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FIGURE 2.10: Dj; vs Temperature from 150K
up to 300K

The temperature dependence of Tp (DOS characteristic tem-
perature) is shown in the fig.2.11. Tj usually is constant, in
this case we observed that it increases almost linearly with
temperature, this effect seems to be the same as for the in-
crease of the characteristic energy of the tail DOS with tem-
perature observed in a-Si:H materials (Cody et al., 1981), which
was attributed to the temperature dependence of the dynamic
phonon disorder.

Parameter V,, is related to the mobility and it is extracted us-
ing eq.2.20. We can observe in fig.2.12 that the V;, increases
with the temperature. Finally, as seen in fig.2.13, to analyze
the behavior of V1, we used the expression VT(T) — Vr(300K);it
is shown that it decreases with increasing temperatures, which
can be related to the change of the trapped charge density.

The maximum trap density (fig.2.14) decreases with increas-
ing temperature.
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TABLE 2.1: Extracted model parameters from
I — V measurements. They have been used for
modeling of OTFTs in the range from 150K to
300K.
150K 215K 260K 280K 300K
0% 0.551 0285 0.185 017 0.15
S[V/decade]  0.149 1.058 1.269 1.392  1.567
prerlem?/Vs] 014 0.123 0.28 0.364 0.452
Vr[V] 6.05 5.28 4.76 445 425
To[K] 191 246 284 304 322
Sao[cm™3][10'8]  3.493 1.913 1.444 1.331 1.227
-2
cm
it ——— = = 1.5968x101° =
320 A
Q/D
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FIGURE 2.11: Tj vs Temperature from 150K
up to 300K
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Rl | V4 at temperatures below 300 K
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FIGURE 2.12: V,, vs Temperature from 150K
up to 300K
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FIGURE 2.13: V7 vs Temperature from 150K
up to 300K
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On the other hand, in the fig.2.15 the activation energy in-
creasing with temperature. As Tj increases almost linearly
with temperature. The E 4 is directly proportional to this tem-
perature. The maximum value of E 4 reached at environment
temperature (300K) is around 0.30eV'.

2.3 Analysis of the temperature depen-

dence in the gate capacitance

Analyzing the same device for which we performed the pa-
rameter extraction, we studied the temperature dependence
of the gate capacitance. The capacitance measurements were
done using the Agilent 4284A LCR Meter. To carry out the
measurements at different temperature of the capacitance in
OTFTs, we used the cryostat station with temperature rang-
ing from 200K up to 280K.

300p4 | = Experimentat 200K - nif

----- Model at 200K .

> Experiment at 240K
- — —Model at 240K

»  Experiment at 280K
Model at 280K

25,0p

20,0p

15,0p -

Capacitance(F)

10,0p 4

5,0p

FIGURE 2.16: Capacitance vs Frequency at
temperatures from 200K up to 280K
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In fig.2.16, we show the total gate capacitance calculated from
eq.2.34. We can see in fig.2.16 that the temperature affects
the capacitance at low Vg, i.e the temperature affects the de-
pletion capacitance and the capacitance values at the transi-
tion between the depletion and accumulation regimes. In the
strong accumulation regime, the gate capacitance is the same
as the dielectric capacitance and the temperature does not af-
fects its value. Our capacitance model reproduces well the

experimental C-V characteristics.

2.4 Review

We analyzed the temperature dependencies in the I-V and
C-V characteristics for polymeric OTFTs in the temperature
range from 150K to 300K. We adapted and applied the unified
model and parameter extraction method (UMEM) specific for
OTFTs, obtaining a reasonable good agreement between the
modeled and the experimental I-V characteristics within the
targeted temperature range.

For the output characteristics, we obtained a good agreement
between the modeled and experimental I-V data. At low Vpg
at low temperature, we observed that the non-linear R¢ af-
fects the current. It is to highlight that our model reproduces
very well this physical phenomenon at low temperatures as
seen in fig.2.4
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Furthermore, the temperature dependence of model parame-
ters has been studied in detail, observing that both, the thresh-
old voltage and the subthreshold swing increase with increas-
ing temperature, whereas the characteristic temperature and

the field effect mobility increase as temperature is risen.

The 7 parameter decreases with increasing temperature,as
well as the field effect mobility, due to the increase of the
mobility charge density. As a result, the performance of the

OTFT becomes higher with rising temperatures.

