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Abstract 

 

Perovskite solar cells (PSCs) have shown large power conversion efficiencies in the 

laboratory, comparable to Silicon-based solar cells, in a very short time since their 

inception. However, a major impediment to their commercialization is their low stability 

in ambient environmental conditions and low tolerance to humidity. This instability is 

deeply connected to the mixed ionic-electronic conduction in PSCs, which is manifested 

in the hysteresis observed in current-voltage curves of the PSC, which depends strongly 

on external parameters of measurement. Therefore, this thesis aims to develop a holistic 

electrical model of PSCs using kinetic information to understand recombination, charge 

accumulation and transport of electronic carriers and ions.  

Existing models in the literature model the PSC similar to an organic solar cell, with a 

net electric field through the absorber that is the difference between the workfunctions 

(WF) of the two selective contacts. This electric field is modulated by the ions and 

determines the open circuit voltage (𝑉𝑜𝑐) via the built-in voltage (𝑉𝑏𝑖), therefore being 

mainly a charge collection model. However, this model cannot account for several types 

of hysteresis observed and also the giant capacitance that scales exponentially with 

voltage and light intensity, far larger than a purely ionic Helmholtz capacitance. Based on 

existing observations of an extremely slow decay of the 𝑉𝑜𝑐 and a persistent photovoltage, 

combined with huge charge densities visualised at the electron selective contact 

(ESL)/perovskite interface, a kinetic model based on the formation of an accumulation of 

both electronic and ionic carriers at the ESL/perovskite interface at large forward bias is 

proposed. This recombination based model connects the internal and external voltage of 

the PSC via the slow movement of the ions, which reproduces several of the hysteretic 

trends and their dependence on external parameters of voltage, scan speed and light 

intensity. The model is then extended to include surface recombination between the 

accumulated holes and electrons in the ESL, which depends strongly on the properties of 

the compact TiO2 layer. The interplay between charge accumulation and surface 

recombination explains the unique 𝑉𝑜𝑐 hysteresis observed in triple layer mesoscopic 

PSCs. The validity of the model depends largely on the nature and quality of transport in 

the PSC, which is then investigated by a two-pronged approach. The first method involves 

investigating the dependence of the ESL WF on the obtained 𝑉𝑜𝑐 for high efficiency PSCs. 

A WF variation of over 1 eV yielded very similar 𝑉𝑜𝑐 values and almost identical 

𝑗𝑠𝑐  values, indicating that the 𝑉𝑏𝑖  does not control the 𝑉𝑜𝑐 and that transport in the PSC is 

predominantly diffusive, with potential drops likely being absorbed completely at the 

interfaces.  

After establishing that recombination is the dominant mechanism controlling the 

performance of the PSC, Impedance Spectroscopy (IS) was used to identify the internal 

separation of potential (ie alternate recombination pathways) in the PSC. Due to the large 

disparity in results in IS that depends on materials and methods, including the general lack 

of information obtained in the case of PSCs, Intensity Modulated Photocurrent 



   

 

Spectroscopy (IMPS) measurements were also carried out. From existing knowledge 

about the IS equivalent circuit (EC) and the large low frequency (LF) capacitance 

observed, a basic theory of IMPS for PSCs was developed to interpret the IMPS spectra, 

with an internal separation of photovoltage across resistances in the EC yielding a unique 

reduction in the external quantum efficiency (EQE) at low frequencies between 10 Hz – 

10 mHz. This effect was also directly measured from the standard method of measuring 

the EQE using the differential spectral response method, where chopper frequencies 

between 10-500 Hz yield a variation as large as 10% in the measured EQE at short circuit 

(SC) conditions. In addition, the nature of the elements of the EC forming the time 

constants in either quadrant in an IMPS Q-plane plot is clarified through detailed 

derivations and simulations. Finally, IMPS and IS measurements were carried out at OC 

conditions to develop the underlying EC using information and parameter matching from 

both small perturbation techniques. This allows for the observation of an extra capacitance 

from IMPS measurements that is invisible in IS measurements due to the different 

elements forming time constants in either technique. This capacitance is two orders 

smaller than the giant LF capacitance, whose charging resistance is critical at controlling 

the net device resistance at standard voltage scan rates for measuring the PSC 

performance. The developed EC reproduces both the IS and IMPS response of PSCs, 

taking a large stride forward in creating a robust EC for the PSC that is generally subject 

to large variation in response based on materials and design. 
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Chapter 1 

 

Introduction 
 

1.1 Style 

This thesis is written in a journal article compilation style format. This format involves 

the division of the thesis into several chapters that address specific aspects regarding the 

work carried out. Chapter 1 involves a review of the literature to summarise the current 

state of knowledge in the field and open questions that make up the core of the research 

carried out. This is then followed by a description of the main techniques used to tackle 

the research problems, including a summary of the history of these techniques with respect 

to their applications in solar energy conversion, in Chapter 2. Chapter 3 carries out a 

critical overview of the studied research problems and the main results obtained, 

describing their context, interpretation and significance. Chapters 4-8 contain the obtained 

results and their conclusions in the form of the author’s final version of the manuscript 

prior to publication, with a preliminary statement of contribution provided before each 

publication. Finally, a section of general conclusions summarises all the findings and their 

implications for the current and future understanding of the field. 
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1.2 Literature review 

 
1.2.1 Energy crisis 

One of the biggest problems facing the world today is to satisfy the ever-growing 

demand for power. By 2040, it is estimated that the world energy consumption will rise 

by 28%.1 This demand will mainly come from the developing nations of the world, where 

rapid economic development, electrification and growing populations will occur. This 

will be coupled to the fact that the rapid advancement in quality and sophistication of 

devices will result in very high average energy consumption per device in the near future. 

Furthermore, current energy supply is dominated by fossil fuels such as oil and natural 

gas, whose reserves are estimated to last until 2040 and 2042 respectively.2 In addition, 

with the looming threat of global warming, aided by polluting CO2 emissions from 

burning fuel sources such as oil and coal, there is an urgent need for clean energy as well.  

 

 

  

 

 

 

 

 

 

 

 

Figure 1.1 Projected world energy consumption (from 2015) in quadrillion British 

thermal units (Btu) (1 Btu = 1055 J), extrapolated to the year 2040.  Data adapted from 

Ref. 1. 

 

Therefore, it is imperative that we harness and maximise the production of clean energy 

through renewable energy sources such as wind, hydroelectric, geothermal and solar 

energy. Currently, renewable energy sources form only 13.7% of the global energy 

produce, with biomass fuels contributing a large share.3 Increasing the production 

capacity of these renewable sources will not only increase the efficiency of energy 

production by phasing out inefficient power generation through burning fossil fuels, but 

will also minimise the emissions of CO2 into the atmosphere. In summary, utilisation of 

several different sources of renewable and clean energy in unison will be required to 

satiate the humongous power demands of the near future.  
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Figure 1.2 Spread of world total primary energy supply (TPES) in fuel in 2015. Data 

adapted from Ref. 3. 

 
1.2.2 Photovoltaics for the future 

Solar photovoltaics (PV) is a promising technology for large scale renewable energy 

harvesting. It is the fastest growing energy technology in the world, with annual 

installations having reached 50 GW, projected to increase in excess of 200 GW by 2040,4 

with a net share of 1.7% of the global electricity production in 2017. Si wafer – based 

solar cells (Crystalline Silicon (c-Si), multi-crystalline Silicon (m – Si)) constitute 95% 

of the global PV market, while other thin film technologies such as CdTe, CIGS and CzTs 

contribute the remaining 5% percent.5 Solar energy production is currently very cost 

competitive with hydroelectricity and slightly more expensive than the well-established 

wind technology in the United States of America.6 

It is in this climate that the perovskite solar cell (PSC) has emerged as an exciting new 

candidate for photovoltaic technology. Historically, the first use of the perovskite in a 

solar cell was in 2009, as a solid-state absorber in a dye-sensitized solar cell (DSSC) 

configuration, with efficiency between 3-4%, though with poor stability of the perovskite 

in the electrolyte.7 It was not until 2012 that it caught the attention of the photovoltaic 

community, with the formation of an all solid-state PSC with an efficiency of 9.7%, with 

stability in excess of 500 hours.8  
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Figure 1.3 Evolution of efficiencies of several photovoltaic technologies. The circle 

highlights the efficiency rise of perovskite solar cells. Data obtained from National 

renewable energy laboratory (NREL), https://www.nrel.gov/pv/cell-efficiency.html. 

 

Since then, there has been a rapid rise in the efficiency of these cells, with a record 

efficiency of 22.7% for a ~ 0.1 cm2 cell.9 This is seen in Figure 1.3, where the efficiency 

evolution of c-Si and thin film technologies over 45 years has been matched by the 

perovskite in just 10 years. Furthermore, PSCs are easily prepared using low-cost solution 

processed methods such as spincoating for small device sizes typically in a lab, while 

screen printing and slot-dye coating are promising techniques for large scale production.10 

The combination of low cost and high efficiency has led to the explosion of interest in 

these solar cells over the past few years. 

 

1.2.3 Perovskite Solar Cells 

This section will provide a general overview of the combination of unique physico-

chemical properties of the PSC that contributes to its excellent performance as a solar cell. 

This will be followed by an overview of the device operation properties of the PSC and 

current understanding of the physical mechanisms governing transport and recombination 

in these devices, in addition to presenting some open questions and validity of 

interpretations regarding the same. 

 

1.2.3.1 Device Structure 

The PSC works as an absorber layer sandwiched between two contacts that can inject 

and extract electrons and holes efficiently called the electron selective layer (ESL) and 

hole selective layer (HSL) respectively. Under illumination, the perovskite layer absorbs 

the incident radiation and generates electron-hole pairs, which are transported to the ESL 

and HSL respectively either due to an internal electrical field or by diffusion due to a 

gradient of concentration. These charges are then extracted by their respective selective 
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contacts and through the outer circuit to yield the measured current.  

Figure 1.4 (a) Regular and (c) inverted device structures of the PSC, with the perovskite 

crystal structure shown in (b), red, green and blue spheres corresponding to A, B cations 

and X anion respectively. Adapted from Ref. 12, licensed by CC-BY-NC 4.0, 

http://creativecommons.org/licenses/by-nc/4.0. 

 

The PSC is generally prepared in two different ways,11-12 termed regular and inverted 

structures, shown in Figure 1.4. The regular structure consists of a compact layer of TiO2 

(c-TiO2) deposited on a glass substrate coated with a transparent conducting layer. Upon 

the c-TiO2 layer, a nanostructured mesoporous TiO2 (m-TiO2) layer is deposited that 

extends into the absorber layer. The c-TiO2 and m-TiO2 layers together form the ESL in 

a regular structure. In some cases, the m-TiO2 layer is omitted to yield the planar 

configuration. The absorber layer is sandwiched between the ESL and the HSL, which is 

a transparent organic layer, 2,2´(7,7´)-tetrakis-(N,N-di-p-methyloxyphenyl-amine)9,9´- 

spirobifluorene, commonly referred to as Spiro-OMeTAD. The inverted structure has the 

HSL, poly 4-styrenesulfonate, referred to as PEDOT:PSS, deposited on the glass 

substrate, followed by the perovskite absorber and then the ESL on top, an organic 

fullerene derivative [6,6]-phenyl-C-61-butyric acid methyl ester, commonly referred to as 

PCBM.  
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Figure 1.5 (a) Bandgaps of different types of perovskite absorbers and their respective 

valence and conduction band energy levels in comparison to the TiO2 ESL. (b) Bandgap 

of MAPI (red line intercept on the x axis) obtained from a Tauc plot and (c) absorption 

coefficient α obtained using the Beer-Lambert law from a transmittance measurement as 

shown in the inset, with 𝑙 corresponding to the thickness of the TiO2 nanoparticles 

sensitized by the perovskite absorber. (a) adapted from Ref. 20 with permission, 

Copyright 2014, WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. (b) and (c) 

adapted from Ref. 19, licensed by  CC BY NC ND, http://creativecommons.org/licenses/- 

by-nc-nd/4.0. 

 

The perovskite absorber has the general formula ABX3, where A and B are cations and 

X is an anion. The perovskite crystallizes in a cubic or tetragonal structure (see Figure 

1.4(b)), with the A cation being the largest and occupying the body center of the lattice. 

The B cations occupy the lattice points at the edges of the cube, forming an octahedron 

by coordinating with 6 X anions. In PSCs, the choices for the A cation are 

Methylammonium (CH3NH3), Formamidinium (HC(NH2)2) and Caesium (Cs). The B 

cation is usually Lead (Pb) or Tin (Sn), while the X halogen is either Iodine (I), Bromine 

(Br) or Chlorine (Cl). The most widely used perovskite is the hybrid organic-inorganic 

Methylammonium Lead Iodide (CH3NH3PbI3), commonly and hereafter referred to as 

MAPI. MAPI is preferred as an absorber due to its near ideal bandgap between 1.5 – 1.61 

eV13-16 for solar energy production based on the Shockley-Queisser limit,17 sharp 

absorption edge18 and strong absorption in the visible part of the solar spectrum (see 

Figure 1.5(c)), which allows for absorption of the entire visible spectrum (700 nm 
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onwards) within ~300 nm.19  Furthermore, it is also relatively easy and cheap to produce 

on a laboratory scale using simple solution processed methods such as spincoating. 

Another attractive aspect of the perovskite is the ability to tune its bandgap,20 see Figure 

1.5(a). For example, by adjusting the ratio of Iodine and Bromine, the bandgap of 

CH3NH3Pb(I1-xBrx)3 perovskite was tuned from 1.6 to 2.3 eV.21 A similar strategy was 

used to tune the bandgap of HC(NH2)2PbyBr3-y between 1.48 and 2.23 eV.15 Such 

flexibility in the bandgap of the absorber can allow for the production of tandem cells 

consisting of perovskites that absorb different parts of the solar spectrum efficiently to 

move beyond the Shockley-Quiesser efficiency limit. 

Figure 1.6 Different paths of ion migration via vacancies in a perovskite structure. 

Adapted from Ref. 23, licensed by CC BY 4.0, https://creativecommons.org/licenses/by/-

4.0. 

 

In addition to its excellent optical properties, the perovskite is also a mixed electronic-

ionic conductor. As is described in subsequent sections, there occurs a strong effect of 

migration of ions that is coupled to the device performance and the external parameters 

of light and voltage. Therefore, it is essential to understand which ions are migrating in 

the perovskite. In general, the displacement of an ion in a lattice is characterized by its 

diffusion coefficient 𝐷. This value depends on several aspects such as the nature of the 

crystal lattice, size and charge of the ion, density of interstitials/vacancies and ion hopping 

distance. Ionic motion is maximised in crystals with large densities of 

interstitials/vacancies, small ionic distances and smaller and less charged ions.22 In the 

case of the well-studied MAPI, the I- ion in the PbI6
4- octahedron has the smallest hopping 

distance to the nearest I- vacancy (0.446 nm) (process A in Figure 1.6), compared to MA+ 

and Pb2+ (0.628 nm).23 In fact, recent measurements of ionic and electrical conductivities 

in MAPI cells by varying I2 partial pressure,24 in addition to wide-field photoluminescence 

(PL) imaging of MAPI under an applied electric field,25 provide strong evidence that the 

I- ion is the dominant mobile ionic species in MAPI, with an estimated diffusion 

coefficient of 𝐷 = 10-8 cm2s-1.26-27 For the sake of simplicity, irrespective of which species 

is diffusing, the ionic movement is simply differentiated as anions and cations hereafter 

in this text. 
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1.2.3.2 Device Operation 

This section summarizes the different characteristics of PSCs that contribute to its high 

performance and evaluates the physical mechanisms underlying several of the unique 

observations reported for these cells. These include the prominent phenomenon of 

electrical hysteresis that depends on the history of the sample, unconventionally large 

capacitances and coupled resistances. A review of the transport and recombination 

properties of these devices is carried out, combined with the results of small perturbation 

techniques, culminating in a macroscopic device model that is currently favored in the 

community and its limitations.  

 

1.2.3.2.1 Hysteresis 

The operation of a solar cell is characterized by its current density (current per unit 

area) -voltage (𝑗 − 𝑉) curve, which yields the parameters of efficiency, fill factor (FF) and 

maximum power point (MPP). Since the solar cell is a DC device, the measured points in 

a 𝑗 − 𝑉 curve must correspond to steady state values. However, in practice, all 𝑗 − 𝑉 

curves are measured at a certain scan rate (V/s), however low it may be. PSCs are usually 

measured between scan rates of 50 – 200 mV/s, and while there are several reports of very 

high efficiencies in the range of 15-20%, it has been well documented that the PSCs suffer 

strongly from electrical hysteresis, which is a dependence of the 𝑗 − 𝑉 curve values on 

the external parameters of the 𝑗 − 𝑉 curve itself such as scan rate, scan direction, pre-

biasing voltage and light intensity. This leads to a problem of conflicting reports of PSC 

performance, which hinders differentiating between high and low performance cells and 

hence their development. Therefore, this section will summarize the various forms of 

hysteresis observed. 
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Figure 1.7 Summary of different types of electrical hysteresis observed in PSCs. The 

arrows indicate direction of the voltage sweep. Dashed lines indicate the steady state 

curve in a, c) and 𝑗𝑠𝑐  and zero bias in b, d) respectively. Adapted from Ref. 11 with 

permission, Copyright 2018, WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Figure 1.7 shows the different types of electrical hysteresis commonly observed in 

PSCs. A voltage sweep from large forward bias (F) towards reverse bias (R) is termed the 

FR scan, and vice versa is termed the RF scan. These can be categorised as: 

a) Capacitive hysteresis – This involves an enhancement in the current during a 𝑗 − 𝑉 

scan due to a capacitor-like discharge of current28-30 that is proportional to the scan 

rate and is symmetric around the steady state curve. This effect has been observed 

in dark conditions as well.31 

b) ‘Bump’ close to 𝑉𝑜𝑐 – A large discharge of current is observed upon the start of the 

FR scan which gradually diminishes. Always observed in the FR direction, 

influenced strongly by pre-poling at large forward bias.32-34  

c) Apparent photocurrent enhancement in FR scan - This effect is similar to b) but 

extends over the entire range of voltage, yielding an apparent increase in the 

measured 𝑗𝑠𝑐, while the 𝑉𝑜𝑐 and forward bias resistance remain unchanged.32, 34-37 

d) Decay of photocurrent in RF scan – There occurs a strong reduction in the current 

during the RF scan, which also has a strong dependence on reverse bias pre-

poling.35, 38 
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e) Apparent 𝑉𝑜𝑐 shift for RF scan – In this case, the current in the FR and RF scan are 

identical, except at large forward voltages, where it reduces sharply for the FR scan, 

yielding a smaller 𝑉𝑜𝑐 for the FR scan compared to the RF scan.30, 39-40 The 

combination of Figure 1.7(d) and 1.7(e) is the most commonly observed form of 

hysteresis in the PSCs and is termed ‘normal hysteresis’. 

f) Inverted Hysteresis – This is the opposite case of Figure 1.7(e), where the FR scan 

exceeds the RF scan at some point between SC and 𝑉𝑜𝑐.39-40 Usually, this is observed 

closer to 𝑉𝑜𝑐, yielding a higher fill factor and 𝑉𝑜𝑐 for the FR scan. However, in some 

cases, inverted hysteresis has been defined as an increase in only the 𝑗𝑠𝑐  for an FR 

scan compared to the RF scan.41  

As mentioned previously, the electrical hysteresis in PSCs is strongly dependent upon 

the conditions during and prior to the measurement. These parameters include voltage, 

light intensity, temperature and nature of contacts used. In order to understand the 

dependence of the PSC on these parameters, a summary of the hysteretic effects of each 

of these parameters is provided in the following sections. 

 

1.2.3.2.2 Effect of voltage preconditioning  

 

 

 

 

 

 

 

 

Figure 1.8 Effect of (a) forward bias and (b) reverse bias pre-poling on the 𝑗 − 𝑉 curve 

of a PSC. Dashed lines and solid lines indicate FR and RF scans respectively. (c) 

Evolution of current versus time for stepped voltage scans, with step size, delay time and 

scan direction indicated in insets. The black diamond in (a) indicates stabilized 𝑉𝑜𝑐 when 

holding the device under 1 sun illumination for 60 seconds. (a) Adapted from Ref. 37 
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with permission, Copyright 2015, American Chemical Society. (b) adapted from Ref. 43, 

Copyright 2014, American Chemical Society. (c) adapted from Ref. 29, Copyright 2015, 

American Chemical Society. 

 

Voltage pre-conditioning has a strong effect on the obtained 𝑗 − 𝑉 curve for a PSC. 

This is summarised in Figure 1.8. The application of a large forward bias for an extended 

period of time is well known to improve the 𝑉𝑜𝑐 and FF of the 𝑗 − 𝑉 curve during a FR 

scan32, 35, 37, 42 as shown in Figure 1.8(a), which can also result in a ‘bump’ as described in 

Figure 1.7(b). In the case of reverse bias pre-poling, the RF scan shows a reduced 

𝑗𝑠𝑐  compared to the FR scan. For large reverse biases, there occurs a large drop in 𝑗𝑠𝑐  and 

FF for the RF scan and in some cases, even the 𝑉𝑜𝑐 is severely reduced.35, 37, 43 These 

effects are also observed from stepped voltage scans, which involves measuring the 

current upon application of a voltage step from a given condition and maintaining the 

voltage for a given time period, termed the delay time, before application of the next 

voltage step. In these measurements (Figure 1.8(c)), the capacitive discharge is highest 

close to 𝑉𝑜𝑐, with a drop-off on either side.29, 32, 44 Furthermore, the decay lifetimes of 

these capacitive transients has been observed to be in the order of a few hundred 

milliseconds to a few seconds.29, 32-33 

 

1.2.3.2.3 Effect of light and temperature 

 

Figure 1.9 Effect of (a) light soaking and (b) temperature on the 𝑗 − 𝑉 curves of the 

MAPI solar cell. Solid lines and dashed lines indicate FR and RF scans respectively. (a)  

Adapted from Ref. 45 with permission, Copyright 2018, WILEY VCH Verlag GmbH & 

Co. KGaA, Weinheim. (b) Adapted from Ref. 48 with permission, Copyright 2016, Royal 

Society of Chemistry. 