Dj; is almost constant, the value of this parameter variate be-
tween 1.5944x10'° and 1.5972x10'° . The average value of
D;; = 1.5968x101°,

As the material of the semiconductor is unknown, the cal-
culation of g;, and E4 considering the electrical behaviour
is very important. The g4, = 1.227cm ™3 at 300K, being this
density a good calculated value for OTFTs devices ((Estrada
et al., 2008a).

Also, we used the extracted parameters from I-V characteris-
tics to analyze the temperature and frequency behavior in the
capacitance. We demonstrated theoretically and experimen-
tally that the temperature does not affect the capacitance in
accumulation regime but it affects the transition from deple-
tion to accumulation. We obtain good agreement with exper-

imental results.
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Chapter 3

Unified compact modeling
for OTFTs at different
temperatures

In this chapter, we analyze the OTFT bahavior from low to
high temperatures, in particular from 200K up to 350K. After
extracting parameters following UMEM procedure described
and adapted to OTFTs in Chapter 2, we apply our OTFT model
reproduce the experimental I-V characteristics from 200K to
300K. Besides, we study and provide physical explanations
of the behaviour of the key parameters from 200K to 350K, in
particular mobility, threshold voltage, characteristic temper-
ature, subthreshold swing, saturation parameter, and density

of states.
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3.1 Modeling and calculation of physi-

cal parameters

To model the drain current in OTFTs, we used the UMEM
procedure adapted to OTFTs. It is based on a power law mo-
bility model (Estrada et al., 2005) explained in the Chapter 2
as:

[ (VGS — VT)

7" = prer,(Ves — Vr)? (3.1)
Vaﬂ

UFET = Ho

o corresponds to the effective band mobility of the OTFT
material under analysis. V7 is the threshold voltage. The V;,
parameter controls the yrpr (Kim et al., 2013). As mentioned
in the previous chapter, the -y parameter is related to the den-
sity of states (DOS) and indicates the deviation from the crys-
talline mobility behavior. This parameter is calculated as

To
y=22-2 (3.2)

The UMEM procedure explained in previous chapters can be
used to extract the key mobility parameters as Vr, S, V;, and
Rc through the integral function Hq(V;s) for the current in
OTFTs at linear regime(eq.3.3).

1
H{(Veg) = ——— (Vg — V- 3.3
1(Vis) 2+’y( cs — Vr) (3.3)
The model of the drain current in both linear and saturation

regimes (above threshold) is given by:
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Ipg = —— - peeer(os = 1) (34)
L(1+ RfCiVFET(VGS — V1))
Vpe(l+ AV,
ps(1+ Ds)1 o
Vbs —
1+ m
( VDSsat

where L and W are channel length and channel width respec-
tively. C; is the insulator capacitance, R is series resistance
and it is extracted as in (Cerdeira et al., 2016), m is a fitting pa-
rameter related to the sharpness of the knee region. Iy is the
leakage current.The channel length modulation dependence
with the drain source voltage (Vps) is given by A parameter.

The rest of parameters are calculated following the procedure
explained in the chapter 2.

3.2 Results

We performed measurements on polymeric p-type OTFTs also
manufactured in CEA-Liten(Grenoble- France). The OTFTs
were top gate bottom contact with L = 80 ym and W =
1000 ym. The dielectric thickness is 900 nm and the rela-
tive permittivity is close to 3. The thickness of the organic

layer(fluorinated) is 40 nm.

tig.3.1 shows the experimental and modeled Ips — Vs char-
acteristics at Vpg = 1V(linear regime), and fig.3.2 at Vg =
20V (log regime).A reasonably good agreement between the
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FIGURE 3.1: Modeled and experimental drain
to source current(Ips) as a function of Vg in
linear regime

experimental data and the Ips model is observed. Ipg in-
creases with temperature due to the field effect mobility in-

crease caused by a carriers increase (Estrada et al., 2005).

The fig.3.3, fig.3.4 and fig.3.5 shows the Ip as function of Vp at
different temperatures from 200K to 350K. As seen for man-
ufacturing technology addressed in the last chapter, the Ip
model reproduces very well the transfer and output charac-
teristics at different temperatures. For temperatures higher
than 300K, the model yields a very good agreement with the
experimental data.