 

The effect of light soaking a PSC is shown in Figure 1.9(a). In general, light soaking 

improves the fill factor and 𝑉𝑜𝑐 of the PSC,32, 45-46 while the 𝑗𝑠𝑐  has not been seen to evolve 
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significantly. Light soaking does not have an effect on the shape and scaling of the type 

of hysteresis observed.35 The effects of light soaking have been found to be reversible, 

with the PSCs regaining almost their entire pre-soaking performance upon extended dark 

storage.47 Temperature also has a strong effect on the 𝑗 − 𝑉 curve of a PSC, as seen in 

Figure 1.9(b). Hysteresis has been observed to increase at temperatures below room 

temperature,33, 48-49 including PSCs that are apparently ‘hysteresis-free’ at room 

temperature.50 As discussed previously, the density of mobile ions in the perovskite can 

alter local electrical fields, affecting charge transport, recombination and extraction. 

Therefore, the effect of light soaking and temperature is generally attributed to a change 

in the density of mobile ionic carriers in the absorber51 and their drift due to thermal 

activation. These processes are further complicated by ionic reactivity at the 

ESL/perovskite and HSL/perovskite layers,52-53 which makes development of a 

generalised model to explain these effects very difficult. 

 

1.2.3.2.4 Effect of Contacts 

 

 

 

 

 

 

 

 

 

Figure 1.10 Effect of (a) TiO2 ESL (normal structure) and (b) PCBM ESL (inverted 

structure) on the hysteretic behaviour of MAPI solar cells. (c) Capacitance versus 

frequency for normal and inverted structures obtained under 1 sun illumination at short 

circuit conditions. Adapted from Ref. 57 with permission, Copyright 2015, American 

Chemical Society. 
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The selective contacts in the perovskite solar cell appear to play a very important role 

in its operation. This is particularly prominent with respect to the ESL, where the 

replacement of TiO2 with PCBM, either as a compact interfacial layer54 or mixed in to the 

absorber in a bulk heterojunction configuration,55 shows a marked reduction in the 

hysteresis of the 𝑗 − 𝑉 curve, shown in Figure 1.10(a) and 1.10(b). This effect is directly 

observed in the inverted configuration perovskite solar cells, whose ESL and HSL are 

PCBM and PEDOT:PSS respectively, show very little hysteresis in general. Capacitance 

measurements show a very large capacitance of the order of milliFarads (mF) for TiO2-

based cells at both OC and SC conditions under illumination,56 which is reduced by 

several orders upon replacement with PCBM, as shown in Figure 1.10(c).57 This indicates 

the storage of a large density of charge which is strongly affected by the 

perovskite/selective layer interfaces. This is discussed in detail in Section 1.2.3.3.1. 

Recently, the alignment of the valence bands of the perovskite and the HSL have been 

shown to control the hysteretic behaviour in Fullerene-based MAPI solar cells.58 

In addition to hysteretic behaviour and charge accumulation, the selective contacts can 

also determine the built-in potential 𝑉𝑏𝑖  and its distribution within the device based on the 

doping density of the absorber layer, hence having a strong effect on the obtained 𝑉𝑜𝑐.59 

Several experiments have shown that MAPI devices without an ESL is able to perform 

efficiently and generate similar 𝑉𝑜𝑐 values compared to a complete device.60 This indicates 

that the potential drop during contact equilibration is likely occurring mainly at the 

interfaces and hence, the perovskite absorber itself is efficient at separating and 

transporting photogenerated charges.  

 

1.2.3.2.5 Recombination – Fast and slow timescales 

Recombination is a fundamental process in the solar cell, where an electron that has 

been excited to the conduction band (CB) from the valence band (VB) by absorption of a 

photon, returns to the valence band. This recombination can occur radiatively, by the 

emission of a photon whose energy is equal to the energy difference between the CB and 

VB, or non-radiatively through mid-gap states, where the energy is lost in the form of 

lattice vibrations or phonons. Due to the principle of detailed balance, which balances 

opposite fluxes at equilibrium, the 𝑉𝑜𝑐 attainable by a solar cell is proportional to the 

logarithm of the external quantum efficiency of the solar cell operated as a light-emitting 

diode (LED), called EQELED.61 This maximum 𝑉𝑜𝑐 attainable, termed the radiative 𝑉𝑜𝑐, is 

smaller than the bandgap and is governed by the radiative recombination constant or 

reverse saturation current density, that is determined mainly by the sharpness of the 

absorption spectra at its onset wavelengths.62 Therefore, it is of crucial importance to 

minimise non-radiative recombination via defects, traps and tail states within the bandgap 

in the bulk or at interfaces and promote out-coupling of emitted photons from radiatively 

recombining electronic carriers. The amount of radiative recombination per unit volume 

per second can be expressed by 

𝑈 = 𝐵𝑟𝑎𝑑(𝑛𝑝 − 𝑛𝑖
2)                                                                                            (1) 
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where 𝐵𝑟𝑎𝑑 is the radiative recombination constant (volume second), 𝑛 and 𝑝 are the 

density of free electrons and holes respectively (per unit volume per second) and 𝑛𝑖
2 =

𝑛0𝑝0, where 𝑛0 and 𝑝0 are the equilibrium free electron and hole densities (per unit 

volume per second) respectively. This is termed bimolecular recombination because the 

recombination depends on the densities of both free electrons and holes. In the case of a 

doped semiconductor, we have monomolecular recombination of the minority carriers 

described by 

𝑈 = 𝐵𝑟𝑎𝑑𝑁𝐴(𝑛 − 𝑛0)                                                                                         (2) 

where 𝑁𝐴 is the density of acceptors in a p-type material. Non-radiative recombination via 

traps or mid-gap states is also called Shockley-Read-Hall (SRH) recombination, given 

by63 

𝑈𝑆𝑅𝐻 =
𝑝𝑛−𝑝1𝑛1

𝜏𝑝(𝑛+𝑛1)+𝜏𝑛(𝑝+𝑝1)
                                                                                   (3) 

where 𝑝1 and 𝑛1 are the densities of electrons and holes when the Fermi level coincides 

with the energy level of the trap and 𝜏𝑝 and 𝜏𝑛 are the lifetimes of holes and electrons in 

a highly doped n and p-type semiconductor respectively. 

Non-radiative recombination can also occur at the blocking interface of a selective 

contact, for example, excess electrons at the perovskite/HSL interface or holes at the 

perovskite/ETL interface. This is stated in terms of a surface recombination velocity 𝑆𝑛 

𝑗𝑛 = 𝑆𝑛(𝑛 − 𝑛0)                                                                                            (4) 

where 𝑗𝑛 is the current density of recombining minority carriers. A contact can be blocking 

or absorbing when 𝑆𝑛 → 0 and 𝑆𝑛 → ∞ respectively.62  

Both radiative and non-radiative recombination can be probed by several techniques in 

order to understand the nature and localisation of recombination processes. One such 

technique that has been applied to MAPI solar cells is transient photoluminescence (PL) 

decay, which involves the application of a monochromatic pulse of photons and 

subsequently measuring the decay of the luminescence. Using the continuity equation 

𝑑𝑛

𝑑𝑡
= −𝑈                                                                                                                 (5) 

and the fact that the number density of emitted photons is given by the recombination 

current 

𝑗𝑟𝑒𝑐 = 𝑞𝐿𝑈                                                                                                                    (6)   

 

where L is the thickness of the sample, it becomes possible to distinguish between 

monomolecular and bimolecular recombination using Equations 1 and 2 and appropriate 

boundary conditions. 
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Figure 1.11 (a) Transient PL decays at 780 nm for different photoexcited carrier densities 

as shown in the legend for MAPI solar cells. Adapted from Ref. 64 with permission, 

Copyright 2014, American Physical Society. (b) Evolution of 𝑉𝑜𝑐 versus time for MAPI 

(green), PTB7:PC70BM (blue) and P3HT: PC60BM (red) solar cells for different steady 

state background illumination intensities as shown in the legend. Adapted from Ref. 66, 

licensed by CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

 

Figure 1.11(a) shows the strong dependence of the luminescence of MAPI solar cells on 

the light intensity. While monomolecular recombination is observed for low fluences, 

there occurs a transition to a power law decay at higher fluences, indicative of higher 

orders of recombination. This has been interpreted based on the filling of traps, where a 

background density of free, photodoped holes due to trapped charges dominates the 

recombination at low fluences, added to the recombination of photogenerated carriers at 

high fluences.64 In addition to the intensity-dependent fast recombination, perovskite solar 

cells also show unique recombination characteristics at longer timescales. These are 

observed from 𝑉𝑜𝑐 decay measurements, which allows monitoring the evolution of the 

minority carrier Fermi level and can hence be used to quantify recombination lifetimes 

and charge densities.65 Figure 1.11(b) shows the 𝑉𝑜𝑐 decay of a MAPI solar cell in 

comparison to two different organic solar cells under different initial steady state 

illumination intensities as shown in the legend.66 Unlike its organic counterparts, the 

MAPI solar cell shows a very slow decay between 1-100 milliseconds, which accelerates 

slightly at longer timescales. Even after several seconds, there is a non-zero 𝑉𝑜𝑐 that exists, 

indicating extremely long lifetimes for the electronic carriers. This was also observed in 

MAPI cells without a HSL and attributed to the accumulation of majority holes and Iodide 

vacancies at the perovskite/TiO2 interface under steady state illumination.67 The slow drift 

of these ions upon removal of the light is deeply connected to the recombination of this 

charge at the interface, yielding the very slow recombination timescales observed. 

Furthermore, these timescales are comparable to the voltage sweep times in a 𝑗 − 𝑉 curve 

and hence are a strong indication of the processes that control the hysteresis patterns of 
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Figure 1.7. 

 

1.2.3.2.6 Transport 

Photogeneration creates bound pairs of electrons and holes in the CB and VB 

respectively, called excitons. These excitons have a binding energy associated with them 

that needs to be provided to break their interactions and generate free electrons and holes, 

which subsequently need to be transported to their respective contacts. This transport can 

occur due to an electrical field within the absorber that tilts the bands, or by diffusion due 

to a concentration gradient.62 In general, the electron and hole currents are given by 

𝑗𝑛 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝜕𝑛

𝜕𝑥
                                                                                        (7) 

𝑗𝑝 = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝜕𝑝

𝜕𝑥
                                                                                         (8) 

where 𝑞 is the electronic charge, 𝑛 and 𝑝 are the densities of electrons and holes 

respectively, 𝐸 is the electrical field and 𝜇𝑛(𝑝), 𝐷𝑛(𝑝) are the conductivity and diffusion 

coefficient of electrons (holes). We note that 𝐸, 𝑛  and 𝑝 are all functions of position 

𝑥 along the length of the semiconductor and that the mobility and diffusion coefficient are 

related by the Einstein equation 

𝐷𝑛(𝑝) = 𝜇𝑛(𝑝)(
𝑘𝐵𝑇

𝑞
)                                                                                             (9) 

These currents can also be expressed in terms of the electron Fermi level 𝐸𝐹𝑛 and hole 

Fermi level 𝐸𝐹𝑝 as 

𝑗𝑛 = 𝑛𝜇𝑛
𝜕𝐸𝐹𝑛

𝜕𝑥
                                                                                                   (10) 

𝑗𝑝 = 𝑝𝜇𝑝
𝜕𝐸𝐹𝑝

𝜕𝑥
                                                                                                    (11) 

An important parameter that is used to characterize transport in a solar cell is the diffusion 

length, which is the distance a minority electron or hole travels before it recombines. The 

diffusion length is given by 

𝐿𝐷 = √𝐷𝜏𝑟𝑒𝑐                                                                                                    (12) 

where 𝜏𝑟𝑒𝑐 is the characteristic timescale (lifetime) of recombination of the minority 

carrier. 𝜏𝑟𝑒𝑐 is generally a function of the minority carrier Fermi level, being a constant 

only for first-order recombination.65 

As mentioned previously, the first process of photovoltaic action upon photogeneration 

involves the breaking of excitons, whose difficulty is characterized by their binding 

energy. In the case of perovskites, this binding energy at room temperature (298 K) is of 

the order of a few millielectronvolts (meV),68-69 lower than the average thermal energy 

per particle 𝑘𝐵𝑇 (26 meV). This indicates that photogeneration in perovskites essentially 

yields free carriers. These free carriers then travel a distance equal to their diffusion length 

before recombining, indicating that the collecting contact must be within a diffusion 

length´s distance of photocarrier generation. Several reports indicate very large diffusion 

lengths for both electrons and holes in MAPI solar cells. From transient 
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photoluminescence measurements on glass/MAPI cells with one-sided selective and 

blocking contacts, the diffusion lengths of both electrons and holes in MAPI3-xClx solar 

cells was found to be in excess of 1 µm, 10 times larger than that in MAPI solar cells.70 

Diffusion lengths in the order of µm have also been measured for Bromide-based PSCs.71-

72 Similarly, large mobility values between 9-164 cm2V-1s-1 have been estimated73-76 for 

PSCs. Therefore, it appears that the perovskite is able to efficiently separate 

photogenerated charges to their respective selective contacts, and the role of an internal 

electric field must therefore be relatively inconsequential. 

 

1.2.3.3 Insights from small perturbation methods 

The 𝑗 − 𝑉 curve of a solar cell does not provide much information regarding the 

underlying mechanisms driving transport, recombination and charge storage. Therefore, 

measuring the response of a solar cell to a small perturbation of different inputs such as 

voltage or light in the frequency domain is a useful technique to separate internal 

mechanisms occurring on different timescales, allowing to identify capacitive 

mechanisms and separate internal resistances. This understanding is summarised in the 

form of an equivalent circuit (EC), which represents the underlying physical processes in 

terms of passive electrical elements such as resistors, capacitors, inductors and current 

and voltage sources. Two prominent small perturbation techniques that have been used to 

study PSCs are impedance spectroscopy (IS) and intensity modulated photocurrent 

spectroscopy (IMPS). The information obtained from these two techniques is summarised 

in the following sections. 

 

1.2.3.3.1 Capacitances and Resistances 

IS has traditionally been a useful tool to study two important aspects of a solar cell, 

namely its internal resistances and capacitances. These resistances represent physical 

mechanisms of voltage drops within the solar cell, such as recombination and poor 

conductivity, while capacitances can provide information on doping density and density 

of states of the semiconductor and band bending at interfaces. The IS transfer function 

and definitions are provided in Section 2.1. 
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Figure 1.12 Typical IS Z-plane plots observed at (a), (b) open circuit conditions and (c) 

short circuit conditions under illumination. 

 

Perovskite solar cells suffer from a large variability in the observed IS Z-plane plots,77 

related in turn to a large inherent variability in materials and performance so far, which 

prevents identifying a consistent spectrum for interpretation. However, the most 

frequently observed Z-plane plots are shown in Figure 1.12. At OC conditions under 1 

sun illumination, MAPI solar cells show two arcs in the upper quadrant, Figure 1.12(a). 

These arcs are seen to evolve in a correlated manner with voltage and illumination 

intensity,56 indicating a coupling between the resistances and/or capacitances. There also 

occurs exotic spectra, where the response moves to the lower quadrant at low frequencies, 

indicating the transition to a negative capacitance, as shown in Figure 1.12(b).28, 78-79 

While there are different ways to generate a negative capacitance such as the use of an 

inductor in the EC,80 a variable series resistance that depends on the conductivity,81 a 

general consensus has not yet been achieved regarding the mechanism of this effect in 

PSCs. Another interesting observation involves the formation of a loop in the upper 

quadrant,80, 82 which also appears to be related to an inductive effect. At SC conditions, 

two arcs are observed (Figure 1.12(c)), with the low frequency (LF) arc width being very 

large due to the large resistances at SC, while the high frequency (HF) arc width is 

between 40-100 Ω·cm2.56 Both these arcs show a diminishing trend with increasing light 
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intensity. 

 

Figure 1.13 Equivalent circuit (top panel) used to fit the IS data of MAPI solar cells of 

different thicknesses as shown in legend. Evolution of (a), (c) capacitances and (b), (d) 

resistances at OC and SC conditions respectively. Black lines with values indicate slopes. 

Adapted from Ref. 56 with permission, Copyright 2016, American Chemical Society. 

 

The most reliable EC used to fit the IS data of perovskite solar cells and the corresponding 

extracted parameters are shown in Figure 1.13. At both OC and SC conditions (Figure 

1.13(a) and 1.13(c) respectively), a LF capacitance that evolves exponentially with both 
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voltage and light intensity is observed, reaching values as high as a few milliFarads (mF). 

Such a large value of the capacitance indicates that it is not the chemical capacitance, 

whose value is limited by the density of states of the absorber. Therefore, it was ascribed 

to electrode polarization,31 due to the accumulation of positively charged ions at the 

perovskite/ESL interface, akin to a Helmholtz double layer capacitance at a 

semiconductor/electrolyte interface. However, the huge capacitance values indicate either 

an unrealistically large dielectric constant or an extremely small ionic radius, which is the 

minimum separation between the two plates of the Helmholtz capacitor. The Helmholtz 

capacitance per unit area is given by 

𝐶𝐻 =
𝜀𝜀0

𝑙
                                                                                                             (13) 

where 𝜀 is the dielectric constant of the perovskite, 𝜀0 is the permittivity of vacuum and 𝑙 

is the separation between the plates of the capacitor. Another possible explanation is the 

existence of a diffuse layer of ions, whose capacitance is known to evolve exponentially 

with voltage.83 However, this would indicate a large variation in the density of ions with 

light intensity and furthermore, the diffuse layer capacitance is in series with the 

Helmholtz capacitance and hence, the net capacitance is dominated by the Helmholtz 

capacitance. Based on this reasoning, in addition to the observation of an unbalanced 

distribution of charge at either selective contact under illumination,84 the formation of an 

accumulation layer at OC conditions at the perovskite/ESL was proposed, shown in Figure 

1.14.85 Briefly, assuming a p-type perovskite, at large forward biases or light intensities, 

the large amount of negative electronic charge at the ESL brings a net density of positively 

charged ions to the ESL/perovskite interface, which results in a net upward band bending 

on the perovskite side that crosses the hole Fermi level and increases the concentration of 

holes. Therefore, an accumulation of majority carriers (holes), facilitated by the positively 

charged ions, occurs at the ESL/perovskite interface. The capacitance of an accumulation 

layer is given by86 

𝐶𝑎𝑐𝑐 = q(
𝑝𝑏𝜀𝑟𝜀0

2𝑘𝐵𝑇
)1 2⁄ 𝑒(𝑞𝑉 2𝑘𝐵𝑇)⁄                                                                           (14) 

where 𝑝𝑏  is the bulk majority carrier (hole) concentration, 𝜀𝑟 and 𝜀0 are the relative 

permittivity of the perovskite and vacuum permittivity respectively. 𝑉 is the applied 

forward bias and 𝑘𝐵𝑇 is the average thermal energy per particle. The characteristic 

1 2𝑘𝐵𝑇⁄  slope of an accumulation capacitance has been seen for the LF capacitance85, 87 

and is shown in Figure 1.13(a). This capacitance is therefore referred to as an interfacial 

or surface capacitance 𝐶𝑠, as seen in the EC of Figure 1.13. However, the origins of the 

large LF capacitance at SC is unclear, where carrier densities are minimized due to the 

fact that the Fermi levels at the contacts are aligned.  
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Figure 1.14 Band diagram of a PSC at large forward bias, with accumulation of majority 

holes (blue) and anions (red) at the TiO2/perovskite interface, creating an electrostatic 

potential 𝑉𝑠 due to the upward band bending. Note that flat Fermi levels are drawn under 

the assumption of a very large diffusion coefficient for the electrons (green).  

 

The capacitance observed at high frequencies is seen to be of the order of 10-7 F·cm2 

and does not evolve with voltage or light intensity, as seen in Figure 1.13(a). This 

capacitance has been seen to evolve inversely with absorber thickness31 (see Figure 

1.13(a)), confirming that it is indeed the bulk dielectric capacitance, which corresponds 

to the polarization of the entire device akin to a parallel plate capacitor of the form of 

Equation 13. This bulk dielectric or geometric capacitance is referred to as Cg in the EC 

of Figure 1.13. The HF and LF resistances at OC (Figure 1.13(b)), 𝑅2 and 𝑅1 respectively 

in the EC of Figure 1.13, are generally seen to evolve exponentially with voltage, typical 

of recombination resistances given by  

𝑅𝑟𝑒𝑐 =
𝑘𝐵𝑇

𝑞2𝐿𝐵𝑟𝑒𝑐𝑛0𝑒(𝑞𝑉 𝑚𝑘𝐵𝑇)⁄                                                                                  (15) 

In Equation 15, 𝑚 is the ideality factor of recombination, with 𝑚 = 1 corresponding to 

band-to-band recombination and 𝑚 = 2 corresponding to recombination via traps.88 

While the HF resistance has been ascribed to bulk band-to-band recombination89 with 𝑚 

values close to 1, the LF resistance shows inconsistent 𝑚 values and is strongly connected 

to the LF capacitance. Furthermore, as seen from the EC of Figure 1.13, these resistances 

are coupled due to the fact that they are not parallel elements, whose mechanism has not 

yet been clarified. The series resistance 𝑅𝑠 observed generally is of the order of 10-20 

Ω·cm2. 

 

1.2.3.3.2 Photocurrent kinetics 
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IMPS is another useful small perturbation technique that measures the modulated 

extracted photocurrent in response to an input of modulated light intensity (see Section 

2.2). This light modulated technique is a direct reflection of the EQE of the solar cell and 

is particularly useful in the case of PSCs, which are known to suffer from degradation in 

performance upon extended application of voltage such as in IS measurements. IMPS was 

used extensively to study electronic transport in DSSCs. The shielding of the electrical 

field within the mesoporous TiO2 layer by the ions in the electrolyte meant that transport 

was predominantly diffusive.90 This diffusive transport has a characteristic frequency 

given by 

𝜔𝑑 =
𝐷

𝐿2                                                                                                              (16) 

where 𝐷 is the diffusion coefficient of the electronic carrier and 𝐿 is the semiconductor 

layer thickness. In IMPS measurements, at frequencies greater than 𝜔𝑑, the electronic 

carrier is unable to reach the collecting contact and this shows a 45 degree straight line 

from the origin in an IMPS Q-plane plot, allowing decoupling of transport phenomena.91-

92 This response is also observed in IS measurements.93 At frequencies lower than 𝜔𝑑, an 

arc is formed in the upper quadrant of the Q-plane plot whose time constant is a product 

of the series resistance 𝑅𝑠 and the geometric capacitance Cg. In addition to transport 

processes, the IMPS spectra can provide information regarding the photovoltage 

distribution within the solar cell due to the modulated photon flux that can be modelled in 

terms of a current source. 

However, in the case of PSCs, a true understanding of the IMPS response is lacking. 

Figure 1.15 shows the typical spectra observed in IMPS measurements of PSCs at SC. 