In table.3.1, we can see the values of the extracted parame-
ters. As seen in fig.3.6, the mobility increases with the tem-

perature. As explained above, we associate this phenomenon
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FIGURE 3.2: Modeled and experimental drain
to source current(Ipg) as a function of Vg in
logarithm scale

to the fact that mobile carrier density increases with increas-
ing temperature. The fig.3.7 shows the dependence of * for
this technology. Usually, v in OTFTs ranges from 0 to 1, be-
ing 0 the value of a crystalline device (Kim et al., 2013). In
this case, 7y decreases with increasing temperature until 300K
like in the technology analysed in the chapter 2. Also, we ob-
served a saturation in this parameter, then <y increases with

increasing the temperature after it get the 310K proximally.

The S parameter increases with increasing temperature un-
til 300K(tig.3.8). The density of states (DOS) at the interface
increases with increasing the temperature.S depends mono-
tonically on the interface trap density, and its increase with
increasing the temperature can be due to the displacement of
the Fermi level through band edges where the trap density is
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FIGURE 3.3: Modeled and experimental drain
to source current(Ips) as a function of Vs in
logarithm scale

higher (Estrada et al., 2008a). The temperature dependence
of To (DOS characteristic temperature) is shows in fig.3.9 Tj
is not constant. It increases with the temperature. It is due to
the increase of the characteristic energy. The effect was also
reported in a-Si:H TFTs and explained in (Cody et al., 1981).

Parameter E 4 is related to the DOS and it is calculated us-
ing eq.2.16 in the last chapter. We can observe in fig.3.9 that
the E4 increases with the temperature. Finally, as seen in
tig.3.11, we analyze the behavior of Vr,it is shown that it de-
creases with increasing temperatures, which can be related to

the change of the trapped charge density.
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FIGURE 3.4: Modeled and experimental drain

to source current(Ipg) as a function of Vg in
logarithm scale

3.3 Review

The temperature dependence analysis of the I-V character-
istics of polymeric OTFT was performed from 150K to 350K.
Applying the UMEM procedure adapted to OTFTs(as explained
in Chapter 2) and adding the non-ohmic effect model pro-
posed in the chapter 2, we obtained very good agreement be-
tween experimental and modeled I-V characteristics within
the targeted temperature range in logarithmic and linear scales.
Also, the non ohmic effect was reproduced very well at tem-
perature 200K at low Vpg, as seen in chapter 2.

As seen in the results, the current increases with increasing
the temperature due to the carrier density increases, which,
in turn, causes an increase of yurgr the temperature. Regard-
ing the v parameter, we can observed that it decreases with
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FIGURE 3.5: Modeled and experimental drain
to source current(Ipg) as a function of Vg in
logarithm scale

increasing temperature. This parameter evolution indicates
that at high temperature, the device behaviour approaches a
quasi-crystalline regime.

Overall, subthreshold swing parameter (S) increases with in-
creasing temperature. Above 330K we observed a change
of trend due to the saturation of the trapped charge density.
Other parameters such as, Tp , V1, E4 were analysed, and we
observed a decrease of Vr with increasing the temperature,
and an increase of Tp(and therefore E 4) as the temperature is
raised from 200K to 350K. Physical explanations have been
provided for these effects. In general our model reproduced
quite well the transfer and output characteristics in the tem-
perature range between 150K and 350K.



UNIVERSITAT ROVIRA I VIRGILI
PHYSICAL BEHAVIOUR ANALYSIS AND COMPACT TEMPERATURE-DEPENDENT MODELING IN ORGANIC AND IGZO TFTS
Harold Cortes Ordofiez

91

1 1 1 1 1 1
0\3\ ‘ —0— U, vs temperatures from 175K up to 350K

100m A -

uFEr(cmst)

10m -

BIO l 3|5 I 4ID I 4|5 I SIO I 5|5
1000/M(K™)

FIGURE 3.6: urgr vs Temperature from 150K
up to 350K

09+ -

0.8 o

- | —o—v vs temperatures from 170K up to 350K I

06 - L
-

S I
05 — L

0.4 -
03 -
02 =

0.1 -

0.0

1 4 T X 1 L 1 ol T ¥ 1
180 210 240 270 300 330
T(K)

FIGURE 3.7: 7 vs Temperature from 150K up
to 350K



UNIVERSITAT ROVIRA I VIRGILI
PHYSICAL BEHAVIOUR ANALYSIS AND COMPACT TEMPERATURE-DEPENDENT MODELING IN ORGANIC AND IGZO TFTS

Harold Cortes Ordofiez

92

84 n
o
74 L
[—o— S vs temperatures from 170K up to 350K]
| /O !
S 54 2 L
Il ,////
Q
a o
E«4_ D””’ B
1%
34 L
2 / -
ks