Figure 1.15(a) and 1.15(b) are the most common spectra, with the occurrence of two arcs 

in the upper quadrant in the Q-plane plot, or arcs in the upper and lower quadrant. In some 

cases, three arcs have been observed in the upper quadrant. 

 

Figure 1.15 Typical IMPS spectra observed at SC conditions. (a) Two arcs in the upper 

quadrant and (b) low frequency arc in the lower quadrant of an IMPS Q-plane plot. 

  

Generally, the high frequency arc in the upper quadrant has been ascribed to transport of 

electronic carriers in the perovskite layer94-95 while the low frequency arcs in the upper 
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quadrant have been ascribed to transport of electrons in the mesoporous TiO2 layer,94, 96 

and ionic diffusion.48, 97 The arc in the lower quadrant has been tentatively ascribed to 

slow interfacial recombination.98 However, the rapid electronic transport observed70 

coupled with the thin film configuration of PSCs raise doubts regarding several of the 

above mentioned interpretations. For example, taking a diffusion coefficient of 1 cm2s-1 

from reported mobility values99 of the electrons in MAPI and a film thickness of 300 nm, 

the frequency of diffusion can be estimated from Equation 16 as ~1.1x109 Hz. This 

frequency is much faster than the perturbation frequencies used in both IMPS and IS 

measurements. A similar argument can be made for the diffusion of electrons in the 

mesoporous TiO2 layer through the thickness of the MAPI layer. While electronic 

transport in the PSC is likely too fast to be observed from IMPS and small perturbation 

techniques in general, the observation of the slow diffusion of the ions (reported diffusion 

coefficient26 of ~10-8 cm2s-1) cannot be ruled out. In general, the decoupling of the ionic 

and electronic phenomena in PSCs from small perturbation techniques is not 

straightforward and care must be taken while providing interpretations of the response. In 

addition, the IMPS Q-plane plots (Figure 1.15(b)) show a singular reduction in the 

external quantum efficiency (EQE) at very low frequencies, which has significant 

ramifications for the general measurement procedures of the EQE for PSCs and also the 

underlying physics governing this process. Therefore, there exist several open questions 

regarding the origin and significance of the arcs observed in the IMPS spectra of PSCs. 
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1.2.3.4 Device Modelling 

 

Figure 1.16 (a) n-i-p heterojunction model of a PSC with built-in electrical field through 

the absorber that is the difference between the workfunctions 𝜙1 and 𝜙2 of the external 

contacts, followed by ionic drift (cations – green, anions – red) along the field to yield an 

equilibrium field-free bulk. Adapted from Ref. 11 with permission, Copyright 2018, 

WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Simulated 𝑗 − 𝑉 curves from 

forward bias and (c) corresponding electrical field in the bulk. Solid lines and dashed lines 

show FR and RF scans respectively. Magenta, blue, cyan and green colours corresponding 

to scan rates of 1000, 500, 250 and 100 mVs-1 respectively. (b) and (c) adapted from Ref. 

38, licensed by CC by 3.0, https://creativecommons.org/licenses/by/3.0/. 

 

In order to simulate the unique features of the PSC 𝑗 − 𝑉 response (summarized in 

Figure 1.7), a model of the solar cell must be created accounting for the transport, 

recombination and accumulation of the electronic carriers, while accounting for ionic drift 

and its effects on these parameters. This is carried out by solving the drift-diffusion 

equations coupled with the Poisson equation that yields the potential profile in the PSC. 

 One of the earliest works involved modelling the ESL/perovskite/HSL layer as a n-i-

p heterojunction.100 This assumes that the perovskite absorber is an intrinsic 
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semiconductor with a built-in electrical field through the absorber layer that is the 

difference between the workfunctions of the ESL and the HSL (Figure 1.16(a)). 

Furthermore, hole and electron currents are assumed to be blocked at the ESL and HSL 

respectively and the ionic current is zero into the contacts. The Poisson equation was 

solved initially only for the ions at a stabilized potential (𝑉𝑠𝑡𝑎𝑏), whose distribution was 

then fixed, following which the drift-diffusion equations and the Poisson equations were 

solved for the electronic carriers. This method is akin to establishing a steady state, where 

the ions redistribute and then performing a fast 𝑗 − 𝑉 scan, which does not allow the ions 

time to redistribute and hence can be considered fixed. The ions are seen to shield the 

built-in electrical field by accumulating at the contacts forming sharp potential drops, 

leading to a bulk field-free region and the external voltage directly controlling the tilting 

of this field-free region in the absorber, which can be favourable for collecting charges or 

not, which obviously leads to a strong dependence of the 𝑗 − 𝑉 curve on 𝑉𝑠𝑡𝑎𝑏 . An 

advanced model38 that works on the same principles of the n-i-p model but solves the 

coupled drift-diffusion and Poisson equations for electronic carriers and ions yields the 

observed 𝑗 − 𝑉 curve dependence on scan rate (Figure 1.16(b) and 1.16(c)), where the 

bulk electrical field is compensated throughout the scan at slow scan rates, intermediate 

scan rates yielding larger hysteresis and fast scan rates yielding low hysteresis due to the 

ions not having enough time to redistribute, as mentioned earlier. Similar models involve 

the simplifying assumption51, 101 of flat sheets of charge, termed a dipolar distribution, at 

the contacts that create the same shielding effect, though it must be noted that such a 

distribution cannot yield a flat Fermi level (zero current) of the ions at steady state.  

While these models reproduce some of the features of the hysteresis observed in PSCs, 

they are unable to explain the distinct recombination features including an extremely slow 

decay of the 𝑉𝑜𝑐 (Figure 1.11(b)), an apparently limitless evolution of the LF capacitance 

with both light intensity and voltage and the strong role of the contacts (inverted 

configuration shows minimal hysteresis) in the observed performance. Furthermore, the 

n-i-p model does not account for the effects of the strong injection/extraction barriers at 

the interfaces due to the ions on the extracted current.  

Another major factor that has been attributed to the hysteresis in PSCs is trapping and 

de-trapping effects.100, 102-103 While the effect of traps cannot be ruled out completely, it 

must be noted that the LF capacitance observed from IS measurements (Figure 1.13(a), 

1.13(c)) is extremely large, in the order of mF, which yields abnormally large trap 

densities. Furthermore, this capacitance evolves exponentially with voltage, while a 

density of traps shows a characteristic maxima in capacitance at half occupancy. In 

addition, the timescale of hysteresis observed in the order of seconds indicates de-trapping 

rates of the same order, which is unrealistically slow. All these points cast strong doubts 

over the role of traps in the 𝑗 − 𝑉 response and hysteretic phenomena observed in PSCs. 

In summary, there is a strong need for a model that captures the hysteretic trends of the 

PSC based on specific experimental parameters while simultaneously accounting for the 

unique slow recombination and capacitance features that are characteristic of the PSCs.   
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Chapter 2 

 

Methods 
 

2.1 Impedance Spectroscopy (IS) 

 

Figure 2.1 Illustration of the technique of impedance spectroscopy. A small perturbation 

of modulated voltage around a given steady state point (black dot) in the 𝑗 − 𝑉 curve is 

applied and the resulting modulated current response is measured. The low frequency 

limit of the transfer function is the differential DC resistance at that point in the 𝑗 − 𝑉 

curve. 

 

This technique involves the application of a small perturbation of modulated voltage 

�̃� = 𝑉0𝑒𝑖𝜔𝑡, where 𝑉0 is the amplitude of the wave, to a solar cell from a given steady 

state voltage �̅� and measuring the corresponding modulated current density response 𝑗̃ 

superimposed on top of the steady state current 𝑗.̅ This response can be written using the 

Taylor series and small perturbation condition (�̅� ≫ �̃�) as 

j(�̅� + �̃�) = j̅ +
𝑑𝑗(𝑉)

𝑑𝑉
�̃� +

1

2!

𝑑2𝑗(𝑉)

𝑑𝑉2 �̃�2 +
1

3!

𝑑3𝑗(𝑉)

𝑑𝑉3 �̃�3  …….                              (17) 

which yields 

𝑗̃ =
𝑑𝑗(𝑉)

𝑑𝑉
�̃�                                                                                                       (18) 

These conditions ensure that the current response is linear with the applied voltage 

perturbation, in the form of Equation 18. The current response can be shifted in phase 

with respect to the voltage perturbation as shown in Figure 2.1 and can be written as 

𝑗0𝑒𝑖(𝜔𝑡+𝜙). Here, 𝜙 is the phase difference and 𝑗0 is the amplitude of the modulated 

output. The modulated current density response is measured over a range of input 
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frequencies 𝜔 of the modulated voltage, generally ranging between 1 MHz – 10 mHz. 

Therefore, the IS transfer function 𝑍 (Ω·cm2) is formally defined as1 

𝑍(ω) =
𝑉(𝜔)

�̃�(𝜔)
                                                                                                                         (19) 

The IS transfer function is a complex number, whose LF limit is the DC differential 

resistance at the given steady state point of measurement, as shown in Figure 2.1. The 

great advantage of IS measurements is that it can be measured at several different 

conditions, such as over a range of voltages and in dark or illuminated conditions. This 

provides information of the solar cell at different points of operation, allowing to 

understand characteristic evolution of mechanistic timescales. The IS data is generally 

represented in the form of a Z-plane plot, ie: real part of 𝑍 (𝑍′) versus imaginary part of 

𝑍 (𝑍′′) over the range of measured frequencies. This allows separating different internal 

mechanistic processes occurring on different characteristic timescales. These 

characteristic times can be represented in terms of combinations of passive electrical 

elements that yield time constants. These passive elements are electrical replicas of 

physical mechanisms occurring in the solar cell such as recombination and charge storage.  

Figure 2.2 Basic solar cell electrical model consisting of series resistance 𝑅𝑠, chemical 

capacitance 𝐶µ and recombination resistance 𝑅𝑟𝑒𝑐 and corresponding Z-plane response. 

  

As an example, Figure 2.2 shows the basic solar cell model that consists of a series 

resistance 𝑅𝑠, with a parallel combination of the chemical capacitance 𝐶µ related to the 

filling of the density of states of the absorber and recombination resistance 𝑅𝑟𝑒𝑐 that 

describes the density of recombination of electronic carriers. The Z-plane response 

consists of an arc in the upper quadrant whose width is given by 𝑅𝑟𝑒𝑐 and which is 

displaced along the x-axis by a value equal to 𝑅𝑠. The ability to distinguish the value of 

the series resistance of the solar cell in a straightforward manner is in fact one of the major 

advantages of IS. Furthermore, the frequency of the maxima of the imaginary part, which 

is the top of the arc in the Z-plane plot in Figure 2.2, corresponds to the inverse of the 

time constant formed by the product of 𝑅𝑟𝑒𝑐 and 𝐶µ. Other processes occurring on 

different timescales can be added to the response of Figure 2.2 depending on their 

characteristic response, leading to the de-convolution of several complex phenomena 

using IS. In general, these characteristic times can provide information about fundamental 

processes and parameters in the solar cell. For example, the time constant shown in Figure 
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2.2, the product of the recombination resistance and chemical capacitance, is in fact the 

fundamental lifetime 𝜏𝑟𝑒𝑐 of recombination of minority carrier density 𝑛, given that the 

recombination 𝑈 is linear with the injected charge. This can be seen from the definition 

of the lifetime2  

𝜏𝑟𝑒𝑐 = (
𝑑𝑈

𝑑𝑛
)−1                                                                                                        (20) 

However, in more complex cases, such as when traps contribute to the net lifetime, the 

time constant in IS is more generally referred to as the response time, which is different 

from the lifetime. Another useful representation is the frequency dependent capacitance 

expressed as  

𝐶(ω) =
1

𝑖𝜔𝑍(𝜔)
                                                                                                    (21) 

This representation allows the identification of the type of capacitances being observed 

over the range of frequencies. For example, for the simple circuit shown in Figure 2.2, at 

frequencies much faster than its characteristic frequency, the capacitor acts like a short 

circuit and the capacitance is essentially zero. Moving towards lower frequencies, the 

capacitance increases, reaching its maximum value and remaining constant. Therefore, 

the capacitance versus frequency plot generally shows a number of increments and 

plateaus depending on the timescales of different charge storage mechanisms. These 

include the space charge capacitance, the chemical capacitance, bulk dielectric 

capacitance and surface state capacitance, which can be identified from their singular 

evolution with voltage or sample thickness (see Figure 2.6(a)). This in turn allows 

extraction of useful parameters of the solar cell such as the doping density, density of 

states and dielectric constant. 

IS was initially used in the field of photoelectrochemistry, in order to understand 

charge densities and transfer rates at semiconductor/electrolyte interfaces. It has since 

become a very useful tool to characterize solar cells, most famously in the field of the 

dye-sensitized solar cell (DSSC). Therefore, some seminal achievements of IS in this field 

are summarised in the subsequent sections to provide a glimpse of the power of this 

technique. 
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Figure 2.3 Schematic illustration of the different processes involved in the action of a 

dye-sensitized solar cell. (1) Absorption of incident light by dye molecules to generate 

electrons and holes in the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) respectively. (2) Transfer of photogenerated holes 

to the conduction band of the TiO2. (3) Transport of electrons within the TiO2. (4) 

Transfer of electrons from TiO2 to the TCO. (5) Transfer of photogenerated holes from 

the LUMO of the dye molecules to the redox couple in the electrolyte or the HOMO of a 

hole transport material. (6) Transport of holes within the electrolyte or hole transport 

material. (7) Recombination of electrons driven through the load with the holes. 

Recombination of electrons in the conduction band of TiO2 with (8) holes in the HOMO 

of the dye molecules and (9) holes in the electrolyte or HOMO of the hole transport 

material. Adapted with permission from Ref. 1. 

 

The DSSC consists of a nanostructured, mesoporous TiO2 electrode deposited on top 

of a transparent conducting oxide (TCO) and is coated with photoactive dye molecules. 

This is further in contact with an electrolyte that consists of a I-/I3
- redox couple. The 

circuit is completed by connecting the TiO2 electrode through a load to a platinum (Pt) 

electrode. Upon illumination, the photoactive dye molecules absorb the light and generate 

electron-hole pairs. These electrons are then transferred from the dye to the conduction 

band of the TiO2 electrode, travelling through the thickness of the electrode and collected 

by the TCO. The photogenerated holes are transferred to the electrolyte via the redox 

couple and transferred to the Pt electrode and reach the collected electrons to complete 

the circuit. The nanostructured, mesoporous nature of the TiO2 electrode is to maximise 
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loading of the dye and hence absorption of incoming light by enhancing the surface area 

and to maximise contact of the electrolyte with the dye molecules to transfer the 

photogenerated holes, respectively. A schematic of the different processes occurring in a 

DSSC is shown in Figure 2.3. 

IS measurements on DSSCs provided a large amount of information regarding the 

transport, recombination and capacitance characteristics of the electrons in the TiO2 

electrode. This was possible due to knowledge of the fact that the electrons in the 

conduction band of the TiO2 are shielded from any internal electric fields due to the 

electrolyte ions surrounding it.3-4 Therefore, electrons reach the collecting contact by 

diffusion through the TiO2 layer. The efficiency of reaching the collecting contact is 

determined by the diffusion length, which accounts for the recombination of these 

electrons with holes in the electrolyte or in the dye molecules themselves. The 

combination of these two facets yields the diffusion-recombination model4, where the 

continuity equation is given by 

𝑑𝑛

𝑑𝑡
= 𝐷

𝑑2𝑛

𝑑𝑥2 − 𝑘(𝑛 − 𝑛0) + 𝐺                                                                                                  (22) 

where 𝑛 is the electron density and 𝑛0 is the equilibrium electron density, 𝑥 is the position 

along the length 𝐿 of the semiconductor, 𝐷 is the diffusion coefficient of electrons, 𝑘 is 

the rate constant for recombination and 𝐺 is the generation rate of electron-hole pairs. The 

boundary conditions are given by the voltage-modulated electron density on one side  

𝑛(x = 0) = 𝑛0exp (
𝑞𝑉

𝑘𝐵𝑇
)                                                                                         (23) 

and a blocking or reflective boundary at the TiO2/electrolyte interface 

𝑑𝑛

𝑑𝑥
(𝑥 = 𝐿) = 0                                                                                                        (24) 

The total extracted current is given by 

𝑗 = 𝑞𝐷
𝑑𝑛

𝑑𝑥
(𝑥 = 0)                                                                                                       (25) 

From Equations 22, 23 and 24, the electron concentration at steady state (represented by 

an overbar) can be calculated and is given by 

n̅ = 𝑛0 + 𝑛0 [exp (
𝑞𝑉

𝑘𝐵𝑇
) − 1] [cosh (

𝑥

𝐿𝑛
) − coth(

𝐿

𝐿𝑛
) sinh(

𝑥

𝐿𝑛
)]                     (26) 

where 𝐿𝑛 is the diffusion length of the electrons. By applying a perturbation to Equations 

25 and 26 and applying the Laplace transform, the IS transfer function is obtained as5 

Z(ω) = (
𝑅𝑊𝑅𝑘

1+
𝑖𝜔

𝜔𝑘

)

1

2

coth[(
𝜔𝑘

𝜔𝑑
)

1

2 (1 +
𝑖𝜔

𝜔𝑘
)

1

2
]                                                            (27)                                                                    

where 𝑅𝑊 is the diffusion resistance, given by 

𝑅𝑊 =
𝐿

𝑞𝐴𝐷𝑛0exp (
𝑞𝑉

𝑘𝐵𝑇
)
                                                                                             (28) 

𝑅𝑘  is the reaction resistance, given by 
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𝑅𝑘 = (
𝜔𝑑

𝑘
)𝑅𝑊                                                                                                         (29) 

𝜔𝑑 is the characteristic frequency of diffusion, given by 

𝜔𝑑 =
𝐷

𝐿2                                                                                                             (30) 

and 𝜔𝑘  is the characteristic frequency of recombination, given by 

𝜔𝑘 = 𝑘                                                                                                                  (31) 

Figure 2.4 Transmission line equivalent circuit for the diffusion-recombination model 

with a reflecting boundary. 𝑟𝑡 is the transport resistance per unit length, 𝑟𝑟 is the 

recombination resistance per unit length and 𝐶µ is the chemical capacitance. Adapted 

from Ref. 1 with permission. 

 

The transfer function of Equation 27 is represented in the form of a transmission line EC 

as shown in Figure 2.4. The elements of the model are given by 

𝑟𝑡 =
𝑅𝑊

𝐿
                                                                                                                 (32) 

𝑟𝑟 = 𝐿𝑅𝑘                                                                                                               (33) 

𝐶µ =
𝐿

𝑅𝑊𝐷
                                                                                                          (34) 

 

Figure 2.5 (a) Simulations of the diffusion-recombination model impedance of Equation 

45 using the transmission line EC of Figure 20. 1-8 varies 𝑟𝑟 from very high to very low 

values keeping 𝑟𝑡 constant. 𝑟𝑟 < 𝑟𝑡 for 7-8. (b) Fitting (green line) of measured IS data 

(circles) of a DSSC with the transmission line model. Adapted from Ref. 6 with 

permission, Copyright 2004, Elsevier B.V. 
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The diffusion-recombination model has been used very successfully to understand, 

interpret and extract parameters from IS measurements of DSSCs. Simulated IS spectra 

and an example of measured data fitted to the transmission line are shown in Figure 2.5(a) 

and 2.5(b) respectively.6 At scanning frequencies greater than the characteristic frequency 

of diffusion 𝜔𝑑, the carriers are unable to diffuse through the semiconductor and reach 

the collecting electrode to generate a response. This yields a straight line sloped at 45 ∙ to 

the x-axis in a Z-plane plot. At scanning frequencies lower than 𝜔𝑑, the response depends 

on the boundary condition. For the reflecting boundary condition as has been discussed, 

an arc is obtained due to the time constant formed by the parallel combination of 𝐶µ and 

𝑟𝑟, corresponding to filling the density of states of the TiO2 and a finite reaction or 

recombination resistance that causes the electrons in the conduction band to be lost. 

Depending on the difference in characteristic frequencies between the diffusion and 

recombination processes, the response of each is either well differentiated or not, as seen 

in the inset of Figure 2.5(a). 

From the resistance and capacitance values extracted from the fitting and using the time 

constants of each process, several important physical parameters describing the solar cell 

transport and recombination properties can be obtained. Figure 2.6(a) shows the different 

capacitances measured in a DSSC. At low voltages, the capacitance is of the order of tens 

of µF, which is the capacitance of the counter electrode. At intermediate voltages, the 

typical exponential evolution of the chemical capacitance related to filling of the density 

of states of TiO2 is observed.  

Figure 2.6 Extracted (a) capacitance (b) conductivity (c) diffusion coefficient (d) lifetime 

and (e) diffusion length of electrons from fitting of IS data with the transmission line EC 

and their evolution with voltage and conductivity as shown. The legend in (b) corresponds 
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to different electrolytes used while the legend for (c, d, e), shown in (c), correspond to 

different hole selective materials. L stands for liquid electrolyte, IL stands for ionic liquid 

electrolyte and Ometad is a solid hole conductor.  Adapted from Ref. 1 with permission.  

 

A peak in the capacitance can also be observed, which is related to the half occupation of 

a trap state.7 The observation of different capacitances involved in the system indicate 

that the signal of one capacitance can be masked by that of another depending on their 

magnitude and whether they are in a parallel or series configuration. Therefore, care must 

always be taken to distinguish these capacitances by measuring over a large range of 

voltages. From the transport resistance, the conductivity of the electrons is extracted, 

shown in Figure 2.6(b). The extracted diffusion coefficient and lifetime values for the 

electrons (Figure 2.6(c), (d) respectively) yield the diffusion length shown in Figure 2.6(e) 

according to 

𝐿𝑛 = √𝐷𝜏𝑟𝑒𝑐                                                                                                        (35) 

Therefore, IS is a very powerful small perturbation technique that provides knowledge 

of several physical processes occurring on different timescales in the solar cell in a very 

simplistic and straightforward manner, without the need of expensive and complicated 

instrumental setups. Furthermore, it simultaneously provides fundamental parameters and 

constants of processes of recombination, transport and charge storage in a solar cell that 

can be used to quantify the physics governing these devices. 

 

2.2 Intensity Modulated Photocurrent Spectroscopy (IMPS) 

 

Figure 2.7 Illustration of IMPS setup. A potentiostat drives a modulated current to the 

LED via the LED driver to generate the AC small perturbation of monochromatic light 

intensity over a given steady state light intensity. This is fed to both a reference and a 

sample and the modulated current responses are collected to generate the transfer 

function. In some cases, the light source is calibrated independently without the use of a 

beam splitter. The frequency modulation is provided using a frequency response analyzer 
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(FRA). 