T T L T T T L T ¥ T
180 210 240 270 300 330
T(K)

FIGURE 3.8: S vs Temperature from 150K up
to 350K

TABLE 3.1: UMEM parameters extracted from

I — V measurements. They have been used for

modeling of OTFTs in the range from 150K to
350K

UMEM 175K 250K 300K 325K 350K

¥ 0.5636 0.452 0.0414 0374 0.325
S[V/Decade] 1251 4285 5946 7.683 8.006
prerlem®/Vs] 0.0037 0.062 0.167 0226 0.282
Vr 722 4351 2747 1821 0.985
E4leV] 0.019 0.026 0.031 0.033 0.035
To[K] 22426 306.5 3621 385.77 406.87
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Chapter 4

Parameter extraction and
compact drain current
model for IGZO transistor
from 210K up to 370K

Since IGZO TFTs appeared in the technological market as
a promising device for large area electronics, the research
community has been interested in understanding their phys-
ical mechanisms, enhancing the performance of these devices
and extending their applications (Zou et al., 2011) (Yabuta et
al., 2006).

Several works analysing the temperature behavior of IGZO
TFTs have been published. However, only a few parame-
ters such as field-effect mobility or threshold voltage have
been studied as a function of temperature (Lee et al., 2011)
(Abe et al., 2014). Besides, no complete compact model for

IGZO TFT has been validated from low to high temperatures,
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which limits circuit design using these devices in applications

with variable temperatures.

In this chapter, we study and discuss the temperature depen-
dence of the key physical parameters of IGZO TFTs, and us-
ing the extracted values, and we extend our previous IGZO
TFT compact model to the temperature range from 210K to
370K.

Our physically-based compact IGZO TFT model was described
in (Hernandez-Barrios et al., 2018). It was developed by as-
suming a negligible density of deep states and an exponential
density of tail states, and by considering both free and lo-
calized charges.The localized density of states at conduction
band edge and the characteristic temperature of the density
of states (DOS) are fundamental parameters in this model. It
was shown (Hernandez-Barrios et al., 2018) (Moldovan et al.,
2016) (Estrada et al., 2008a) that the so-called Unitied Mod-
elling and Extraction Method (UMEM) adapted to IGZO TFTs
can be used to directly extract the physical parameters using

this model from the I-V characteristics.

Using our model and direct extraction methods, we obtain
the values of the key physical parameters of IGZO TFTs from
210 K to 370 K. We analyzed and discussed the observed tem-
perature behavior of these parameters, in particular the char-
acteristic temperature, tail states density at the bottom edge
of the conduction band, threshold voltage, mobility and sub-

threshold swing. We found that as temperature increases the



UNIVERSITAT ROVIRA I VIRGILI
PHYSICAL BEHAVIOUR ANALYSIS AND COMPACT TEMPERATURE-DEPENDENT MODELING IN ORGANIC AND IGZO TFTS
Harold Cortes Ordofiez

97

characteristic temperature of the DOS increases, therefore re-
futing the extended assumption that it is temperature inde-
pendent. We provided an explanation for this effect.

Finally, using the extracted parameter values, we successfully
applied our drain current model to reproduce both the trans-
tfer and output I-V characteristics of IGZO TFTs from 210K
to 370K. The agreement with experimental data is very good
from the subthreshold to the above threshold regimes, and
from the linear to the saturation regimes

4.1 IGZO modeling and parameter ex-

traction

The distribution of the acceptor-type localized states (g;) present
in the mobility band of the amorphous n-type inorganic TFT

is calculated through the sum of the tail and deep states with

E dependence as

Ec—E
- kTy

Ec—E
— Qudoe(— 4.1
Sadoe( kaz) (4.1)

8a = ZatolXp

being gut0 and g,4, the tail and deep acceptor densities extrap-
olated at Ec = E respectively. E is rge conduction band en-
ergy, 11 and T; are the characteristic temperatures of the tail
and deep states respectively. k, is the Boltzmann constant.

In the above threshold regime, the field effective mobility

in amorphous TFTs is represented by the power law (Shur,
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1984) (Engl, Dirks, and Meinerzhagen, 1983).

WUFET = (Vs — Vr)Te 4.2)

Vaaa

being Vr the threshold voltage, the parameters Vaa and 7,
defining the variation of the mobility with gate bias in the
above threshold condition. The parameter . is equal to 1em?/ Vs

and it is used for dimensional purposes.

The A parameter is related to the channel length modulation
and this coefficient defines the non-ideal output curve at high
Vps.

The asymptotic current in the saturation regime (at very high
drain voltage)can be calculated as I;s = Isut (1 + AVpg), being
Isq¢ the current when Vpg is equal to the saturation voltage.
The I;s defines a higher current than the actual one, which
gradually tends to the asymptotic current as Vpgs becomes
sufficiently high. The critical point of this approach is that the
current Is and the Ipg experimental current are distant from
each other and this gives rise to an not accurate prediction of

the low voltage output conductance (Turin et al., 2010).

To solve the problem presented in the last paragraph and fol-
lowing (Kim et al., 2013) report, the real drain current in the

saturation regime is modeled as
Ips1 = ISat[l + /\(VDS - VSat)] (4.3)

where the saturation voltage is calculated by Vs,; = ag(Vgs —
Vr) and ag is the parameter that defines the saturation volt-
age. Calculating I, using eq.4.3 yields values closed the



UNIVERSITAT ROVIRA I VIRGILI
PHYSICAL BEHAVIOUR ANALYSIS AND COMPACT TEMPERATURE-DEPENDENT MODELING IN ORGANIC AND IGZO TFTS
Harold Cortes Ordofiez

99

measured Ipg and the prediction of the output conductance
is very accurate. This method prevents unexpected overesti-
mation of low Vpg conductance by reducing the contribution
of the asymptotic term in the linear regime.

The effective drain-source voltage (Vps,) function is used to
smooth the transition between linear and saturation regimes
and it is equal to Vpgs when Vps < Vi and equal to Ve >
Vsat-

Vbs
Vsat

being m a fitting parameter in the sharpness of the knee re-

1
Vpse = Vpg[1+ | "] m (4.4)

gion in the Ipg current between linear and saturation regions.

In our model, the drain current in the above threshold regime
has the same form as the current in organic TFTs (see Chap-
ter 2 and Chapter 3). We added the corrected channel mod-
ulation term explained above. The Ipg in IGZO devices is
modeled as

| Vgs — Vp [
VaaT: (4.5)

| Vgs — Vp |7
1+ KR
* Vaara

Vps[1+A(] Vps | _VDSE)]]
1
m

Ipsay = K

o
Vbs

1+ | 2
[1+] as(Ves — Vr)

"]
W . :
where K = f;tOCi, being W and L the width and length

channel of the device under study respectively. R is the con-

tact resistance and C; is the gate capacitance per unit area.
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In the subthreshold regime, the drain-source current is mod-

eled as
(Vgs — Vep) 1t

VobT VDse1

Ipssy = K (4.6)
being Vrp the flat band voltage and Vpg, is a transition volt-
age and it is calculated as

1
L[)S mi
V =V +(—— m
DSel DS [1 (“(VGS VFB) ) ] (4-7)

The parameters V};, and <y, control the variation of the mobil-
ity with the gate bias in the subthreshold regime. 7, depends
on the temperature T and on the characteristic temperature
of the deep states distribution (T,) as shown in eq.4.1.

Vo = 2(% —1) (4.8)

In the deep subthreshold regime the dominant transport mech-
anism is charge diffusion and, as a result, the drain current
shows as exponential dependence with the gate voltage over-
drive. The subthreshold current is modeled as

2.3[Vgs — (Vrg + V1)
Ipsasy = exp 51 (4.9)

the Vj is a fitting voltage used to smooth the transition be-
tween Isgy, and Ipgyqp. Sp is the deep subthreshold slope of
the experimental Ipg in the subthreshold regime. The extrac-

tion of this parameter is explained in the chapter 2.
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To calculate the total subthreshold current it is necessary to
use an expression accounting for the transition between both
subthreshold regimes(the regime where the deep states dom-
inate and the regime where the current is dominated by diffu-
sion). In our model we use an interpolation function based on
hyperbolic tangent functions.The subthreshold current Ipgs
is modeled as

— tanh|[(Ves — (Ve + 1)) Q4]
2

1+ tanh|[(Vgs — (Vg + 1))Q1]]

2

| (4.10)

1
Ipsst =| Ipssy | [

+ | Ipsasy | |

where, the Q; parameter control the transition between both

subthreshold regimes.