 

This technique involves the measurement of a modulated output current density 𝑗̃ =

𝑗0𝑒𝑖(𝜔𝑡+𝜑) upon application of a small perturbation of input monochromatic photon flux 

expressed as a current density 𝑗�̃� = 𝑗𝜙,0𝑒𝑖𝜔𝑡, superimposed on top of a steady state photon 

current density 𝑗�̅� that produces a steady state current 𝑗�̅�. 𝜑 is the phase difference and 𝑗0 

and 𝑗𝜙,0 are the amplitudes of the modulated output and input signals respectively. The 

condition of the perturbation amplitude being much smaller than the steady state photon 

flux in order to obtain a linear response, as discussed for IS measurements in Section 2.1, 

must be met. The range of frequencies of the modulated input is usually 1 MHz – 10 mHz. 

Therefore, we have the dimensionless transfer function8 ranging from 0 to 1, 

Q(ω) =
�̃�

𝑗�̃�
                                                                                                           (36) 

This measurement can be carried out using an external bias and/or a DC background 

photon current density given by 

𝑗�̅� = 𝑞�̅�                                                                                                             (37) 

where 𝜙 is the input photon flux. The LF limit of the IMPS transfer function is given by 

𝑄(0) =
𝑑�̅�

𝑑𝑗𝜙̅̅ ̅̅
                                                                                                        (38) 

It can be seen from Equation 38 that the LF limit is a differential EQE from a given steady 

state. This quantity is exactly what is calculated in a traditional EQE measurement, where 

a small perturbation in monochromatic light intensity is applied to the solar cell from a 

given steady state and the corresponding response is measured, termed the differential 

spectral response method.9 Therefore, IMPS measurements are a reflection of the EQE of 

the solar cell and hence, measured generally at SC conditions. 
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Figure 2.8 (a) Schematic of different processes occurring at the n-type 

semiconductor/electrolyte interface probed by IMPS and their respective rate constants. 

𝑘1 is the rate of transfer of holes from semiconductor to the electrolyte, 𝑘2 is the rate of 

capture of holes in the valence band by a surface state, 𝑘3 is the transfer of holes from the 

surface state to the electrolyte and 𝑘4 is the rate of capture of electrons in the conduction 

band by a surface state. Dashed lines indicate width of the depletion region. Adapted from 

Ref. 11 with permission, Copyright 1995, Elsevier B.V. (b) Experimental (top panel) 

IMPS Q-plane plots of a passive iron electrode in 0.1 M KOH at 0.5 V vs Hg/HgO with 

the addition of K4Fe(CN)6, whose concentration in mM is shown. Simulated IMPS Q-

plane plots are shown in the bottom panel based on the processes in (a). The points 

corresponding to different perturbation frequencies are shown in the plots. Adapted from 

Ref. 10 with permission, Copyright 1990, American Chemical Society. 

 

IMPS has been used extensively in the study of photoelectrochemical (PEC) systems, 

involving the decoupling of electron transfer from other processes such as mass transfer 

and other chemical reactions at a semiconductor/electrolyte interface.10 This technique 

was then adopted to study the properties of the DSSC. The main advantage of using IMPS 

to study PEC systems is that it is able to provide a small modulation of the minority carrier 

Fermi level via the modulated photon flux. Therefore, the response provides information 

directly regarding the minority carriers, which play the dominant role in both photovoltaic 

and PEC action. This is not the case in IS measurements, which can only modulate the 
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majority carrier Fermi level from the semiconductor side via an external modulated 

voltage and therefore, cannot yield information directly regarding the minority carriers in 

a PEC system. In addition, light modulated techniques such as IMPS are less destructive 

on the sample compared to voltage modulated techniques such as IS. A useful strategy is 

to combine the inferences obtained from both IMPS and IS as they provide the same 

information in different forms based on the underlying EC, as established by Bertoluzzi 

and Bisquert.8 

Figure 2.8(a) shows the different processes involved at a semiconductor/electrolyte 

interface during an IMPS experiment. An n-type semiconductor is considered, which 

yields a depletion layer with an upward band bending upon reaching equilibrium with the 

electrolyte. Note that the majority carrier (electron) Fermi level is controlled by the 

external contact. Upon the application of a light perturbation, electron-hole pairs are 

generated. The electrons travel to the collecting electrode while the holes are driven to the 

semiconductor/electrolyte interface, from where they are transferred to the electrolyte. 

The sum of the electron and hole currents yields the measured current. In addition to these 

currents, there are also other processes that occur. Recombination of photogenerated 

electrons and holes can occur both in the bulk and at the semiconductor/electrolyte 

interface. This recombination can either occur directly from the conduction band to the 

valence band, or can involve an intermediary step due to a trap or surface state within the 

forbidden band gap, which has different rates of electron and hole trapping and release. 

Further complications can arise from charge transfer of minority holes from the surface 

state to the electrolyte. The characteristic timescales of these processes shown in Figure 

2.8(a) also yield a characteristic response that provides information and de-convolutes 

these effects from each other, as shown in the Q-plane plot of Figure 2.8(b). A HF arc is 

obtained whose characteristic frequency is determined by the time constant formed 

between the series resistance and the geometric or bulk capacitance of the semiconductor 

electrode.11 This occurs because the modulated current is extracted through the series 

resistance and the bulk capacitance offers a parallel pathway for the current to pass 

through based on its frequency-dependent impedance. Therefore, their magnitudes 

determine the net current that is extracted through the circuit and hence the IMPS transfer 

function at a particular frequency, with a minimum value (0) at very high frequencies 

related to the capacitor behaving like a short circuit, while at low frequencies, the 

capacitor is an open circuit and all the current is driven through the series resistance. 

Therefore, at the lowest frequency of the HF time constant, which is faster than the 

recombination processes, the maximum photoconversion efficiency is obtained. For lower 

frequencies, an arc is obtained in the quadrant opposite to the HF arc. The time constant 

of this LF arc is determined by the competing processes of hole transfer to the electrolyte 

at the rate 𝑘𝑡𝑟𝑎𝑛𝑠 and annihilation of holes by majority carriers through trapping and 

surface recombination at the rate 𝑘𝑟𝑒𝑐.10 This is given by 

𝜏𝐿𝐹 =
1

𝑘𝑡𝑟𝑎𝑛𝑠+𝑘𝑟𝑒𝑐
                                                                                                 (39) 

In addition to applications in photoelectrochemistry, IMPS was also used to 
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characterize DSSCs. Similar to the theory of IS of DSSCs developed in Section 2.1, the 

IMPS transfer function was developed by solving the continuity equation, given by12 

𝑑𝑛

𝑑𝑡
= 𝐷

𝑑2𝑛

𝑑𝑥2 − 𝑘𝑛 + 𝛼𝐼0𝑒−𝛼𝑥                                                                                   (40) 

where 𝛼 is the absorption coefficient of the dye molecules, 𝐼0 is the incident photon flux 

and 𝑥 is the position along the length of the TiO2. This Equation is similar to Equation 22, 

with the addition of the Beer-Lambert expression for absorption of photons by the dye 

molecules attached along the length of the semiconductor.  

Figure 2.9 (a) Experimental IMPS spectra of a DSSC at different applied potentials as 

shown and (b) Simulated IMPS response from the diffusion-recombination model for 

different geometric capacitances of the TiO2 electrode as shown in the legend. Adapted 

from Ref. 12 with permission, Copyright 1997, American Chemical Society. 

 

By applying a perturbation to Equation 40, using the boundary conditions of Equations 

23 and 24, followed by a Laplace transform to the frequency domain, the IMPS transfer 

function for illumination from the substrate side was calculated as 

Q(ω) = (
𝛼

𝛼+𝛾
)

𝑒𝛾𝐿−𝑒−𝛾𝐿+2𝛼
𝑒−𝛼𝐿−𝑒−𝛾𝐿

𝛾−𝛼

𝑒𝛾𝐿−𝑒−𝛾𝐿                                                                    (41) 

 𝛾 = √
1

𝐷𝜏
+

𝑖𝜔

𝐷
                                                                                                    (42) 

where 𝐷 and 𝜏 are the effective diffusion coefficient and effective lifetime of the electrons 

respectively and 𝐿 is the thickness of the TiO2 layer. The measured and simulated Q-plane 

plots of a DSSC is shown in Figure 2.9. At high frequencies, greater than the characteristic 

frequency of diffusion of electrons, the diffusion of the electrons is observed in the form 

of a straight line sloped at 45∙ to the x-axis, followed by an arc related to the 𝑅𝑠𝐶𝑔 

attenuation. Depending on the characteristic frequency of this process, the characteristic 

signal of diffusion of the electrons can be masked, as shown for different values of the 

electrode capacitance in Figure 2.9(b). By obtaining 𝜏 from Intensity Modulated 

Photovoltage Spectroscopy (IMVS), the value was used in Equation 41 to fit the 

experimental IMPS Q-plane plots and extract the effective diffusion coefficient values. 

As is shown in Figure 2.10, both the effective diffusion coefficient and effective lifetime 
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for electrons evolve with light intensity, due to the action of trapping and de-trapping in 

the density of states within the bandgap of the TiO2. However, the square root of the 

product of the two quantities is the diffusion length, which has a very weak dependence 

on light intensity.13 This was explained by Bisquert and Vikhrenko using a multiple-

trapping model,14 where the trapping and de-trapping of free electronic carriers to and 

from localized states inside the bandgap play a role in the kinetic measurements of 

diffusion coefficient and lifetime, but do not affect steady state quantities such as the 

diffusion length and conductivity. 

 

Figure 2.10 Dependence of effective electron lifetime 𝜏, effective electron diffusion 

coefficient 𝐷 and extracted electron diffusion length 𝐿𝑛 on DC short circuit photocurrent 

density (light intensity) for a DSSC. Adapted from Ref. 13 with permission, Copyright 

1999, Elsevier B.V. 
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2.2.1 Measurement protocols 

The IMPS measurements carried out in this thesis were made using a blue LED, 

emitting at 470 nm. The DC light intensity corresponding to the input DC current from 

the LED driver was calculated using a reference Si photodiode. The transfer function 

calculated by the software is the ratio of the modulated extracted current and the 

modulated input current to the LED that produces the modulated light intensity. 

Therefore, a factor needs to be introduced in the transfer function that converts the 

modulated input current to the LED to the modulated current density of input photons. 

This is carried out by: 

 

1) Calculation of the DC light intensity for different input currents to the LED using 

the calibrated Si reference photodiode. 

 

2) Interpolation of the DC light intensity versus input LED current plot is carried out. 

For the required DC light intensities for the IMPS measurement, the required 

amplitude of the input LED current that produces a 10% modulation of the DC 

light intensity is calculated. These values are then introduced into the FRA 

software that creates the current perturbation to the LED. 

 

3) The slope 𝑘 of the light intensity (𝐼) vs LED current (𝑗𝐿𝐸𝐷) - 𝑑𝑗𝐿𝐸𝐷 𝑑𝐼⁄  is calculated 

and the transfer function in the software is multiplied by (ℎ𝑐𝑘 𝑞𝜆⁄ ), where ℎ is  

Planck’s constant, 𝑐 is the speed of light, 𝜆 is the wavelength of the input photons. 

Dividing this value by the area of illumination yields the IMPS transfer function 𝑄 

defined in Equation 36. 
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Chapter 3 

 

Critical Overview 
 

3.1 Goals and strategies 

Perovskite solar cells (PSCs) have shown a rapid improvement in performance, 

currently in excess of 20%, since their inception in 2009. These high efficiencies, coupled 

with ease of production using simple solution-processed methods and large tunability in 

properties, is generating great interest in the PSC as a viable addition to the devices that 

will satiate the huge projected demand for clear and renewable energy in the near future. 

 However, a major impediment to the commercialization of the PSC is its low tolerance 

to relative humidity and ambient environmental conditions, showing deterioration in 

performance over timescales ranging from a few hours to several months, depending on 

materials and methods.1-2 This mechanism is reflected in the hysteresis observed in the 

current-voltage (𝑗 − 𝑉) curve of a PSC, which is deeply connected to the mixed ionic-

electronic conduction in PSCs, where charged lattice defects or ions hop along the crystal 

lattice.3 This hysteresis depends strongly on measurement conditions such as biasing 

voltage, scan direction, scan speed and light intensity preconditioning.4-5 This leads to 

erroneous estimation of the stabilized power output of the PSC, which is a critical 

parameter in its description. In order to understand the mechanisms driving this effect, 

several device models have been proposed that involve modelling the PSC as a n-i-p 

heterojunction.6 This involves assuming an intrinsic perovskite absorber with a constant 

built-in electrical field which is responsible for photocarrier collection, established by the 

difference in workfunctions of the selective contacts. The ions drift, shield and modulate 

this electrical field depending on external measurement conditions. This charge collection 

model, in conjunction with trapping and de-trapping of electronic carriers, has been used 

to explain and reproduce some of the hysteretic trends observed in PSCs.7 However, these 

models are unable to explain several of the unique physical mechanisms observed in the 

PSCs, such as the apparently unlimited large LF capacitance of the order of milliFarads 

(mF),8 extremely slow recombination timescales in the order of seconds9 and a strong 

dependence of these parameters and hence the performance on the selective contact 

materials.10 Furthermore, the role of charge extraction at the interfaces is either neglected 

or unclear, which is modulated strongly by the potential drops created by the ions at a 

given steady state. In addition, there is strong evidence of very large diffusion lengths of 

the order of micrometres (µm) in PSCs,11-12 indicating that the role of a built-in electrical 

field in transport, charge collection and ultimately obtained 𝑉𝑜𝑐 should be minor. 

Therefore, there is an urgent need to develop a PSC device model that incorporates all of 

these features while reproducing its unique hysteretic behaviour. In summary, the main 

goal of this thesis is: 

 

Development of a robust device model and equivalent circuit of the perovskite 
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solar cell that can reproduce its unique response and hysteretic behaviour that is 

aligned with the physical inferences obtained from several other techniques, 

irrespective of materials and methods, thereby leading to an understanding of its 

operating mechanisms to direct further material modifications.  

 

In order to achieve this goal, the following questions need to be explored: 

 

 How do ions affect the relationship between the internal and external voltage of 

the PSC in a kinetic measurement?  

 How is recombination, capacitance and charge extraction affected by ions at the 

selective contact/perovskite interface? 

 What is the role of a built-in electrical field in the transport of photogenerated 

charges in a PSC? Do the selective contact workfunctions limit the maximum 

𝑉𝑜𝑐 obtained? 

 Can the proposed EC explain the response of the PSC from another small 

perturbation technique, since the underlying circuit is the same? 

The answers to these questions and the subsequent development of this model can help 

understand regions that store charge preferentially, such as the interfaces between the 

perovskite and the selective contacts, which can serve as strong recombination centers. 

These interfaces can then be passivated suitably to improve performance of the PSC. 

Identifying the importance of the built-in electrical field for transport of photogenerated 

carriers in the PSC will allow for understanding the dependence of the 𝑉𝑜𝑐 on the contact 

workfunctions, thereby allowing or blocking a range of materials that can be explored as 

selective contacts. Finally, understanding the charge extraction at the perovskite/selective 

contact interface that is strongly modulated by the potential drops created by the ions, will 

provide an improved understanding of the interfacial kinetics that limit the performance 

of the PSC.  

In order to achieve these goals, variations in device structure and formulation are 

carried out as per requirement, which is explained in the subsequent paragraphs. The main 

methods used to probe the recombination, charge storage and transport properties are 

Impedance Spectroscopy (IS) and Intensity Modulated Photocurrent Spectroscopy 

(IMPS), which are small perturbation methods that obtain information through 

measurement of the response of the PSC to an input modulated voltage and photon flux 

respectively. Further details of these techniques are provided in Chapter 2. Simulations 

and numerical methods were carried out using MATLAB and/or Wolfram Mathematica. 

 

3.2 Interfacial polarization  

Based on the stated goals, an initial model termed the surface polarization model 

(SPM) was developed to explain the various hysteresis patterns observed in kinetic 

measurements, specifically the 𝑗 − 𝑉 curve of a PSC. This model assumes a p-type MAPI 

absorber with dopant density 𝑝0 and involves the formation of an electrostatic potential 
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𝑉𝑠 at the ESL/MAPI perovskite interface at large steady state forward bias (close to 𝑉𝑜𝑐).8 

This potential is reflected in the upward band bending at this interface due to the arrival 

of positively charged ions under large injection or illumination conditions. This upward 

band bending can enter the majority carrier (hole) Fermi level, creating a huge density of 

both accumulated ionic and electronic holes 𝑝𝑠 at this interface, as has also been measured 

using Scanning force microscopy (SFM) measurements on PSCs under illumination. This 

is shown in Figure 3.1.13 Upon cycling the external voltage from this state, the response 

of the internal voltage, which is generally extremely fast in conventional solar cells, is 

delayed in the PSC due to the ions that drift away from the interface at a slow rate. The 

slow diffusion of the ions leaves a density of electronic charge remaining at the interface, 

which can either be extracted or can subsequently recombine at the interface. It is this 

density of electronic charge that yields the very slow evolution of the 𝑉𝑜𝑐 in open-circuit 

voltage decay measurements, as the contacts measure the electronic Fermi levels only.  

 

Figure 3.1 (a) Charge densities calculated at OC conditions under illumination from 

scanning force microscopy measurements on MAPI solar cells with the Ag electrode 

floating. Note the unbalanced, excess positive charge density at the TiO2/MAPI interface 

that increases with illumination time. Adapted with permission from Ref. 13, Copyright 

2016, American Chemical Society. (b) Schematic of the surface polarization model with 

𝑉 being the external potential and and 𝑉𝑠 being the electrostatic potential due to ionic 

accumulation at the interface respectively. 𝐸𝑓𝑛  and Efp are the electron and hole Fermi 

levels respectively, which are assumed to be flat because of a large diffusion coefficient. 

𝜏𝑘𝑖𝑛 is the timescale of drift of ions away from the interface. Electrons are shown as green 

spheres, holes as white spheres and cations as red spheres.  

 

Therefore, the connection between the internal and external voltage of the PSC at 

steady state (overbar) can be defined as 
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�̅�𝑠 = �̅� − 𝑉𝑏𝑖                                                                                                       (43) 

where 𝑉𝑏𝑖  is the built-in potential at equilibrium. Upon cycling the voltage from a steady 

state condition, the evolution of the surface voltage is given by 

𝑑𝑉𝑠

𝑑𝑡
=

𝑉𝑠−(𝑉−𝑉𝑏𝑖)

𝜏𝑘𝑖𝑛
                                                                                                 (44) 

where 𝜏𝑘𝑖𝑛 is the timescale of ionic drift away from the interface. The excess charge 

density at the interface is  

𝑄𝑠 = 𝑞𝑝𝑠 = 𝑄𝑠0exp (𝑞𝑉𝑠 𝛾⁄ 𝑘𝐵𝑇)                                                                        (45) 

yielding the accumulation capacitance                                                                 

𝐶𝑎𝑐𝑐 =
𝑑𝑄𝑠

𝑑𝑉𝑠
= (

𝑞𝑄𝑠0

𝛾𝑘𝐵𝑇
)exp (𝑞𝑉𝑠 𝛾⁄ 𝑘𝐵𝑇)                                                             (46) 

Note that the ideal value of γ is 2. The discharge of the accumulated holes yields a 

capacitive current given by 

𝑗𝑐𝑎𝑝 =
𝑑𝑄𝑠

𝑑𝑡
= 𝐶𝑎𝑐𝑐

𝑑𝑉𝑠

𝑑𝑡
                                                                                          (47) 

A recombination current is created by the recombination of the accumulated holes at the 

interface and the bulk holes with injected electrons, given by 

𝑗𝑟𝑒𝑐 = 𝑘𝑟𝑒𝑐𝑛𝑄𝑠 = 𝑗𝑟𝑒𝑐0exp (𝑞𝑉𝑏𝑖 𝛾𝑘𝐵𝑇)exp [𝑞(𝑉𝑠 𝛾⁄ + 𝑉 𝛽)/𝑘𝐵𝑇]⁄⁄              (48) 

Here, 𝑗𝑟𝑒𝑐0 is the reverse saturation current density and 𝛽 is the ideality of recombination. 

The equations 47 and 48 are then superimposed on the photogenerated current as 

j = 𝑗𝑝ℎ̅̅ ̅̅ − 𝑗𝑟𝑒𝑐0 exp [
𝑞(𝑉𝑠 𝛾⁄ +𝑉 𝛽⁄ +𝑉𝑏𝑖 𝛾⁄ )

𝑘𝐵𝑇
] + 𝐶𝑎𝑐𝑐

𝑑𝑉𝑠

𝑑𝑡
                                            (49) 

At steady state, Equation 49 breaks down into the standard diode form given by 

j ̅ = 𝑗𝑝ℎ̅̅ ̅̅ − 𝑗𝑟𝑒𝑐0 exp [
𝑞V̅

𝑚𝑘𝐵𝑇
]                                                                                 (50) 

where 

 m =
𝛽𝛾

𝛽+𝛾
                                                                                                            (51) 

 The SPM is able to reproduce several of the hysteretic trends and their strong 

dependence on measurement parameters for PSCs, shown in Figure 3.2, especially the 

‘bump’ in the 𝑗 − 𝑉 curve close to 𝑉𝑜𝑐, capacitive behaviour with respect to scan rate and 

the apparent shunt resistance effect described in Figure 1.7(a),(b). It is also able to 

reproduce the case where the apparent 𝑗𝑠𝑐  is enhanced, due to very slow discharge of the 

accumulated carriers as seen in Figure 1.7(c). In addition, its features allow the 

explanation of the huge capacitances observed for PSCs, the extremely slow 𝑉𝑜𝑐 decay 

and strong dependence of hysteresis and capacitance on the ESL material. It must be noted 

that this model is a recombination-based model as transport of photocarriers is assumed 

to be excellent through the PSC, with the main governing factor being the interface.  
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Figure 3.2 (a) Effect of pre-bias voltage (b) scan rate (c, d) small and large 𝜏𝑘𝑖𝑛 values 

respectively, simulated from the SPM. Parameters used were: 
8

0 4.4 10sQ   C·cm-2, b = 

100 mV·s-1, 𝑉𝑏𝑖  = 350 mV, ß = 2, γ = 2, jph = 20 mA·cm-2, jrec0 = 4.8 x 10-16 mA·cm-2, τkin 

= 10 s for (a), (b). 

 

3.3 ESL/perovskite interface recombination 

However, a question arises – How does the perovskite sustain such large densities of 

charge at the TiO2/perovskite interface at steady state? It then becomes apparent that an 

extra recombination pathway must be considered, between the accumulated holes in the 

perovskite side and the corresponding electrons in the TiO2 side, especially in the case of 

voltage-based hysteresis. This is exactly what was observed in the unique hysteretic trends 

of stable triple layer mesoscopic PSCs, whose structure is shown in Figure 3.3(a). These 

cells showed variations in only the 𝑉𝑜𝑐, with 𝑗𝑠𝑐  and FF values very similar, as seen in 

Figure 3.3(c). Furthermore, the nature of the hysteresis could be tuned depending on the 

thickness of the compact TiO2 layer, with a change from normal hysteresis to inverted 

hysteresis (as defined in Section 1.2.3.2.1) with reducing thickness of the c-TiO2 layer. In 

this case, it becomes very difficult to explain the hysteretic trends using charge collection 
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models since the currents are almost identical in all cases, with variations in only the 

recombination properties that affect the 𝑉𝑜𝑐.  

 

Figure 3.3 (a) Device structure of triple layer mesoscopic PSCs (b) variation of nature of 

hysteresis depending upon number of cycles of spray-coated c-TiO2 layer (c) 𝑗 − 𝑉 curves 

of devices with corresponding c-TiO2 layer thicknesses shown in (b), yielding a unique 

hysteresis only in 𝑉𝑜𝑐 values. F-R indicates forward to reverse bias scan and vice versa 

for R-F scan. (d) Schematic of different processes occurring at the ESL (blue)/perovskite 

(brown) interface in a kinetic measurement. Upon the application of a forward bias, holes 

(purple) and cations (green) are brought towards the ESL/perovskite interface (process 1) 

by the injected electrons (orange) from the ESL side. At large forward biases, 

accumulation of holes and cations leads to a surface electrostatic potential 𝑉𝑠, causing the 
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bands to bend upward at the perovskite side (process 2). The steady state voltage obtained 

is determined by the recombination of the accumulated holes with electrons in the 

perovskite bulk (process 3) and electrons in the ESL side (process 4). 

 

Therefore, the SPM was extended in order to account for this phenomenon. Briefly, as 

described previously, the model considers the accumulation of a large density of cations 

and holes at the ESL/perovkite interface at large forward (F) bias, which is almost a steady 

state value and hence does not depend on the kinetics of the ions. This yields a 𝑉𝑜𝑐 that is 

reduced in a reverse to forward (RF) bias scan due to the slow kinetics of the ions, which 

take time to arrive at the ESL/perovskite interface and create accumulation of holes to 

increase the 𝑉𝑜𝑐. This causes the ‘normal’ hysteresis shown in Figure 3.3(c), where the 𝑉𝑜𝑐 

of the FR scan is larger than the RF scan. However, reducing the thickness of the c-TiO2 

layer opens up an extra recombination pathway between the accumulated holes on the 

perovskite side and the corresponding accumulated electrons on the TiO2 side. This 

recombination reduces the net 𝑉𝑜𝑐 obtained at steady state F voltages while not being 

significant during an RF scan due to the slow accumulation kinetics. This means that for 

smaller thicknesses of the c-TiO2 layer, the 𝑉𝑜𝑐 in an FR scan is reduced, while the 𝑉𝑜𝑐 of 

the RF scan is unaffected, yielding the hysteresis patterns of Figure 3.3(b) and 3.3(c). 

Therefore, by qualitatively accounting for surface recombination of accumulated holes 

with the electrons in the c-TiO2 layer, the interplay between surface recombination and 

accumulation explained the variation from normal to inverted 𝑉𝑜𝑐 hysteresis in these 

PSCs.  
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3.4 Role of the built-in electrical field 

Figure 3.4 (a) 𝑗 − 𝑉 curves of MAPI perovskite solar cells with the configuration 

ESL/perovskite/Spiro-OMeTAD/Au, with different ESLs as shown in legend. (b) 

External quantum efficiency of the different measured cells as shown in legend. (c) 

Statistics of the short circuit current density, fill factor (FF) and photoconversion 

efficiency (PCE) of cells with different ESLs as shown. (d) Obtained 𝑉𝑜𝑐 and 

corresponding workfunction values of cells with different ESLs. 

 

After establishing a robust recombination-based kinetic model for PSCs, a deeper 

understanding of the nature of transport in a PSC was required due to the fact that PSCs 

show large variations in the photocurrent depending on measurement conditions even 

though reported diffusion lengths are very large (in the order of µm), several times larger 

than the perovskite film thickness. Further development and validation of the model 

required an understanding of the equilibrium potential distribution in the PSC, to identify 

if the potential drop due to contact workfunction (WF) difference is absorbed at the 

interfaces in a small layer or leads to a built-in electrical field through the whole absorber 

layer. This distribution of the equilibrium potential can have strong implications on the 

nature of transport of photogenerated carriers and the obtained 𝑉𝑜𝑐. Therefore, a 

systematic study of the 𝑉𝑜𝑐 values was carried out on high efficiency CH3NH3PbI3 (MAPI) 

cells by selective removal and/or variation of the different layers constituting the ESL. As 

seen from Figure 3.4(a), (b) and (c), the only differentiating factor in the performance of 
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the cells was the variation in FF, with 𝑗𝑠𝑐  and 𝑉𝑜𝑐 showing very little change. From 

ultraviolet photoelectron spectroscopy (UPS) measurements, the WF of the different 

ESLs was measured. As seen from Figure 3.4(d), an almost 1 eV variation in the WF from 

FTO to m-TiO2 yielded a change in 𝑉𝑜𝑐 of less than 100 mV. These observations have 

significant ramifications on the understanding of the origin of the photovoltage in PSCs 

and their relation to the selective contacts. As described in Section 1.2.3.4 and shown in 

Figure 3.5(a) and (b), the PSC is frequently modelled as an intrinsic absorber with a built-

in electrical field at equilibrium conditions through the absorber that is generated by the 

difference in WF of the two contacts. This creates a favourable condition for the 

separation and extraction of photogenerated carriers, with the electrons and holes driven 

by the electrical field to the ESL and HSL respectively. Upon applying a forward bias, 

the tilting of the bands is reduced, reducing the driving force for carrier separation, Figure 

3.5(c). Therefore, in such a model, the maximum 𝑉𝑜𝑐 obtained is equal to or slightly larger 

than the 𝑉𝑏𝑖  and the WF difference between the ESL and HSL becomes critical in 

determining the photovoltage.6 However, it can be seen that there is no correlation 

between the WF of the ESL and the 𝑉𝑜𝑐 obtained for high efficiency MAPI PSCs. This 

indicates firstly that the 𝑉𝑏𝑖  due to equilibration between the perovskite absorber and the 

selective contacts occurs in a small layer close to the interfaces, with a bulk electrical 

field-free region. Secondly, it also indicates that the perovskite is very efficient at 

separating and transporting photogenerated carriers without the requirement of an electric 

field within the absorber. Therefore, further developments in high efficiency PSCs will 

require tuning of the interfacial recombination and extraction characteristics rather than 

focussing on improving charge collection. A wide range of alternate materials can be 

explored based on the fact that the 𝑉𝑜𝑐 obtained in the PSC is independent of the WF of 

the contacts. 
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Figure 3.5 (a) n-i-p model of the perovskite solar cell, with a built-in potential 𝑉𝑏𝑖  through 

the absorber that is the difference in workfunctions of the selective contacts. At 

equilibrium, the ions drift towards the respective contacts and shield the 𝑉𝑏𝑖 , creating a 

bulk field-free region with sharp potential drops at the contacts to extract photogenerated 

charges as shown in (b). (c) shows the effect of applied forward bias that tilts the bands 

unfavourably for carrier extraction. Regions Ⅰ, Ⅲ contain sharp potential drops due to the 

ions and region Ⅱ is the bulk. Adapted from Ref. 6, licensed by CC BY 3.0, 

https://creativecommons.org/licenses/by/3.0/.  

 

3.5 Interfacial charge extraction and EQE 

After developing suitable models to account for the transport and accumulation of 

charge and its subsequent recombination at the ESL/perovskite interface, the next step in 

understanding the PSC operation was to identify the nature of charge extraction at the 

interfaces, where there are strong potential drops modulated by the ions. It must be 

mentioned that charge extraction is assumed to be ideal in the SPM and hence, a more 

detailed model would require knowledge of this effect. Therefore, IMPS measurements 

were carried out at SC conditions on MAPI solar cells.  IMPS involves the application of 

a small perturbation of input photon flux �̃� and subsequent measurement of the modulated 
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current response 𝑗̃, scanned over a range of frequencies. Therefore, the IMPS transfer 

function is the frequency dependent EQE of the solar cell, given by 

𝑄(ω) =
1

𝑞

�̃�

�̃�
=

�̃�

𝑗�̃�
                                                                                                (52) 

and the LF limit is then given by 

𝑄(0) =
𝑑j̅

𝑑𝑗𝜙̅̅ ̅̅
                                                                                                        (53) 

 It is important to note that in a standard EQE measurement, it is the quantity in 

Equation 53 that is measured, though at a non-zero frequency, with an input modulated 

photon flux at a given wavelength, followed by measurement of the modulated current 

response, ultimately scanning over the entire range of wavelengths of interest. The 

modulation is provided internally by the measurement device or is provided either 

mechanically using a chopper or from directly modulating the light source. This 

experiment is generally carried out under a DC white light bias. Therefore, a proper 

definition of the EQE must be provided, depending on the nature of the measurement. 

This can be made by starting with a general relation between the DC extracted 

photocurrent 𝑗�̅� and the DC input photon flux expressed as a current density 𝑗�̅�, given by 

𝑗�̅�(λ) = 𝑘𝑗�̅�
𝑛(λ)                                                                                                (54) 

where 𝑘 is a proportionality constant and 𝑛 is an exponent. Therefore, the steady state 

EQE can be defined as 

𝐸𝑄𝐸𝑃𝑉−𝑠𝑠 =
𝑗�̅�

𝑗𝜙̅̅ ̅̅
= 𝑘𝑗�̅�

𝑛−1                                                                                 (55) 

The EQE obtained from small perturbation methods or differential EQE can be defined 

as 

𝐸𝑄𝐸𝑃𝑉−𝑑𝑖𝑓𝑓 =
𝑑𝑗�̅�

𝑑𝑗𝜙̅̅ ̅̅
= n𝑘𝑗�̅�

𝑛−1                                                                         (56) 

From Equations 55 and 56, it can be seen that 𝐸𝑄𝐸𝑃𝑉−𝑠𝑠 = 𝐸𝑄𝐸𝑃𝑉−𝑑𝑖𝑓𝑓  only when 

𝑛 = 1 ie: when the photocurrent response is linear with respect to the input photon flux. 

Therefore, care must be taken in defining the nature of the EQE that is being measured 

and reported. After establishing definitions for the EQE of a solar cell, IMPS 

measurements were made on ≈ 15% efficient, regular MAPI solar cells. All IMPS 

measurements were made with blue (470 nm) light to avoid absorption losses, ensuring 

that the EQE values obtained reflect the internal quantum efficiency (IQE) related to 

transport and recombination of carriers only. The obtained IMPS Q-plane (Q’,-Q’’) plot 

is shown in Figure 3.6(c), with an arc in the upper quadrant at high frequencies followed 

by an arc in the lower quadrant at low frequencies. A small arc in the upper quadrant is 

also observed at intermediate frequencies, which is discussed subsequently. The evolution 

of the real part of the IMPS transfer function versus frequency is shown in Figure 3.6(d), 

indicating that the EQE of the PSC can vary strongly depending on the frequency at which 

it is measured. This was confirmed experimentally from standard EQE measurements by 

varying the chopper frequency. As can be seen in Figure 3.6(a) and (b), the variation in 
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the EQE is as high as 10% for chopper frequencies between 10-500 Hz with or without a 

DC bias light intensity. This explains the large variation in the 𝑗𝑠𝑐  values reported in 

literature, obtained from integration of the EQE over the solar spectrum. This indicates 

that rigid protocols are required to report the EQE of PSCs at standard chopper 

frequencies in a typical differential spectral response measurement, preferentially by 

measuring the response with several different frequencies and/or reporting the 

perturbation frequency used for the measurement. 

 

Figure 3.6 (a, b) Change in external quantum efficiency (EQE) for different chopper 

frequencies as shown in legend in dark and 10 mW/cm2 DC white light illumination 

respectively, with 500 Hz value as reference. (c) IMPS Q-plane plot measured under 33 

mA/ cm2 blue (470 nm) light DC bias and (d) variation of real part of the IMPS transfer 

function with frequency as obtained from data of (c). 

 

The evolution of the EQE of the PSC shows a unique reduction at low frequencies, 

below 10 Hz, as seen from Figure 3.6(d). In order to understand this phenomenon, the 

basic solar cell model is shown in Figure 3.7(a), consisting of a parallel combination of 
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chemical capacitance 𝐶µ and recombination resistance 𝑅𝑟𝑒𝑐, with a current source in 

parallel to these elements that is related to photogeneration of carriers. The photocurrent  

is driven through the series resistance 𝑅𝑠. The IMPS response of this model can be easily 

explained by considering that the total current driven through the series resistance depends 

on the resistance of the 𝑅𝑟𝑒𝑐||𝐶µ line. At high frequencies, the capacitor acts like a short 

circuit and hence, there is no current extracted and at low frequencies, the capacitor acts 

as an open circuit, yielding a net resistance for the line governed by 𝑅𝑟𝑒𝑐. Therefore, the 

IMPS Q-plane response (Figure 3.7(b)) is an arc in the first quadrant with a characteristic 

frequency given by 𝜔𝐻𝐹 = (𝑅𝑠𝐶µ)−1 and the HF and LF intercepts on the Q’-axis are 0 

and [1 + (𝑅𝑠 𝑅𝑟𝑒𝑐)]⁄ −1
 respectively. Therefore, the response can be considered similar to 

an RC attenuator where the capacitor controls the frequency-dependent response through 

the equipotential lines of the circuit.  

 

Figure 3.7 (a) Basic solar cell model and (c) perovskite solar cell model with 

corresponding IMPS Q-plane response ((b) and (d) respectively). 𝑅𝑠, 𝑅𝑟𝑒𝑐, 𝑅𝐻𝐹  and 𝑅𝐿𝐹  

are the series resistance, recombination resistance, high frequency and low frequency 

resistances respectively. 𝐶µ, Cg and 𝐶𝐿𝐹  are the chemical, geometric and low frequency 

capacitances respectively. 𝑗�̅� and  𝑗�̂� are the DC and modulated input photon current 

densities respectively. 
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However, in the case of a PSC, the current source is placed only across the HF 

resistance, which means the potential drops encountered by the input and output current 

densities are not the same. This shows that the total photovoltage is separated in the PSC 

internally, as seen in Figure 3.7(c), which could be related to the fact that the LF 

phenomena are related to ionic accumulation at the interfaces, since the ionic densities are 

unaffected under illumination. The IMPS transfer function of the perovskite solar cell 

model shown in Figure 3.7(c) is given by 

𝑄(𝜔) = (1 +
𝑅𝑠

𝑅𝐻𝐹
+ 𝑖𝜔𝑅𝑠𝐶𝑔 + [

𝑅𝐿𝐹

𝑅𝐻𝐹
] [

1+𝑖𝜔𝑅𝑠𝐶𝑔

1+𝑖𝜔𝑅𝐿𝐹𝐶𝐿𝐹
])−1                                        (57) 

The HF arc in this case is again created by the time constant formed by 𝑅𝑠 and 𝐶𝑔, as 

described in Section 2.2. Cg is the bulk dielectric or geometric capacitance of the 

perovskite absorber that is related to net polarisation of the sample over the device 

thickness, akin to a parallel-plate capacitor. This capacitance has also been well 

established from IS measurements for the PSC, described in Section 1.2.3.3.1. At low 

frequencies, the LF capacitor becomes a blocking element, which causes the LF resistor 

to act like an extra series resistor for the extracted photocurrent. This reduces the measured 

EQE, forming an arc in the lower quadrant (Figure 3.7(d)) depending on the time constant 

formed between 𝑅𝐿𝐹  and 𝐶𝐿𝐹 . The Q-plane response, EC, time constants and intercepts 

for both the basic solar cell model and the PSC are summarised in Figure 3.7.  

Therefore, the slow kinetic effects observed in recombination times and voltage decays 

are inevitably reflected in the charge extraction kinetics of the PSC. The physical 

mechanism governing this reduction in the EQE, which is quantitatively described by 

IMPS measurements, is governed strongly by the interactions between the ions and 

electronic carriers at the perovskite/selective contact interfaces, whose further 

understanding is critical to resolve this effect. This work provided a novel interpretation 

of the IMPS response of PSCs and the meaning of the arcs, their intercepts and the time 

constants observed in a Q-plane plot. 
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3.6 Developing the equivalent circuit of the PSC 

Figure 3.8 Schematic of device configurations of the different PSCs measured and 

corresponding IMPS Q-plane plots at OC conditions using blue (470 nm) light. Insets 

show the zoomed image of the intermediate and low frequency response. 

 

After establishing the PSC EC at SC conditions, the next step was to confirm this EC 

at OC conditions, considering that the EC must remain the same in all conditions. In 

addition, the IS response of PSCs is known to be quite variable in general, depending a 

lot on the nature of the samples. This makes it difficult to obtain a reproducible and 

repeatable response and hence model from IS measurements. The application of a DC 

biasing voltage for extended periods of time in these measurements also causes 

degradation in the performance.14 Therefore, it becomes important to validate and 

complement the results from IS measurements on PSCs with another small perturbation 

technique. Hence, IMPS measurements on PSCs at OC conditions were studied 

systematically for the first time. The measured PSCs were stable and reproducible 

CH3NH3PbBr3 cells with different ESLs, whose configuration and 𝑗 − 𝑉 curves are shown 

in Figure 3.8 and 3.10(a) respectively. It can be seen that the ESL plays a strong role in 

the obtained 𝑗𝑠𝑐  value and the FF.  

The IMPS Q-plane response of these cells at OC conditions are shown in Figure 3.8. 

The reduced values of the real part of the transfer function at OC conditions that represents 

the EQE of the solar cell compared to SC conditions can be understood from the fact that 

the intercept values are governed by the recombination resistance 𝑅𝑟𝑒𝑐, as seen from 

Figure 3.7. All the cells show a response similar to that of Figure 3.7(d), with a HF arc in 



 Chapter 3. Critical overview   66 

 

 

the upper quadrant and an LF arc in the lower quadrant. However, upon closer inspection, 

a small intermediate frequency (IF) arc can be observed in the upper quadrant at 

characteristic frequencies around 10 Hz, as seen in the inset of Figure 3.8. Therefore, the 

EC of the PSC was further extended to include an IF capacitor charged through a resistor 

𝑅𝐼𝐹, as seen in Figure 3.9(a). The simulated Q-plane response of the EC reproduces the 

three arcs observed, while the simulated IS response yields the two arcs in the upper 

quadrant this is usually observed for stable and efficient PSCs. The corresponding time 

constants for the arcs observed in both IMPS and IS measurements at OC conditions are 

shown in Figure 3.9(b) and 3.9(c) respectively. The inverse of these time constants 

correspond to the characteristic frequencies of each process, represented hereafter as 𝜔𝜏, 

where 𝜏 is the corresponding time constant represented as the product of a resistance and 

capacitance. Fitting of the Q-plane data of the cells yielded values for the capacitances 

and resistances, which are summarised in Table 3.1.  

Table 3.1 Obtained parameters from fitting of IMPS data at OC conditions. Cg,IS is the 

geometric capacitance value extracted from IS measurements at OC conditions. 

 

 Firstly, it can be noticed that the bulk dielectric capacitance Cg obtained from IMPS is 

in good agreement with that obtained from IS measurements (see also Figure 1.13(c)). 

The large LF capacitance of the order of a few mF, attributed to the accumulation of holes 

and cations at the ESL/perovskite interface, and the values of 𝑅𝐻𝐹  and 𝑅𝐿𝐹  are also well 

established from IS measurements.15 The IF capacitance observed only from IMPS 

measurements is two orders smaller than the LF capacitance. This was attributed to the 

accumulation of anions at the perovskite/HSL interface that likely includes an electronic 

component, due to the large values of capacitance observed. Furthermore, the IF 

resistance varies significantly for the three cells. The significance of the IF resistance is 

apparently unclear because it is in series with the IF capacitor and hence, cannot contribute 

to the steady state or DC response of the PSC. However, it must be noted that the 𝑗 − 𝑉 

curve of a solar cell is actually measured at a certain voltage scan rate, however slow it 

may be, which means the IF resistance can contribute to the device resistance depending 

on its IS time constant and the 𝑗 − 𝑉 scan frequency. The net impedance of the EC shown 

in Figure 3.9(a) is given by 

𝑍𝑛𝑒𝑡(ω) = 𝑅𝑠 + (𝑖ω𝐶𝑔 +
1

𝑅𝐼𝐹+
1

𝑖𝜔𝐶𝐼𝐹

+
1

𝑅𝐻𝐹+
1

1
𝑅𝐿𝐹

+𝑖𝜔𝐶𝐿𝐹

)−1                                           (58) 

For 𝜔𝜏𝐻𝐹
≫ 𝜔 ≫ 𝜔𝜏𝐼𝐹

, 𝜔𝜏𝐿𝐹
 in the Z-plane plot of Figure 3.9(c), we have, 

𝑍𝑛𝑒𝑡 = 𝑅𝑠 + (
1

𝑅𝐻𝐹
+

1

𝑅𝐼𝐹
)−1                                                                                    (59) 
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Therefore, the net device resistance at these frequencies is controlled by the parallel 

combination of the HF recombination resistance and the IF charging resistance. At OC 

conditions, the HF recombination resistance is very small, of the order of a few tens of 

Ω·cm2, and hence dominates the net impedance. However, at lower forward biases, the 

recombination resistance values increase exponentially, consequently making the IF 

resistance control the net device resistance. This is shown in the simulations of Figure 

3.10(b), where the frequency range of standard 𝑗 − 𝑉 scans coincides with this situation. 

Therefore, the IF resistance is a critical factor in controlling the net device resistance of 

PSCs, which can explain the large disparity in FFs for different PSCs, especially the large 

reduction in FF when scanning from R to F voltages.4 

  

Figure 3.9 (a) Proposed EC for the PSC. (b) Simulated IMPS Q-plane plot and (c) IS Z-

plane plot at OC conditions using circuit of (a), with corresponding time constants at OC 

shown.  Parameters used were sR = 120 and 20 Ω·cm2 for (b) and (c) respectively, HFR = 

30 Ω·cm2, LFR = 20 Ω·cm2, IFR = 300 Ω·cm2, gC = 10-7 F·cm-2, IFC = 10-4 F·cm-2, LFC
= 10-2 F·cm-2. 