To obtain the full drain-source current model, it is necessary
to use an expression which includes both the above subthresh-
old and the subthreshold currents as well as a leakage current
(flow through the non-depleted portion of the IGZO film);
this curren is called off-current (Ip). Considering the drain
current expression in each regime, as well as interpolation
functions based on hyperbolic tangents, the unified drain cur-

rent expression is modeled as

1-— tanh[(VGs — (VT + VO))QO]]
2
(4.11)
1+ tanh[(Vgs — (V1 + VO))QO]H
2

Ips = £[| Io | +Ipsap!

+ | Ipsst | |

Vo is used to sew the subthreshold and above threshold regimes.
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Qo is the weight on the tanh function. It is important to high-
light that the positive sign (+4) in eq.4.11 correspond to n-
channel TFTs and the negative sign (—) to p-channel devices.

The parameter extraction procedure that we use for this IGZO
TFT model is based on the UMEM method described before.
The key parameters are extracted by means of the integral
function method applied separately to the above threshold
and the subthreshold regimes In the above threshold regime,
the integral function used is

OVGS Ips(x)dx 1

_ _
H(Vgs) = oe(Ves) 2Jr%(VGS —Vr) (412

The parameter V7, 7, and ag are extracted following (Moldovan
etal., 2016). Once these parameters are extracted, the field ef-
fect mobility is calculated using eq.4.2. The upper limit is the
maximum gate voltage used for the transfer characteristic in
the linear regime measurements. When the device is biased
up to high voltage values, the exact value of the upper limit
is given by the Vs where the maximum slope happens. An-
other form to extract the upper limit is using the maximum
peak of the transconductance (g,,). In some experiments, the
non ohmic effect appears at high V5. In this case, to model it
and extract the non-ohmic contact effect parameters, we ap-
ply the model and extraction method described in Chapter 1
for OTFTs

In the subthreshold regime, the parameters Vbb and 7, have
temperature T, and g,4, dependences. The physical param-
eters T and g,4, corresponding to the subthreshold regime
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(deep states DOS) are calculated following (Moldovan et al.,
2016). In subthreshold regime the integral function is defined

as

fOVGS Ips(x)dx 1
Ips(Ves) 2+ 7

H(Vgs) = (Vs — Vrg)  (4.13)

being Vrp calculated from the intercept, <, from the slope of
the eq.4.13 integral function where its shows linear depen-

dence.

The density of the deep states is calculated as

_Ec — Ero
SF0 = Satexp  KI2 (4.14)

where Ep is the fermi level.

4.2 Model validation and parameter ex-

traction

substrate

FIGURE 4.1: Cross section of the IGZO tran-
sistor under study

We performed measurements on an IGZO thin film transistor
manufactured by TNO (The Netherlands). These transistors
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have a top Etch Stop Layer (ESL) (fig.4.1). The device under
study has L = 20um, W = 100um. The relative dielectric
constant is €, = 4.7, the insulator thickness is t; = 200nm and
the thickness of the ESL is t; = 100nm. We performed mea-
surements of the I — V' characteristics at temperatures from
210K up to 370K using equipment available in IMEP-LAHC

(Grenoble, France).

10u H Ip at different temperatures
E Lo

11 at210K
{l——1, at 240K

14 I at 300 K|
Il—1patasoK| 44
Jl=e—toat 370K 7
100n 4 /
$ :
= 10n
o ]
in4 5,001
100p ‘
] 2 0 2 4 6 8 10
VgsV)
T T I ! i : ;
2 0 2 4 B i i

Vas(V)

FIGURE 4.2: Experimetal and modeled Ip at
different temperatures in linear and logarithm
scale

As we can see in fig.4.2, the drain current ID increases with

increasing temperature in all operating regimes.

We applied our extraction procedure to the I-V characteris-
tics from 210 to 370 K. The <y parameter (fig.4.3) decreases
with increasing temperature. This indicates that when the
temperature increases, the device presents a more crystalline-
like behavior. This is consistent with the Fermi level of the
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TABLE 4.1: Extracted model parameters from
I — V measurements

210K 270K 300K 350K 370K

0% 0.187 0.139 0.079 0.017  0.008
uppr(em?/Vs) 1557 1667 1758 20174 21.29
Vr(V) 1.201  0.632 0.25 0.109 0.03
S(V/Decade) 0196 0211 0234 0265 0291
To(K) 229.63 288.76 311.85 352.97 371.48
Ex(eV) 0.02 0.025 0.027 0.0305 0.032
quo(cm~)x108 1752 1327 1137 0947  0.901
Dit(cm=2eV~1) 1.307x10'!