 

It must also be noted that the values of 𝑅𝑠 obtained from IMPS are of the order of 100 

Ω·cm2, while IS measurements yield values of around 20 Ω·cm2.  This points to the fact 

that the EC of Figure 3.9(a) is incomplete, and likely includes an extra resistance in series 
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with 𝑅𝑠 or in parallel along the other lines of the EC. An obvious resistance that needs to 

be considered is the transport resistance 𝑅𝑡 (Ω·cm2) given by 

𝑅𝑡 =
𝐿

𝜎
                                                                                                                (60) 

where 𝜎 = 𝑞𝑝µ𝑝 is the conductivity of holes, 𝐿 is the thickness of the sample, 𝑝 is the 

density of majority carrier holes and µ𝑝 is the hole mobility. Taking an average value of 

40 cm2V-1s-1 for µ𝑝 from reported values16 in the literature and a hole density of 2x1016 

cm-3 corresponding to 90 mW·cm2 DC illumination of blue (470 nm) photons impinging 

on the sample yields a 𝑅𝑡 value of ⁓ 2.3x10-4 Ω·cm2 for a 300 nm thick sample. This value 

is negligibly small and hence, the transport resistance is not a contributing factor to the 

EC, indicating that the extra resistance should be placed along the parallel lines of the EC. 

 

 

Figure 3.10 (a) 𝑗 − 𝑉 curves of the different PSCs measured and (b) simulated variation 

of net device resistance depending on the values of the IF resistance in relation to the HF 

and LF resistances shown in the legend. The dotted lines indicate typical scan rates used 

in a 𝑗 − 𝑉 measurement. The effect of the IF resistance is to alter the FF of the cells as 

seen in (a), with Meso cells showing the lowest FF and IF resistance (see Table 3.1). 

 

 The obtained results and insights from the IMPS measurements on PSCs are very 

significant. The observation of an IF process in IMPS that is not observable in IS indicates 

that the time constants formed in either measurement are different, as is shown in Figure 

3.9. In IS, the IF time constant is similar in value to the LF time constant, which prevents 

them being decoupled, unlike in IMPS where the arcs in the upper quadrant are always 

formed by the series resistance and capacitors in associated lines of the circuit and hence, 

the IF and LF time constants are different and decoupled. Furthermore, these time 

constants do not have any physical meaning unless derived from a specific 

transport/recombination model, which currently does not exist for the PSC. Therefore, 

associating electronic and ionic transport phenomena to the time constants observed in an 
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IMPS Q-plane plot, which is a frequently adopted procedure in the field, is erroneous. 

While observation of ionic transport cannot be ruled out due to their slow drift, the 

electronic transport is very difficult to observe, with the characteristic frequency of 

diffusion 𝜔𝑑 given by17 

𝜔𝑑 =
𝐷

𝐿2                                                                                                             (61) 

where 𝐷 is the diffusion coefficient of the electronic carrier and 𝐿 is the device thickness. 

Taking a 𝐷 value of 1 cm2s-1 from reported values in the literature and a device thickness 

of 300 nm yields a 𝜔𝑑 value of 1.1x109 Hz, which is well out of the frequency range of 

small perturbation techniques such as IS and IMPS. In addition, the characteristic 

response of transport in both IS17 and IMPS18 is the observation of a 45∙ straight line at 

high frequencies, which is not observed for PSCs. Hence, in the absence of an established 

transport/recombination model to study the small perturbation response of PSCs, it is 

imperative to establish the underlying EC from different small perturbation techniques to 

develop a suitable transport/recombination model for the solar cell that is being probed. 

 In summary, the time constants observed in IMPS spectra are not related to transport 

of photogenerated carriers in the perovskite absorber or in the selective contacts, as is 

commonly interpreted. Secondly, it allows the identification of an extra capacitance from 

IMPS that is not observable from IS measurements due to different combinations of the 

time constants involved in each measurement. This capacitance is one or two orders 

smaller than the LF capacitance and the resistance associated to charging this capacitor is 

a prominent factor in determining the net resistance of the PSC at low voltages, where the 

recombination resistances are very large in magnitude. This effect can explain the large 

variations in FF for PSCs, whose origins and mechanisms are still unresolved. The 

resulting EC is able to reproduce both the IMPS and IS response of PSCs effectively, 

providing a reliable and robust focal point for understanding the physical mechanisms of 

transport, charge storage and recombination in a device that shows a huge variation in 

properties and response depending on materials and methods. 

 

3.7 Conclusions 

The following conclusions are drawn about the working mechanisms of PSCs from the 

work carried out in this thesis: 

 There is no correlation observed between the contact workfunctions and the 

maximum 𝑉𝑜𝑐 obtained. This means that the built-in voltage in PSCs is mostly 

absorbed at the perovskite/selective contact interfaces in a small layer, with the 

bulk being electrical-field free and hence, the predominant mode of transport 

of photocarriers is diffusion. Therefore, it is recombination in the bulk and at 

interfaces that control the maximum 𝑉𝑜𝑐, rather than charge collection due to 

an electrical field. 

 

 The slow release of charges accumulated at the interfaces control the kinetics 

of several parameters of the PSC such as the recombination rates and the 𝑉𝑜𝑐  
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and is inevitably reflected in the EQE of PSCs, showing a singular evolution at 

low frequencies that is related to internal displacement of the photovoltage in 

the PSC. 

 

 Transport of photogenerated carriers within the absorber is excellent in high 

efficiency PSCs, evidenced by the absence of characteristic transport signals in 

both IMPS and IS.  

 

 IMPS measurements show the existence of an additional capacitor of the order 

of 10-4 F·cm-2, related to charging of the perovskite/HSL interface, that is not 

observable from IS measurements due to the nature of the time constants 

formed in either measurement. The resistance associated to charging this 

capacitor is crucial in controlling the net device resistance at low forward 

biases and hence the fill factor of the device. 

 

 The hysteretic trends and performance metrics of high efficiency PSCs are 

predominantly based on variations in FF and/or 𝑉𝑜𝑐, strongly controlled by 

ionic and electronic storage and subsequent recombination at the 

perovskite/selective contact interfaces. Therefore, these interfaces must be 

tuned efficiently to gain control over the capacitive properties and their 

interactions with the ions that influence the kinetic behaviour of PSCs. 
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Introduction 

This work establishes the role of the ions in creating an excess majority carrier density 

at the ESL/perovskite interface at forward bias, whose kinetics are controlled by the slow 

movement of the ions away from this interface. The capacitive discharge of these 

accumulated carriers and their recombination yield several of the unique hysteresis trends 

observed in PSCs and their dependence on scan rate, direction and pre-biasing. 
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Abstract 

The dynamic hysteresis of perovskite solar cells consists of the occurrence of 

significant deviations of the current density-voltage curve shapes depending on the 

specific conditions of measurement such as starting voltage, waiting time, scan rate and 

other factors. Dynamic hysteresis is a serious impediment to stabilized and reliable 

measurement and operation of the perovskite solar cells. In this paper, we formulate a 

model for the dynamic hysteresis based on the idea that the cell accumulates huge quantity 

of surface electronic charge at forward bias that is released on voltage sweeping, causing 

extra current over the normal response. The charge shows a retarded dynamics due to the 

slow relaxation of the accompanying ionic charge, causing variable shapes depending on 

scan rate or poling value and time. We show that the quantitative model provides a 

consistent description of experimental results and allows us to determine significant 

parameters of the perovskite solar cell both for the transient and steady state performance. 
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Lead halide perovskite has established a major scientific and technical research field 

in the search for new low cost versatile materials for solar energy conversion and 

optoelectronics.1-3 The current density-voltage ( Vj  ) performance characteristic of a 

solar cell is the central property that provides the main parameters of steady-state 

behaviour, namely the photovoltage ( ocV ), the short-circuit current ( scj ) and the fill 

factor (FF), which when combined establish the power conversion efficiency at the 

specified solar cell conditions. Measuring the Vj   curve necessitates a dynamic 

measurement involving the sweeping of the voltage V  at least from open circuit to short 

circuit, or vice versa, while recording the current density j , which should provide a stable 

response representing the long term operation values of the solar cell under sunlight. 

Dynamic hysteresis of perovskite solar cells is the set of phenomena that make the current 

values fluctuate upon voltage cycling depending on details of measurement.  

Since the advent of perovskite solar cells, dynamic hysteresis has been found to affect 

widely the supposedly steady state performance.4-6 The photocurrent displays diverse and 

sometimes apparently random behaviour as a function of the starting voltage, the scan 

velocity dtdVb /  and the delay time t  between two consecutive voltage steps.6-7 This 

behaviour casts doubt on the validity of the performance values that are 

measured/reported, and it questions the efforts to improve the solar cell, requiring careful 

protocols to ensure a stabilized response.8-9 Dynamic hysteresis has been found in several 

types of solar cells in the past but it is especially challenging in the lead halide perovskite 

solar cell as it is a very large effect in typical slow measuring times and the 

phenomenology is widely varied. According to an extended opinion, the dynamic 

hysteresis indicates the existence of physical phenomena occurring in the perovskite solar 

cell that need to be understood. Some authors have reported hysteresis-free devices,10 but 

unfortunately, these are yet marginal in the field and do not represent most of the work 

that it is currently being carried out in the area. There is no shortage of explanations for 

the frequently observed hysteresis using a wide set of different hypotheses, mainly 

involving traps, ion motion, band bending, boundary layers, grain boundaries and other 

factors. Obviously, all these models capture to some extent the specific qualities of the 

hysteresis in current-voltage curves. What has not been achieved so far is a systematic 

and predictive model of how the different observed dynamic hysteresis effects depend on 

the previous conditioning and specific protocol of measurement. Furthermore, the model 

should have physical meaning consistent with observation obtained for different 

experimental techniques.  

In this work, we will first describe the main trends of experimental observations 

reported so far, following which we will introduce a model based on the observation that  

the interface can be charged electronically that will quantitatively  explain important 

characteristic features of phenomenology, consistently with important features previously 

observed by impedance spectroscopy and time transient methods. We will finish by 

showing experimental support that explains dynamic hysteresis in terms of large transient 

currents predicted by the surface polarization model and by calculating physical 
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parameters by direct fitting of Vj   curves measured at different conditions. 

 

Characteristic features of dynamic hysteresis in perovskite solar cells 

We start the description of the features of dynamic hysteresis. In this paper, forward 

(F) is the voltage around open circuit, and reverse (R) is the voltage beyond short circuit. 

For example, we can sweep the voltage in the direction FR or in the other direction RF. 

But a FR scan will be very different if we cycle continuously in both directions, than if 

we wait a little bit with the cell sitting at constant F bias beyond ocV  for a 

“preconditioning” or poling time. The value of the current will be characteristically larger 

and the efficiency is amplified. To check stability of response, one usually cycles RF and 

backwards FR and the result of such procedure is currently indispensable experimental 

evidence for reporting. But it turns out to be very different to make FR and RF in separate 

runs, than to cycle continuously the solar cell. The sensitivity of dynamic hysteresis to the 

details of measurements has thus been broadly acknowledged. The work of Unger et al.7 

provided a sound recognition of these phenomena and the influence of the ionic 

conduction effects on the varying behaviours of the solar cells. Recent works have 

emphasized the role of contacts and ion migration effects in the occurrence of hysteresis 

and long time stability.11-12  
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Fig. 1. Characteristic patterns of hysteresis behaviour in perovskite solar cells. The 

large arrows on the solid black lines indicate the scan sense. The black dashed line shows 

the steady state curve (a, c). In (b) and (d), the auxiliary dashed lines signal scj  and zero 

applied bias respectively, while in (e), it represents a typical diode curve.  

 

In the very large number of published results, we can distinguish a specific set of 

characteristic patterns that need to be explained by models of dynamic hysteresis. These 

patterns are shown schematically in Fig. 1 and can be described as follows. Additional 

discussion, references and experimental measurements are presented in SI.  

 

(a) Capacitive hysteresis. This behaviour can be readily understood as an instantaneous 

capacitive current added on the steady state diode curve.4, 10, 13-16  Here, it is 

apparent that the non-steady state curves with same voltage scan rate but opposite 

scan sense are symmetrically disposed with respect to the steady state current and 

additionally, the capacitive current increases linearly with scan rate.  

(b) Starting from F to R, the current displays a maximum (“bump”) and decreases to a 
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stable photocurrent so that current close to ocV  is actually higher than short-circuit 

current. This phenomenon has been widely observed with a typical direct 

dependence on the time and/or value of poling in forward bias.7, 17-19 Differently to 

case (a), the RF scans have no symmetry with respect to the steady state curve and 

are quite dependent on the time and/or value of reverse polarization.  

(c) Apparent photocurrent enhancement in FR direction. When increasing the scan 

rate b , a plateau current is achieved (as in normal diode behaviour) that increases 

significantly the final photocurrent with increasing scan rate.7, 18-20 Here, scj
 is 

modified while the low forward bias resistance and ocV
 are unaltered. Unlike (a) 

and similarly to (b), the RF curves are very sensitive to other experimental 

parameters and diverse forms can be delivered.  

(d) Strong decay of photocurrent in RF direction. This behaviour has been reported19-

21 as result of specific polarization routines. In a possibly related extreme case, the 

RF photocurrent achieves the opposite sign.22-23 

(e) Remarkable ohmic-like behaviour at low forward and reverse applied bias. The 

current increases in FR direction in an apparent shunt resistance effect, however, 

it is dependent on bias, scan rate and direction,17-20 illumination7, 24 and 

temperature.17 This feature also modifies the scj .  

(f) Apparent ocV
 shift. The RF measurement delivers a lower 

ocV  than the one for 

the FR curve.24-26 Here, the scj  and the resistance at low forward bias are not 

modified. Subsequently, a mismatch between initial and final current after a loop 

may occur.25 

(g) Crossing between curves at the same scan rate with opposite directions. Here, the 

RF curve exceeds the FR within some region between short circuit and open 

circuit,10, 24-25 unlike all previous patterns where the absolute current is always 

lower in RF direction than in FR. Furthermore, the crossing can occur at low 

forward or reverse bias meaning that a larger current is achieved for the RF scan in 

practically the whole first quadrant (larger FF).27  

 

It should be also remarked that hysteretic effects practically disappear at room 

temperature when fullerene contacts are used instead of TiO2 as electron-transport 

material. This indicates that ion migration is a necessary but not sufficient condition 

for interfacial accumulation to occur. The fact that fullerene-based perovskite solar 

cells do not exhibit significant capacitance in excess of the geometrical value 

corroborates the interface polarization origin of the hysteresis.28 Several papers have 

explored specific features of the TiO2/perovskite interface responsible for its charge 

accumulation ability. Ti−I bonds easily accommodate excess or defect ionic charge in 

a highly reversible way causing the capacitive currents.29 Also the morphology 

(disorder degree) at the interface has been related to  hysteresis reduction signaling that 

MAPbI3 at the interface should be both homogenous and crystalline.12 With respect to 

the role of anodes (HTL/perovskite contacts), several recent papers have directly 
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observed that charge accumulation at the TiO2 interface is larger than that occurring at 

spiro-OMeTAD/perovskite interfaces. Weber et al.30 have shown that the positive 

space-charge near the TiO2 contact exceeds that at the HTL. We also observed by 

comparing symmetrical devices of structure TiO2/perovskite/TiO2 and spiro-

OMeTAD/perovskite/spiro-OMeTAD, that it is precisely the TiO2/perovskite interface 

that is able to reversibly accumulate charge producing capacitive currents while spiro-

OMeTAD contacts do not.31 

 

Physical effects leading to dynamic hysteresis in perovskite solar cells 

In the literature, there are two main models based on detailed simulation of transport-

recombination approach. The model of Snaith et al.32 combines ionic drift and surface 

trapping to explain the pattern in Fig. 1d but this model does not systematically implement 

dynamic scans. On the other hand, Walker et al.21 describe the solar cell as a 

macrocapacitor where ions can be accumulated at the interface. This model reproduces 

by this feature the capacitive properties observed in experiments and also describes well 

the large asymmetry in Fig. 1d, however the electronic features are simplified and the 

Vj   curve is described in terms of charge collection controlled by the electric field. 

Therefore, the model cannot describe the wide phenomenology commented before.  

Our approach in this Letter is to design a simple model that captures the physical core 

of the dynamic hysteresis without the burden of massive computational cost. In early 

work, a persistent voltage was observed in photovoltage decays spanning such a long time 

scale that it was concluded that it cannot be due to electronic recombination alone.33-34 

Many authors have attributed the slow modification of the cell response to the ion 

redistribution35-37 but the central question is how the ionic effect influences the electronic 

features that are finally measured in Vj   performance. One natural possibility is to relate 

the ionic redistribution to the modification of charge collection efficiency by the changes 

of internal electric field in the solar cell.20-21, 36 However, the lead halide perovskite solar 

cell has extremely long diffusion length,38-39 thus electric field should be a minor factor 

in the Vj   curve, unless in extreme situations. Such type of situation may be produced 

if the perovskite solar cell is polarized for a substantial period of time at reverse bias, in 

which case a drift of ions can heavily modify the condition of operation by establishing a 

pseudo built-in voltage that decreases the charge collection efficiency, as recognized by 

Tress et al.20 and Walker et al.21 In fact, Snaith et al.32 have nicely shown that the feature 

of Fig. 1d becomes more pronounced when the poling voltage becomes progressively 

more reverse. Under exaggerated pre-treatment, the contacts can be severely modified so 

that the solar cell can be forced to produce negative values of the photocurrent.23 

However, we show in Fig. SI1d that one can also observe the characteristic features of 

dynamic hysteresis in the dark, which therefore cannot be primarily due to changes of 

charge collection properties. It has also been shown14 that if a scan goes in RF direction 

at successive voltage steps without pre-treatment at R, and then FR,  only  the 

instantaneous capacitive behaviour with a symmetric current around steady state value is 
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observed, as in Fig. 1a. Thus, the spurious reverse pre-polarization effects can be avoided. 

Therefore, we leave these phenomena arising from sustained forcing of the cell at R bias 

out of the scope of our model in which we will analyse the FR scan predominantly.  

 

Evidence from capacitance results for surface polarization  

Our model is based on the observation that in F polarization, the interface can be 

charged electronically (with electrons and holes at either side of the interface), which 

creates a significant transient current that causes strong hysteresis effect in a FR scan 

measurement. This picture is consistent with several physical observations on the 

operation of hybrid perovskite solar cells.19, 26, 30, 40-42 As we know from plenty of 

evidence, the interfaces can be affected by strong electronic charging assisted by the 

presence of mobile ions.15, 37, 40-41 The meaning of capacitance vs. frequency has been well 

understood.43-44 The low frequency large capacitance in the dark is associated to the ionic 

polarization at the perovskite interface with the contact while the higher frequency plateau 

is a dielectric polarization in the bulk of the perovskite.15, 45 An interpretation of the huge 

capacitance observed under illumination was suggested by Zarazua et al. in terms of 

accumulation of majority carriers at the interface.40 They provided a picture of an 

electrostatic component to the photovoltage, produced by upward band-bending at the 

electron contact. Gottesmann et al. showed that the electrostatic photovoltage can explain 

long time transients in open circuit voltage decay.41 This observation does not rule out the 

presence of interfacial electronic states at the contact that may produce slow kinetic 

effects. But as shown later, the charge stored is so large that traps cannot explain this 

effect, therefore trapping of carriers is not a primary consideration in our model.  

However, why is the kinetics of the large capacitance very slow? This question was 

analysed with a study of photovoltage decay as a function of illumination 

preconditioning.41 By combining the analysis of decays and detailed simulation of the 

interface, it was found that accumulation of cations at the interface assists the formation 

of the electronic accumulation. Previously, the decay of external voltage was described 

by the relaxation of voltage.34 Pintillie et al.19 have provided a model description of the 

dynamic hysteresis under cycling in terms of internal depolarization, but their model is 

for a dielectric relaxation. Weber et al. identified in situ the distribution of space charge 

across the absorber layer, situated at the contact interfaces.30 A correlation between 

interfacial capacitance and the amount of hysteresis was realized,27, 46 and especially the 

TiO2 electron contact displays an enormous capacitance combined with a large hysteresis 

effect.  

According to the previous observations, the interface changes dramatically with the 

voltage, producing a huge accumulation of charge, with the kinetics controlled by ion 

diffusion. Interface recombination is a major impediment to charge collection. The 

diffusion of ions and its influence on the global electrical field appear to be of secondary 

interest, rather it is the accumulation of ions at the interface and their rate of arrival and 

departure from there being the central effect governing the operational properties of the 
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cell. 

 

 

Fig. 2. Schematic representation of the energy diagram of a perovskite solar cell with 

electron selective contact at the left and hole selective contact at the right side. (a) 

equilibrium in the dark. (b) Open circuit under illumination.𝐸𝑐 , 𝐸𝑉 : Edges of conduction 

and valence band 𝐸𝐹: Fermi Level ,𝐸𝐹𝑝:𝐸𝐹𝑛 quasi-Fermi level of electrons and holes. 𝑉: 

external voltage of the contacts. 𝑉𝑏𝑖 : the constant built-in voltage. 𝑉𝑠: The variable surface 

polarization voltage. Indicated in (b) are the accumulation of holes and cations and the 

tunnelling of electrons across the surface barrier. Note that electrons at the contact side of 

the interface that contribute to charge compensation are not shown. 

 

Surface polarization model of dynamic hysteresis  

The description of Vj   curve measurement results in Fig. 1 requires a model for the 

current obtained under illumination when we sweep the voltage at rate b. We now describe 

such a model based on the diagrams of Fig. 2. The main assumption adopted here is a 

distinction of the external voltage V  and the surface polarization voltage sV . The former 

corresponds to the voltage at the contacts which can be changed instantaneously, while 

sV  is an internal voltage by upward bending at the surface that responds by internal 

kinetics and determines the excess charge density of holes at the interface.40-41  In a first 

approximation, the surface charge is 

TkqV

sss
BseQqpQ

/

0  (1) 

in terms of surface hole density sp , the elementary electrical charge q , the thermal energy 

Bk T  and a general exponent   that in the ideal case takes the value 2. The accumulation 

capacitance is 

TkqV

B

s

s

s
acc

Bse
Tk

qQ

dV

dQ
C





/0 .                                                                         (2) 

The surface charge parameter can be estimated from the following expression,40 where 

0p  is the equilibrium hole density  

Ds LqpQ 00 2                                                                                                 (3) 

and LD is the Debye length 
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0

2

B0 / pqTkLD  .                                                                                      (4) 

At steady state condition at a given voltage V , the surface polarization depends on the 

built-in potential 
biV  as follows 

bis VVV  .                                                                                                       (5) 

However, as described before, the interfacial charge distribution is strongly determined 

by the presence of ions,41 therefore sV  cannot  instantaneously follow the external voltage. 

Considering that the internal voltage 
sV  strives for the equilibrium condition indicated in 

Eq. (5), we propose a kinetic condition of the type 

kin

biss VVV

dt

dV



)( 
    (6) 

where the relaxation kinetic constant kin  should be determined by the rapidity of ion 

displacement at the given illumination and temperature.17, 19, 34, 47 Note that Eq. 6 is a 

central assumption that combines the dynamics and distribution of surface charge (ionic 

and electronic). A more elaborate model could be based on detailed charge compensation 

at the surface given by the expression 

etlcs qnqcQ   (7) 

where cc  is the surface density of cations, and etln  is the density of electrons in the outer 

electron transport layer.  

Recombination current at the surface42 depends on both electron and hole concentration 

srecrec nQkj   (8) 

with a recombination rate constant reck . The bulk electron density is 𝑛 =

𝑛0exp (𝑞𝑉 𝛽𝑘𝐵𝑇⁄ ) where 𝛽 = 1 is the ideal parameter value. Hence, the recombination 

current in transient conditions is 

/ ( / / )/
0

bi B s BqV k T q V V k T
rec recj j e e

  


,
 (9) 

where the recombination parameter is 

/
0 0 0

bi BqV k T
rec rec sj k Q n e




.
 (10) 

The extracted current is composed of the photocurrent phj  minus the transient 

recombination current. To these terms, we add the current of extracted excess electrons 

from the contact layer, which at strong F bias is etl sqn Q . Hence 

/ ( / / )/
0

bi B s BqV k T q V V k T s
ph rec

dQ
j j j e e

dt

  
   .                                             (11) 

Modifying the last term, we obtain 

( / / / )/
0

s bi Bq V V V k T s
ph rec acc

dV
j j j e C

dt

   
   .                                             (12) 

The steady state current is obtained by imposing the equilibrium value of surface 
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voltage determined by the external potential, Eq. 5. Including the constant dark current in 

reverse, we obtain the diode equation 

 /
0 1BqV mk T

ph recj j j e    (13) 

where 






m .                                                                                                     (14) 

The model is complete and allows the calculation of the results of a number of 

techniques. In this paper, we treat only the usual voltage ramp in the direction FR, that 

consists of the time dependence 

btVV in   (15) 

where inV  is the initial voltage and the scan rate b is negative. We assume that the system 

starts at steady state condition at inV . We also define the initial surface voltage 

  biins VVV 0                                                                                                  (16) 

 

Fig. 3. Simulated FR  j-V curves for different (a) initial voltages Vin  (b)  scan rates (c) 

small τkin and (d)  large τkin for b = 100 kV·s-1. The parameters for the curves were: 
8

0 4.4 10sQ   C·cm-2, b = 100 mV·s-1, 𝑉𝑏𝑖  = 350 mV, ß = 2, γ = 2, jph = 20 mA·cm-2,  jrec0 
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= 4.8 x 10-16 mA·cm-2, τkin = 10 s for (a), (b).  

 

The analytical solution to these conditions is described in the SI. A summary of the 

pertinent features of the j-V curves simulated from our model is shown in Fig. 3, with a 

simulated RF scan also shown in Fig. SI3(a). The surface polarization decay yields a 

“bump” in the current whose magnitude increases with increasing Vin and also with 

increasing scan rate, as shown in Fig. 3a,b. This “bump” and its evolution is well 

documented in literature and has already been depicted in Fig.1b. This “bump” eventually 

decays down to the photocurrent value depending on the kinetic relaxation time τkin. If the 

kinetic delay time is large enough compared to the scan rate, the obtained short-circuit 

current value is higher than the maximum photocurrent value, as shown in Fig. 3c. For 

very large scan rates and large τkin values, we obtain the apparent photocurrent 

enhancement with the plateau as in a normal diode as described earlier in Fig. 3d. The 

slope of this plateau depends inversely on τkin, see SI for the mathematical expression. We 

have also simulated the effect of a reduced accumulation layer at the contacts on the 

performance of the cell, see Fig. SI2(b).  

 

Model description of experimental results of dynamic hysteresis  

As our model successfully reproduces several of the typical behaviours of FR dynamic 

hysteresis, we then proceeded to fit some experimental FR j-V curves for CH3NH3PbI3 

perovskite for different Vin to obtain relevant parameters of the model. We have measured 

the j-V curves at different forward polarization values which provide increasing values of 

the “bump” in FR measurement as shown in Fig. 4a. To describe such curves is a challenge 

since traps at the electron contact should be saturated at large forward bias so that the 

observed changes cannot be explained only by de-trapping effects. On the other hand, an 

accumulation capacitance does not have any limitation for additional charging at 

increasing forward bias as indicated in Eq. 1, and it explains very well the growing current 

by the release of the accumulated charge.  

Here we employed a least square fitting method consisting of a maximum of 7 free 

parameters, namely Qs0, Vs0, τkin, 𝑗′𝑟𝑒𝑐0 = 𝑗𝑟𝑒𝑐0exp (𝑞𝑉𝑏𝑖 2𝑘𝐵𝑇)⁄ , jph, ß and γ. The value 

of Qs0 and  = 2 was estimated based on the accumulation capacitance of Eqs. 2 and 3. 

For a doping density of 1017 cm-3 and relative dielectric constant ε = 26, we obtained Qs0 

= 4.4 × 10-8 C cm-2. Subsequent fits of the experimental data yielded an average value for 

ß of 6, that was used to fix this parameter in the model. Note that this means a diode 

ideality factor value of 1.5m , expressed in Eq. 14. The final fitting lines obtained with 

fixed Qs0, ß and γ parameters and their evolution with respect to Vin are shown in Fig 4 

and they provide excellent agreement with the data.  
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Fig.4. Hysteresis in FR scans of TiO2/CH3NH3PbI3/spiro-OMeTAD solar cell and the fits 

of the surface polarization model. (a) Experimental FR  j-V curves measured at b = 100 

mV/s (symbols) and corresponding fitted curves (lines) for different initial applied voltage 

Vin as indicated. Parameters (b) Vs0 (c) τkin and (d) 𝑗𝑟𝑒𝑐0exp (𝑞𝑉𝑏𝑖 2𝑘𝐵𝑇) ⁄ obtained from 

least square fitting.  

 

We observe in Fig. 4b that the initial surface voltage Vs0 increases sluggishly with the 

applied voltage as 2/0 ins VV  . Given that biV  in Eq. 16 is a constant, this discrepancy 

could be related to the fact that the accumulation at the interface depends strongly on 

several factors such as poling time, the kinetic relaxation time of the ions and the 

interfacial properties of the contact, leading to deviations from our simplified model. A 

more complete model using detailed simulation of the interface incorporating Eq. 7 could 

account for these variations, nevertheless we consider that our simplified model gives an 

excellent physical description of the charge accumulation and its release, explaining the 

dynamic hysteresis in FR scan. The suitability of our model for dynamic hysteresis is 

further confirmed by the fact that the accumulation charge calculated from Eq. 1 and that 

obtained by integrating the transient part of the j-V curves closely match; the 

corresponding charge values are given in Fig. SI3. The kinetic relaxation time itself 

evolves linearly with Vin, which is expected, as the large upward band bending of the 

accumulation layer, which increases with Vin, opposes the flow of cations away from the 

interface. These obtained parameters can therefore serve as a good reference point for 

understanding the nature of the accumulation at the interface and recombination in 

perovskite solar cells, while providing useful information about internal parameters of the 

cell in a rather simplistic manner. 

In conclusion, we have developed a dynamic hysteresis model based on the charging 
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of the contact interface by the formation of an accumulation layer of holes and ions 

compensated by electrons at the contact. This surface voltage strives for the equilibrium 

condition based on a kinetic relaxation time of displacement of the ions, leading to a 

discharge current upon cycling the voltage. By including surface recombination, we 

reproduce many of the observed cases of experimental hysteresis in perovskites depending 

on experimental parameters such as the poling voltage and the scan rate. The model 

provides a quantitative explanation of different typical hysteretic features that occur in 

measurements from forward to reverse voltage scans. Our results highlight that hysteresis 

can be explained by ionic movement and electrode polarization exclusively without the 

effect of trap assisted recombination. The detailed analytical equations establish for the 

first time the possibility to systematically investigate quantitatively the effect of previous 

conditions applied to the solar cell. Furthermore, the model is consistent with other 

methods such as impedance spectroscopy, open circuit voltage decays and Kelvin probe 

methods, which opens the opportunity to investigate by different independent 

methodologies the peculiar kinetic phenomena widely observed in perovskite solar cells.  
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Preparation method 

FTO/TiO2(compact)/TiO2(mesoporous)/CH3NH3PbI3/spiro-OMeTAD/Au cells were 

prepared over FTO coated glasses (25 × 25 mm, Pilkington TEC15, ∼15 Ω/sq resistance), 

which were partially etched with zinc powder and HCl (2 M) in order to avoid short 

circuits, obtaining 0.25 cm2 of active electrode area. The substrates were cleaned with 

soap (Hellmanex) and rinsed with Milli-Q water and ethanol. Then, the sheets were 

sonicated for 15 min in a solution of acetone:isopropanol (1:1 v/v), rinsed with ethanol, 

and dried with compressed air. After that, the substrates were treated in a UV−O3 chamber 

for 10 min.  

For the growth of the electron selective contact, a compact TiO2 blocking layer was 

deposited onto the substrates by spray pyrolysis at 450 °C, using a titanium 

diisopropoxidebis(acetylacetonate) (75% in isopropanol, Sigma-Aldrich) solution diluted 

in absolute ethanol (0.2 M), with oxygen as carrier gas. The spray was performed in 3 

steps of 6 s, spraying a total of 5 mL (approx.), and waiting 30 s between steps. After the 

spraying process, the films were kept at 450 °C for 30 min.  

Subsequently, the mesoporous TiO2 layer was deposited by spin coating 100 µL at 

2000 rpm during 10 s using a TiO2 paste (Dyesol 30NRd, 30 nm average particle size) 

diluted in ethanol (1:5, weight ratio). After drying at 100 °C for 10 min, the TiO2 

mesoporous layer was heated at 500 °C for 30 min and later cooled to room temperature. 

Samples were transferred to a nitrogen filled glovebox equiped with a thermal evaporator.  

The perovskite precursor solution was prepared following the process reported by Ahn 

et al..1 A 50 µL perovskite solution containing MAI (Dyesol), PbI2 (TCI, 99.999%) and 

DMSO (1:1:1 mol %) in a DMF solution (50 wt %) was spin coated at 4000 rpm during 

50 seconds with acceleration of 4000 rpm. Non-polar diethyl ether was poured onto the 

spinning substrate after the initial 5-7 s to selectively wash the DMF. A transparent film 
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generated after the spin coating and a heat treatment at 65 °C for 1 min was effective to 

remove the DMSO. Hence shiny and dark brown MAPbI3 films were obtained by further 

annealing at 100°C for 2 minutes.  

For the hole selective contact the perovskite films were covered with 50 μL of spiro- 

OMeTAD solution spin coated at 4000 rpm for 30 s under nitrogen conditions. The spiro-

OMeTAD solution was prepared by dissolving in 1mL of chlorobenzene 72.3 mg of 

(2,2′,7,7′-tetrakis(N,N′-di-p-methoxyphenylamine)-9,9′-spirobifluorene), 28.8 μL of 4-

tert-butylpyridine, and 17.5 μL of a stock solution of 520 mg/mL of lithium bis- 

(trifluoromethylsulfonyl)imide in acetonitrile.  

Finally, 60 nm of gold was thermally evaporated on top of the device to form the 

electrode contacts using a commercial Univex 250 chamber, from Oerlikon Leybold 

Vacuum. Before beginning the evaporation, the chamber was evacuated until pressure of 

2 × 10−6 mbar. The active electrode area of 0.25 cm2 per pixel lied defined by the FTO 

and the Au contacts. This recipe has been earlier described in previous works.2-3 

 

Features of current-voltage curves: literature survey 

 

Complementary discussion, with respect to the patterns of Fig. 1 of the main text: 

 

(h) Capacitive hysteresis. This behaviour has been earlier identified in other PV 

technologies4-5 and it has been reported,6-8 mainly at near steady state (low b values) 

as also shown in figure SIa in between 75 mV∙s-1 and 5 mV∙s-1. Specifically in dark 

j-V curves, several studies2, 8-10 have reported on the clear linear trend of the 

additive capacitive currents. Nevertheless, it has been also pointed that this 

capacitive hysteresis only occurs in perovskite solar cells with TiO2 as electron 

selective contact, being directly related with the low frequency capacitance 

increase.2, 11     

(i) Maximum higher than scj
 
in the elbow of the j-V curve when FR scan.  This widely 

reported behaviour in perovskite solar cells8, 12-15 has been also seeing in other PV 

technologies16 and related with ionic mechanisms. Figures SI1c,d illustrate the 

characteristic dependence with the forward bias polarization initial value. 

Interestingly, as shown in figure SI1d, this mechanism also occurs in dark.  

(j) Apparent photocurrent enhancement in FR sense. Here we highlight that this 

commonly reported13-15, 17-20 feature can be understood and observed as a transition 

of (b) to (c) when increasing the scan rates.21 Figures SI1a,c,d display this 

behaviour.  

(k) Strong decay of photocurrent in RF direction. About the several reports14, 17, 21 on 

this pattern it is worthy to pay special attention on the singular conditions. As with 

the possibly related extreme giant photovoltaic effect,22-24 this is not an usual 

pattern found just by measuring the j-V curve when testing the device efficiency. 

Specific routines or pre-treatments are needed for this case, as shown in figures 
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SI1a,b. 

(l) Ohmic-like behaviour at low F and R applied bias. This shunt resistance ( shR ) 

lowering effect and its parameters dependency (bias, scan rate and sense,12-14, 17, 25 

illumination10, 15, 19, 26-27 and temperature12, 28-29) occurs in two possible cases. In a 

first situation, like figure SI1a, it seems that the actual steady state j-V curve (b 

less than 75 mV∙s-1) present low shR  and “good” j-V curves (higher scj
 
and FF) 

are only artefacts of the measurements due to the  hysteresis at large b. On the 

other hand, as observable in figure SI1b, this low shR -like behaviour can be also 

obtained in the RF scan sense subsequently after a FR sweep at a particular scan 

rate and bias window. 

(m) Apparent ocV
 shift. This feature is among the most reported patterns18-20, 25, 28, 30-31 

and it is also illustrated in figure SI1b. The mismatch between initial and final 

current after the loop20 is also pointed in figure SI1b. However it persist in other 

patterns, as signalled in figure SI1c, where extra poling is used. Interestingly, the 

ocV
 
shift seems to have no direct dependence on the light absorption since a mere 

vertical displacement of dark j-V curves of figure SI1d may result in a similar trend 

(figures 1f and SI1b). 

(n) Crossing between curves at the same scan rate with opposite senses. The several 

reported crossings19-20, 25, 32-35 have been found not only to occur at low forward or 

reverse bias with the consequent larger current for the RF scan in practically the 

whole first quadrant (larger FF).35-36 Singularly, multiple crossing directly on the 

“elbow” of Vj  curves have been also reported.37 On the other hand, when the 

crossing lies beyond the 
ocV , it is usually overlooked and the patterns from (a) to 

(f) may be obtained. This later situation is pointed in figure SI1c. 

 

Features of current-voltage curves: experimental results 
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Figure SI1: Experimental current density-voltage curves of 

FTO/TiO2(compact)/TiO2(mesoporous)/CH3NH3PbI3/spiro-OMeTAD/Au devices at room 

temperature and atmosphere (20-40% humidity).  For (a, b, c) a one sun (100 mW cm-2) AM1.5G 

illumination was used and different (a, b) scan rates and (c) initial forward bias (100 mV s-1) were 

explored, as indicated. For (c) dark condition at different initial forward bias (500 mV s-1) was 

considered, as specified. In all cases the colored arrows signals the bias scan sense. In (a) the scan 
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rates were checked from the fastest (20 V s-1) to the slowest (5 mV s-1), and hence another fast 

measurement (line and symbols 20 V s-1) was made for verifying absence of significant 

degradation effects. The inset in (c) reproduces the region between short circuit and open circuit.  

 

Analytical solutions for j-V curves  

 

In the proposed model, the total current under constant scan rate is given as a 

combination of jph photocurrent, jrec recombination current, and jcap capacitor current:
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The surface polarization potential Vs appearing in this expression comes from the 

solution of Eq. (6): 

    kinin bVV

kinbis ebVVVV
 /

1



 (SI2) 

and since btVV in  , 

 

    btebVVtV kint

kinbiins 
  /

1
 (SI3) 

  

For large scan rates, 

Tk

qV

kin

bis

B

sTk

qV

Tk

qV

Tk

qV

recphtotal
B

s

BB

s

B

bi

e
VVV

Tk

qQ
eejjj





00

00
0 







 












 
(SI4) 

and 

Tk

qV

Bkin

sTk

qV

Tk

qV

Tk

qV

B

rectotal B

s

BB

s

B

bi

e
Tk

qQ
ee

Tk

qj

dV

dj 



00

00 










  (SI5)
 

where it is considered that t « τkin → kin
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For large scan rates and applied voltages smaller than ~0.6 V, the j-V curves become 

straight with slopes inversely dependent on τkin, since then it turns out that 
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Effect of PCBM layer 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure SI2: Simulated j-V curves (a) in both RF and FR direction (black line is the 

corresponding steady state curve) and (b) by reduction of surface voltage Vs0 by a factor 

0.75. Parameters for the curves were – V0 – 1.1 V, ß = 1.9, γ = 2, 𝑉𝑏𝑖  = 350 mV, jrec0 = 4.8 

x 10-16 mA·cm-2, τkin = 200 s  

 

 

Accumulated charge at the interface 

 

 
Figure SI3: Total accumulated charge obtained from integration of transient part 

(subtraction of the steady state curve) of FR j-V curves shown in Fig. 4 from cyclic 

voltammetry measurements (circles), denoted CV, and from fitting of experimental data 

with the model (triangles). 
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Introduction 

The surface polarization model (SPM) developed in the previous chapter is extended 

to account for recombination of the accumulated holes in the perovskite side with the 

electrons in the c-TiO2 side, which has a critical dependence on the c-TiO2 layer thickness. 

For stable and efficient PSCs, the capacitive discharge is reduced and variations in mainly 

the 𝑉𝑜𝑐 and FF are observed. Using the extended SPM, the interplay between charge 

accumulation and recombination explains the unique 𝑉𝑜𝑐 hysteresis trends of mesoscopic 

triple layer architecture PSCs. 
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Abstract 

Perovskite solar cells (PSCs) usually suffer an anomalous hysteresis in current-voltage 

measurements that leads to an inaccurate estimation of the device efficiency. Although 

ion migration, charge trapping/de-trapping and accumulation have been proposed as a 

basis for the hysteresis, the origin of hysteresis has not been apparently unraveled. Herein 

we reported a tunable hysteresis effect based uniquely on open-circuit voltage variations 

in printable mesoscopic PSCs with a simplified triple-layer TiO2/ZrO2/Carbon 

architecture. The electrons are collected by the compact TiO2/mesoporous TiO2 (c-

TiO2/mp-TiO2) bilayer, and the holes are collected by the carbon layer. By adjusting the 

spray deposition cycles for the c-TiO2 layer, we achieved hysteresis-normal, hysteresis-

free, and hysteresis-inverted PSCs. Such unique trends of tunable hysteresis are analysed 

by considering the polarization of the TiO2/perovskite interface, which can accumulate 

positive charges reversibly. Successfully tuning the hysteresis effect clarifies the critical 

importance of the c-TiO2/perovskite interface in controlling the hysteretic trends 

observed, providing important insights towards the understanding of this rapidly 

developing photovoltaic technology. 
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1. Introduction 

Recently, organic-inorganic metal halide perovskite solar cells (PSCs) using a 

methylammonium lead halide (MAPbX3, X = halogen) and its analogues as the 

light absorber have rapidly developed.1-3 These perovskites have a large absorption 

coefficient, high carrier mobility, long diffusion length and direct band gap, which 

make them ideal semiconductors for efficient photovoltaics.4-6 Besides, they are 

comprised of earth-abundant materials and can be deposited by low-temperature 

solution methods, thus providing a promising prospect for applications. In the past 

several years, great efforts have been devoted to achieving high efficiency and 

developing beneficial device fabrication processes, launching the power 

conversion efficiencies (PCEs) to over 22%.7 At the same time, many attempts to 

understand the fundamental working principle and mechanism of PSCs have been 

reported,8-11 especially the anomalous current-voltage (J-V) hysteresis behavior.12-

16 This anomalous hysteresis behaviour has been further complicated by the 

emergence of an ‘inverted hysteresis’ phenomenon recently. In general, ‘normal’ 

hysteresis is the case where there occurs a large loss of photocurrent and fill factor (FF) 

during the reverse to forward voltage (R-F) scan, (also leading to a reduced open-circuit 

voltage, VOC) as compared to the forward to reverse (F-R) scan.14 Inverted hysteresis has 

been observed as a reduction in the short-circuit current (JSC) for F-R scans compared to 

R-F scans by Shen et al.17 and Nemnes et al.18 while Tress et al.19 observed a loss in the 

FF in the form of an S-shaped kink for the F-R scan. Both normal and inverted hysteresis 

trends have been observed to become more acute for faster scans.  

Since the observed trends in literature are mostly strong variations in the photocurrent, 

the general models employed to explain these types of hysteresis were based on variations 

in the collection efficiency of PSCs, which is modulated by the screening of the internal 

electric field by the mobile ions.14, 20 Therefore, normal hysteresis was explained based 

on the fact that a forward bias voltage corresponded to a favourable charge extraction 

situation as compared to short-circuit, while this trend is reversed for inverted hysteresis 

due to a possible extraction barrier at the TiO2/perovskite interface, where the 

accumulation of anions at short-circuit creates a dipole that facilitates band alignment and 

hence efficient charge extraction.19  

Previously, we have developed a triple-layer architecture of TiO2/ZrO2/Carbon 

to fabricate a hole-conductor-free printable mesoscopic PSC.21-22 By optimizing the 

mesoporous scaffold and perovskite absorber, hysteresis-less devices have been 

obtained with TiO2 as the electron transporting layer (ETL).23-24 In this study, it 

was found that the type of hysteresis effect in printable mesoscopic PSCs was 

highly dependent on the interlayer of c-TiO2. Through controlling the deposition of 

c-TiO2 layer, we realized normal and inverted hysteresis effect for such printable 

mesoscopic PSCs. Furthermore, the observed hysteresis was uniquely different 

from the typical hysteresis for PSCs as detailed previously, with the main difference 
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in J-V curves between forward and backward scans being the VOC, not JSC or FF. 