semiconductor moving toward the bottom of the conduction
band and causing an increase in the ratio of free to localized

carriers (Hernandez-Barrios et al., 2018).

urer and pret, (fig.4.4 and fig.4.5 respectively) increase with
temperature due to the increase of mobile carrier concentra-
tion (Cerdeira et al., 2016). As seen in fig.4.6,Vr decreases
with increasing temperature, as observed in other TFT de-
vices (Estrada et al., 2008b). In the case of IGZO TFTs, this
can be explained by the increase of oxygen vacancies with in-
creasing temperature, which in turns leads to the generation
of free electrons. This phenomenon was observed in (Estrada
et al., 2016) for high temperatures. We see in fig.4.6 that it
happens from temperatures as low as 210K to 370K. As we
can see in fig.4.7, the subthreshold swing S increases with in-
creasing temperature from 210 K. From S we extracted the
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FIGURE 4.3: 7 vs Temperature

density of interface states, Dj; following (Su et al., 2011),

SC]CZ'

 kTIn(10) Ci—Cp

it (4.15)

q
where Cp is the depletion capacitance of the IGZO layer, cal-
culated as in (Su et al., 2011). The extracted values of D;;
show a negligible temperature dependence.

We observe in fig.4.8 that the characteristic temperature of the
tail DOS, Ty, is not constant as usually assumed, but increases
near linearly with T. The explanation of this effect seems to
be the same as for the increase of the characteristic energy of
the tail DOS with T observed in a-Si:H materials (reported
by (Cody et al., 1981)) from measurements of the optical ab-
sorption coefficient: increase of the dynamic phonon disor-
der. Actually, the model for this effect presented in (Cody et
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FIGURE 4.4: urpr(Vgs = 10V) vs Tempera-
ture

al., 1981) for a-Si:H materials also predicts a near linear in-
crease of the characteristic energy for temperatures between
150K up to at least 350 K, as we observe in our IGZO TFTs.

In addition (table.4.1), the values of T;y are lower than others
reported before (Estrada et al., 2008b). Obviously, E4 (fig.4.9)
shows the same temperature behavior as Tj.

In fig.4.10 we show that the tail state density and the conduc-
tion band edge, gat, decreases with temperature, despite it is
commonly assumed that it is constant with temperature. This
can be considered as a correction of the assumed exponential
behavior of the tail DOS in IGZO materials.

The extracted parameter values were incorporated to our IGZO
TFT model, which was validated by comparison with the
measured I — V characteristics. In the fig.4.11, we observed
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FIGURE 4.5: purpr,, which has units of
cm? /vl gives the numerical value of prgr
when Vg — Vr =1V

the experimental and modeled transfer and output charac-
teristics at different low and high temperatures. A very good
agreement between the experimental Ip data and the mod-
eled Ip is observed from 210K up to 370K.

4.3 Review

We analyzed the behavior of the I-V characteristics for IGZO
TFT devices from 210 to 370K. Using a physically-based I-V

model and a direct extraction method we obtained the values
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FIGURE 4.6: V7 vs Temperature

of the key physical parameters and we studied their temper-
ature dependence. We found that the characteristic temper-
ature of the DOS and the total trap density vary with tem-
perature, we explained these effects. Using the extracted pa-
rameter values in our I-V model, very good agreement was
observed with the experimental data from 210 to 370K.

Considering the -y analysis, the behaviour of this IGZO TFT
technology is similar to crystalline technologies at high tem-
peratures. Another very good result was the behaviour of the
urer, at high temperatures this device techology reaches the
22cm?/ Vs being it a high value in this kind of IGZO device.
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IpvsVps for low and high temperatures
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Conclusion

In this thesis, we presented drain-source current compact mod-
els for OTFTs and IGZO TFTs valid within a range tempera-
ture. Also, we developed a gate to gate capacitance compact
model that reproduces the regimes observed in the capaci-
tance in OTFTs. To validate each of these models, we ex-
tracted parameters from I-V and C-V characteristics at differ-
ent temperatures and frequencies in OTFTs. For IGZO de-
vices, the parameter extraction was performed at different
temperature from I-V characteristics. Generally, we obtained
very good agreement between experimental data and models
in I-V and C-V characteristics in both organic and IGZO de-
vices. We observed several physical effects which were not
reported before and we succeeded in explained physically
this effects.

In the chapter 1, we presented a new compact capacitance
model for OTFTs. This model shows a good agreement with
experimental C-V data at different frequencies. The plot of
the first order gate capacitance derivative versus the gate volt-
age shows two peaks, the first one between the full and par-
tial depletion regimes, the second one between the partial
depletion and the accumulation regimes. These peaks are
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the result of these transitional behaviours. The presented ca-
pacitance model reproduces very well the position of those
peaks. It was found that the total capacitance Cror decreases
with increasing frequency. This behaviour is accounted for by
using a frequency-dependent dielectric permittivity. In the
strong accumulation regime, the model predicts that Cror
takes the C; values, as observed. The temperature variation
does not affect the Cror values in accumulation, but only in
the transition between depletion and accumulation, and this
is well reproduced by the model.

The Chapter 2 and 3 we analysed the temperature depen-
dences of the drain current model of two different OTFTs
manufacturing technologies between 150K and 350K, and we
presented an I-V model showing good agreement with exper-
imental data at both low and high temperatures, using the ex-
tracted parameters. The OTFT technology targeted in Chap-
ter 2 was studied at low temperatures(from 150K to 300K),
and the OTFT technology addressed in Chapter 3 was anal-
ysed from 200K to 350K. The extracted parameters show sim-
ilar temperature dependencies in both technologies. Both
manufacturing technologies show similar temperature depen-
dence considering the physical parameter analysis. We ob-
served for the first time in OTFTs that the characteristic tem-
perature increases almost linearly with increasing tempera-
ture and we provided a physical explanation for this effect
(increase of the dynamic phonon disorder). We found that the
effect of the non-linear contact injection cannot be neglected
at low temperatures and we accurately modeled it. The de-

vice described in Chapter 2 shows at room temperature prgr
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values higher than other organic transistor technologies pub-
lished. It was found that as temperature increases above 300K,
the mobility tends to become constant with respect to the gate

voltage, therefore showing a quasi-crystalline behaviour.

Finally, in the Chapter 4 we addressed the compact modelig

of IGZO TFTs at different temperatures. This IGZO technol-

ogy shows very high values of prgr compared with other
IGZO TFTs technologies. We improved a previous compact
IGZO TFT model to accurately account for channel length
modulation, and we carried out parameter extraction from
IGZO TFT I-V characteristics measured at temperatures rang-

ing from 210K up to 370K. Very good agreement was ob-
served between experimental I-V characteristics and mod-
eled. The temperature dependence of the different param-
eters was analysed. As in OTFTs, it was found that the char-
acteristic temperature increases almost linearly with the tem-
perature, and we provided the same explanation as in OTFTs(increase
of the dynamic photon disorder). For the first time, we also
studied the temperature dependence of the maximum trap
density, and we provided a qualitative explanation for it(correction
of the exponential behaviour of the tail trap of the DOS in
OTFTs).

In general, the main conclusions obtained in this doctoral the-

sis project are the following;:

e Gate to gate capacitance compact model for OTFTs was im-
proved and validated at frequencies and temperatures from
500 Hz up to 10 kHz and 150K up to 300K respectively
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e Drain to source current compact model for OTFTs was ex-
tended and validated for temperatures from 150K up to 350K

e Drain to source current compact model for IGZO TFTs was
extended and validated from temperatures from 200K up to
370K

e Very good agreement between experimental and modeled

gate to gate capacitance

e The model reproduces accurately the operation regimes changes
At 500 Hz, 1 kHz and 10 kHz

e The gate to gate capacitance takes the C; values in the accu-

mulation regime

e The gate to gate capacitance decreases with increasing fre-

quency

e The OTFT dielectric constant decreases with increasing fre-

quency
e The temperature affects the capacitance at low gate voltage

e Reasonable good agreement between the modeled and ex-
perimental data over the targeted range of temperatures in
OTFTs and IGZO devices

e The subthreshold swing increases with increasing temper-

ature

e The threshold voltage decreases with increasing tempera-
ture in OTFT devices

e The threshold voltage decreases with increasing tempera-
ture in IGZO devices
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e The characteristic temperature increases as temperature is
risen in both OTFTs and IGZO transistors due to the dynamic
phonon disorder

o The field effect mobility increases with increasing tempera-
ture in both OTFT and IGZO TFT devices, due to the increas-

ing concentration of mobile carriers.

e In both the IGZO TFT and OTFTs technologies the drain
current increases with increasing temperature due to the field

effect mobility increase

e At high temperatures the OTFTs and IGZO transistors be-

haviors is similar to crystalline device
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