We analysed the trends of such tunable hysteresis effect by considering the 

polarization of the c-TiO2/perovskite interface, and proposed this phenomenon is 

associated with the kinetics of accumulation and recombination of ions and charges 

at this interface during J-V scans.  

 

 

 

 

 

 

 

 

 

 

Fig. 1 Device configuration and corresponding working mechanism of a typical printable 

mesoscopic PSC. (a) Device architecture of FTO/c-TiO2/mp-TiO2/ZrO2 

/Carbon/Perovskite. The perovskite of (5-AVA)x(MA)1-xPbI3 (5-AVA = 5-

ammoniumvaleric acid) is infiltrated in the mesoporous layers of  mp-TiO2, ZrO2 and 

carbon by simple drop-casting method. (b) Band energy diagram of printable mesoscopic 

PSCs. The electron-hole pairs generated in the perovskite absorber separates by injecting 

the electron into mp-TiO2 and transporting the holes to the carbon electrodes. 

 

At present, there have been many reports of hysteresis-less PSCs that in cases 

have been obtained by combination of excellent bulk morphologies and 

manipulation of the contacts, often avoiding the use of metal-oxides.13, 25-26 In this 

work, we show that robust devices fabricated with carbon hole extraction 

electrodes, still show a degree of dynamic hysteresis that is completely controlled 

by the quality of the thin TiO2 contact layer. We relate the extent of hysteresis 

observed in different conditions of dynamic scans and waiting times. Remarkably, 

the transient effects maintain the good features of photocurrent and the shape of J-

V curves, but affect mainly the apparent photovoltage. The results will be 

interpreted in terms of the interaction of charge accumulation and recombination 

effects, following previous observations of transient decays dependence on slow 

ionic kinetics.27 The analysis of photovoltage changes provides a general 

standpoint for understanding of the operation of contacts in the perovskite based 

photovoltaics. 
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2.1 Device configuration and working mechanism 

The device architecture used in this study is shown in Fig. 1a, where c-TiO2, mp-TiO2, 

ZrO2 and carbon layers are deposited on a single FTO glass substrate layer by layer as the 

scaffold for depositing perovskite absorber. Typically, the three mesoporous layers have 

a thickness of ca. 1.0, 2.0 and 10.0 µm, respectively. A mixed-cation perovskite of (5-

AVA)x(MA)1-xPbI3 (5-AVA = 5-ammoniumvaleric acid) is infiltrated into the three 

mesoporous layers as the light absorber, and no HTM layer is needed in the device. The 

energy band alignment of the device (Fig. 1b) demonstrates that the electron-hole pairs 

generated in the perovskite absorber separates by injecting the electron into mp-TiO2 and 

transporting the holes to the carbon back contact.22 In this process, the ZrO2 layer 

effectively prevents the direct contact between TiO2 and carbon layer. The c-TiO2 layer 

prevents the valence band holes in the perovskite from reaching the FTO-covered front 

electrode. With the construction of these selective contacts, the electrons generated in the 

perovskite absorber are effectively collected by the ETL of the mp-TiO2 and transferred 

to FTO front electrode via the c-TiO2, and the holes are collected by the carbon back 

contact. The mp-TiO2 layer has been considered mainly responsible for the hysteresis in 

conventional structured PSCs.13, 25 Particularly, the thickness, pore size and treatment 

process of the mp-TiO2 layer have been reported to influence the hysteresis of the 

devices.28-30 Here, for printable mesoscopic PSCs using a 1-μm-thick mp-TiO2 layer, 

hysteresis-less devices have been fabricated and reported.22 We consider the mp-TiO2 

scaffold with extremely large surface area is able to provide efficient pathways for 

electron extraction and transportation rather than cause charge accumulation and possible 

hysteresis. On the contrary, for the c-TiO2 layer that blocks hole injection from perovskite 

into FTO layer, it is critical to achieve a balance between recombination suppression and 

charge carrier transportation. We have found that the properties of the c-TiO2 layer and 

corresponding interfaces significantly affect the J-V hysteresis in the simplified triple-

layer architecture based PSCs. For the deposition of c-TiO2 layer, we firstly treated the 

FTO glass substrates with UV-Ozone for 2.5 min, and then employed an aerosol spray 

pyrolysis method to prepare a c-TiO2 layer with different spraying cycles (Fig. S1, ESI†). 

Fig. 2 J-V curves of printable mesoscopic PSCs with different hysteresis behaviors. (a) 

Hysteresis-normal device that F-R scan shows better performance than R-F scan; (b) 
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Hysteresis-free device that F-R scan and R-F scan show nondistinctive performance; (c) 

Hysteresis-inverted device that F-R scan shows slightly lower performance than R-F scan. 

(F-R: from forward bias to reverse bias; R-F: from reverse bias to forward bias; scan rate 

250 mVs-1). 

 

To evaluate the hysteresis effect of the devices based on a c-TiO2 layer with different 

spray deposition cycles, J-V curves were measured in forward scan direction (from reverse 

bias to forward bias, R-F) and backward scan direction (from forward bias to reverse bias, 

F-R) under simulated AM1.5 100 mW cm-2 sunlight at a scan rate of 250 mV s-1. Note 

that the scan direction is indicated R-F or F-R, and any waiting time at R or F bias is 

noted. Before J-V scans, the devices were illuminated for several minutes, which can 

minimize the influence of the trap states and obtain a steady state. For typical J-V 

hysteresis phenomenon in PSCs, the photocurrent and efficiency for F-R scan is higher 

than that for R-F scan. When 4 or 3 spraying cycles of c-TiO2 layer was applied for 

printable mesoscopic PSCs, the same trend was observed and we defined this case as 

hysteresis-normal (Fig. 2a). When we reduced the spraying cycles, it was found that the 

normal hysteresis effect could be firstly eliminated for 2 cycles (Fig. 2b), and then be 

inverted (Fig. 2c) completely for 1 cycle, which is regarded as tunable hysteresis effect 

for printable mesoscopic PSCs. The corresponding devices are coded as hysteresis-

normal, hysteresis-free and hysteresis-inverted. Besides the spraying cycles of c-TiO2 

layer, such tunable hysteresis effect is also related to the UV-Ozone treatment (Table S1, 

ESI†). It is important to remark that the dynamic hysteresis in our devices mainly affects 

the apparent photovoltage, and as a consequence the FF, which indicates that 

recombination changes occurring along the dynamic scan might play a dominant role in 

the observed changes. Further details on interpretation are presented in the last section of 

this work.  

The photovoltaic parameters of devices showing different hysteresis effects are 

summarized in Table 1. Generally, the devices fabricated with different cycles sprayed c-

TiO2 layers show similar performance, especially for the JSC and PCE. When the spray 

deposition cycle was reduced from 4 to 1, the VOC decreased from 0.92 V to 0.86 V, and 

the FF increased from 0.63 to 0.69. For the parameters measured with F-R and R-F scans, 

the main differences lie in VOC rather than JSC or FF. This is quite different from the trend 

of typical hysteresis phenomenon for PSCs.12 
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Fig. 3 Dependence of photovoltaic parameters on scan directions and scan rates. (a) 

hysteresis-normal, (b) hysteresis-free and (c) hysteresis-inverted printable mesoscopic 

PSCs. 

 

Besides scan directions, the scan rates also influence the hysteresis behaviors of PSCs. 

To investigate the rate-dependent hysteresis effect of the devices, the photovoltaic 

parameters were measured at a scan rate of 25 mV s-1, 50 mV s-1, 100 mV s-1 and 250 mV 

s-1, and compared in Fig. 3. Although the parameters measured at different scan rates 

varied, the differences between the values obtained with F-R and R-F scans still provide 

essential information for the hysteresis behaviors of printable mesoscopic PSCs. For 

hysteresis-normal devices (Fig. 3a), the difference in VOC for F-R and R-F scans reduced 

from ~70 mV to ~20 mV when the scan rate decreased from 250 mV s-1 to 25 mV s-1, 

while the difference in JSC increased slightly. For the overall PCE, F-R at all scan rates 

led to a higher value than R-F. For hysteresis-free devices (Fig. 3b), F-R and R-F scans 

showed almost the same photovoltaic parameters of VOC, JSC, FF and PCE at all different 

scan rates, though the values decreased slightly when the scan slowed down. For 

hysteresis-inverted devices (Fig. 3c), R-F scan resulted in higher VOC and FF while lower 

JSC than F-R scan, leading to higher PCE, and the difference between R-F and F-R scans 

did not change much for all the scan rates.  
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Table 1 Hysteresis effect, photovoltaic parameters and hysteresis effect index (HEI) of 

the devices fabricated using c-TiO2 layer with different spray deposition cycles.  

 

Series resistance (RS) and shunt resistance (RSH) of devices with different hysteresis 

behaviors are also summarized in Table S2 (ESI†) and compared in Figure S2 (ESI†). All 

RS slightly decreased as the scan rate increased from 50 to 250 mV s-1, while RSH shows 

much more stable values as scan rates increased. Particularly, hysteresis-free devices 

showed slightly larger RS, but similar RSH, compared with hysteresis-normal and 

hysteresis-inverted devices independently of the scan rates. For RS and RSH measured at 

F-R and R-F scans, hysteresis-normal and hysteresis-inverted devices showed similar RS, 

but larger RSH at F-R scans. Hysteresis-free devices showed similar RSH, but smaller RS at 

F-R scans. 

 

 

 

 

 

 

 

 

Fig. 4 Dependence of hysteresis effect index (HEI) (a) on c-TiO2 layer spray deposition 

cycles and (b) on scanning rates for hysteresis-normal, hysteresis-free and hysteresis-

inverted devices. 

Hysteresis c-TiO2 Scan direction VOC (V) JSC (mA cm-2) FF PCE HEI 

Normal 4 cycle 

F-R 0.92 21.32 0.64 12.60 

0.0422±0.0068 

R-F 0.85 21.30 0.63 11.52 

Normal 3 cycle 

F-R 0.92 21.40 0.63 12.37 

0.0171±0.0054 

R-F 0.89 21.33 0.63 11.87 

Free 2 cycle 

F-R 0.91 21.40 0.65 12.77 

0.0010±0.0035 

R-F 0.91 21.45 0.65 12.78 

Inverted 1 cycle 

F-R 0.86 22.14 0.66 12.55 

-0.0434±0.0093 

R-F 0.88 21.51 0.69 13.15 
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2.3 Hysteresis index characterization 

A hysteresis index has been defined to describe the differences in J-V curves appearing 

near open-circuit condition.28 In our case, since the hysteresis has been inverted causing 

the R-F scan to show higher current density and overall performance, a modified J-V 

hysteresis effect index (HEI) is defined by Equation 1. 

(0.8 ) (0.8 )

(0.8 ) (0.8 )

   -    
Hysteresis effect index (HEI) = 

(  ) / 2

RS Voc FS Voc

RS Voc FS Voc

J J

J J
                              (1)              

where JRS(0.8Voc) and JFS(0.8Voc) represent current-density at 80% of VOC for F-R and R-F 

scans, respectively. Even though our observations differ markedly for the early 

observations that lead to the definition of HEI in terms of current difference,15 the HEI 

shown in Fig. 4 still serves to illustrate the consistent evolution of J-V curves depending 

on the changes of the TiO2 compact layer. For hysteresis-normal devices, the JRS(0.8VOC) is 

higher than JFS(0.8VOC), leading to a positive HEI value. On the contrary, hysteresis-

inverted devices show negative HEI values, as shown in Table 1.  The reduction of c-TiO2 

spray deposition cycles resulted in significant decrease of HEI from positive values of 

0.0422 and 0.017 to 0.001, then to a negative value of -0.0434 (Fig. 4a). The transition of 

HEI from hysteresis-normal to hysteresis-inverted is almost linear to the spray deposition 

cycles of c-TiO2. Due to the relatively stable JSC at different scan rates, the HEI values of 

all the three types of devices also stayed almost unchanged as the scan rate decreased (Fig. 

4b). Considering that such printable mesoscopic PSCs show different trends for hysteresis 

effect, the variations in VOC provide more key information for analysing such tunable 

hysteresis for printable mesoscopic PSCs. 
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Fig. 5 Functions of c-TiO2 layer in printable mesoscopic PSCs and capacitance analysis 

of the devices. (a) Electron and hole separation/transportation in FTO/mp-

TiO2/ZrO2/perovskite, and FTO/c-TiO2/mp-TiO2/ZrO2/perovskite. (b) AFM images of 

bare FTO substrate and c-TiO2 sprayed FTO substrate. (c-e) dark J-V curves at room 

temperature in logarithm scaled current representation at different scan rates for 

hysteresis-free, hysteresis-normal and hysteresis-inverted devices. The arrows in vertical 

scale indicate the direction of increasing current, either positive or negative. 

 

2.4 Characterization of c-TiO2 layer 

Ion migration with the perovskite film, high trap-state density for charge carriers at the 

perovskite surface and unbalanced charge carrier transport have been considered as the 

origins of the hysteresis effect for PSCs. 3, 27, 28
 Great efforts have been made to develop 

deposition methods that are able to obtain high-quality perovskite crystals. Typically, 

perovskite layers with large grain size, uniform morphology and appropriate composition 

will possess low defect density and show restricted ion migrations, which enable 

hysteresis-free/less devices with various architectures.25, 31-32 In our case, the formation of 

the perovskite crystals was firstly templated by 5-AVA cations with preferential growth 

in the normal direction, and then hosted by the scaffold of TiO2/ZrO2/Carbon triple-layer. 

Thus, the hysteresis effect originating from the quality of perovskite crystals has been 

minimized. Considering the remarkable device stability under working conditions, we 

propose that the J-V hysteresis effect in our devices is mainly due to the charge 

accumulation at the interfaces rather than composition change in the perovskite crystals, 

which would cause severe performance degradation of the devices.33-34 In printable 

mesoscopic PSCs, the mp-TiO2 collects and transfer the electrons as the ETL, while c-

TiO2 layer works as a selective contact layer that transports electrons but blocks holes. 

Without a c-TiO2 layer, the perovskite absorber will directly contact FTO front electrode, 

resulting in significant charge recombination and voltage loss for the device (Fig. 5a). 

Unfortunately, the electron mobility of TiO2 is only about 10-4 cm2 V-1 s-1,35-36 which is 

much lower than the transportation of charge carriers in MAPbI3 (10-2 – 100 cm2 V-1 s-1).37 

Thus, it was proposed that the mp-TiO2 layer in conventional structured PSCs would limit 

the electron transport, and cause capacitive hysteresis.38-39 Herein we show that the 

hysteresis in c-TiO2 and mp-TiO2 based PSCs is mainly dependent on the c-TiO2 layer 

and associated interfaces, not on the mp-TiO2 layer. As we show later, the c-TiO2 surface 

meets the perovskite layer and here the ionic and electronic carriers find a barrier and 

establish essential charge accumulation and bandbending that when combined with 

surface recombination rates play a key role in the apparent voltage in transient conditions. 

In addition, the accumulation of electrons at the thin c-TiO2 itself is also an important 

factor to control the measured voltage. These elements will form the main considerations 

in our model, which motivates further analysis of the structure of the c-TiO2 layer.  

It should be noted that the deposition of c-TiO2 layer between mp-TiO2 and FTO layers 

also improve the contact and facilitate the charge transfer at the interfaces.  Atomic force 
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microscope (AFM) and scanning electron microscope (SEM) measurements were 

performed to unravel the differences of the surface morphology of bare and c-TiO2 

sprayed FTO substrates (Fig. 5b and Fig. S3†). The FTO substrate possessed a polyhedron 

composed morphology with a root-mean-square (RMS) roughness of 15.12 nm. After 

spraying a c-TiO2 layer, the surface turned to be composed of sphere-shape particles and 

the roughness decreased slightly to 14.18 nm. Due to the rough surface of FTO layer, we 

cannot accurately obtain the thickness of the c-TiO2 layer sprayed on FTO substrates with 

1 to 4 cycles. Instead, we sprayed the c-TiO2 layer on a silicon wafer with 8 cycles, and 

measured its thickness by a profilometer. The thickness of the c-TiO2 layer was 52.7±5.50 

nm. Thus, we suppose the thickness of c-TiO2 layers sprayed with 1-4 cycles was 

6.59±0.69 nm, 13.18±1.37 nm, 19.76±2.06 nm and 26.35±2.75 nm, respectively. It is 

expected that the FTO particles are wrapped by an ultra-thin TiO2 film, and this can be 

regarded as an interface modification rather than formation of an extra interlayer.  

Fig. 6 Dependence of [VOC(F-R)-VOC(R-F)] on scan rates. The hysteresis (a) -normal, (b) 

-free and (c) -inverted devices were continuously scanned with an interval of 0 s or 

discontinuously scanned with an interval of 60 s at 250 mV s-1, 100 mV s-1, 50 mV s-1 

and 25 mV s-1 firstly in F-R direction, and then in R-F direction. The VOC values were 

summarized and compared as [VOC(F-R)-VOC(R-F)] versus scan rates. 

 

XPS measurements were carried out to investigate the Ti element in the 1-4 cycle c-

TiO2 sprayed FTO substrates. The Ti peak areas were summarized and compared using 

Sn peak as a reference peak. The Ti/Sn ratio increased significantly from 1.581 to 3.93, 

then to 10.3 and 22.1 for 1-4 cycle c-TiO2 spraying (Fig. S4, ESI†). In addition, the work 

function of the c-TiO2 sprayed FTO substrates were characterized, which decreased 

slightly from 4.79 eV for the bare FTO to 4.45-4.62 eV for the 1-4 cycle c-TiO2 sprayed 

FTO (Fig. S5, ESI†). The influence of the c-TiO2 layer on the charge extraction was 

investigated by time-resolved photoluminescence (TRPL) spectra (Fig. S6, ESI†). Semi-

devices of FTO/c-TiO2/mp-TiO2/ZrO2/Perovskite were fabricated with 1-4 cycles sprayed 

c-TiO2 layer. A very fast decay followed by a slower decay was observed for all samples, 

as also observed elsewhere.40 The curves were fitted by a biexponential decay function, 

and the results are summarized in Table S3. It was found that τ1 and τ2 are almost identical 

as the c-TiO2 spraying cycles increased, indicating thicker c-TiO2 layer does not 
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significantly modify the charge extraction of the c-TiO2/mp-TiO2 bilayer.  

 

2.5 Capacitive hysteresis characterization 

Capacitance analysis of voltage sweep under dark was performed to investigate the 

capacitive hysteresis effect in printable mesoscopic PSCs (Fig. 5c-e), which was proposed 

to be caused by the charge accumulation at the TiO2/perovskite interface.38-39 The voltage 

variation, ΔV, applied to the solar cell produces a transient response before reaching the 

steady state. The time interval Δt between applied voltage steps might be shorter than the 

time of relaxation. In the cases in which charging process occurs, an additional transient 

current is expected to be observed caused by the time variation of the accumulated 

charges. Furthermore, capacitive currents should vanish as the scan rate approaches 

steady-state conditions. For the hysteresis-normal device (Fig. 5d), significant capacitive 

hysteresis was observed along with similar dark current density with hysteresis-free and 

hysteresis-inverted devices at a forward (positive) bias. When spraying cycles for c-TiO2 

layer decreased from 4 to 1, the capacitive hysteresis effect firstly vanished (Fig. 5c), and 

then came back (Fig. 5e).  The dark capacitive trends indicate a strong polarization may 

exist at the c-TiO2/perovskite interface,38 which can have a significant impact on the 

hysteretic trends under illumination.  

 

2.6 Effect of delay time 

As mentioned in the previous section, for the hysteresis effect of printable mesoscopic 

PSCs, the main difference between F-R and R-F scans lies in VOC rather than JSC or FF. 

Thus, we summarized and compared the VOC for F-R and R-F scans, presented as [VOC(F-

R)-VOC (R-F)] versus scan rates in Fig. 6. Notably, we found the intervals and sequence 

between J-V scans also influence the device performance, which can provide us with some 

key information. In this case the VOC was measured by sequential scans with interval of 0 

s or 60 s at 250 mV s-1, 100 mV s-1, 50 mV s-1 and 25 mV s-1 firstly in F-R direction, and 

then in R-F direction. The dependence of VOC on scan rates is shown in Fig. S7 (ESI†).  

Without any delay (interval of 0 s) between scans, [VOC(F-R)-VOC (R-F)] decreased as 

the scan rate slowed down from 250 mV s-1 to 25 mV s-1 for hysteresis-normal and 

hysteresis-free devices, while increased for the hysteresis-inverted device. Remarkably, 

in this condition, the hysteresis-inverted device showed higher VOC and PCE for F-R 

scans. In other words, this hysteresis-inverted device showed normal hysteresis effect. 

When an interval of 60 s was applied between the scans, the evolution of the VOC changed 

significantly. For hysteresis-normal and hysteresis-free devices, [VOC(F-R)-VOC (R-F)] 

increased as the scan rate slowed down, which showed completely opposite trends against 

the results obtained with interval of 0 s. Significantly, the values of [VOC(F-R)-VOC(R-F)] 

for hysteresis-inverted device became negative, and was consistent with the results 

discussed in the previous section. 

 

3 Discussion 
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Fig. 7 Schematic diagram of the c-TiO2 (blue layer)/perovskite (orange film) interface 

indicating the processes governing the VOC. We consider a p-type perovskite at short 

circuit condition shown in (a) with a built-in potential at the perovskite/c-TiO2 interface 

(electrons represented in red, holes and cations in blue and green respectively). (b) The 

PSC under an applied forward bias. Process 1 indicates the kinetics of drift of cations and 

holes towards the interface. (c) The PSC at large forward bias (VOC). The accumulation 

of cations and holes at the interface creates an upward band bending which can be 

described by a surface voltage Vs represented in 2. These accumulated charges can act as 

a preferential zone for both recombination with electrons in the bulk (3) and in the c-

TiO2/FTO region. Recombination pathway 4 crucially dependent on the thickness of the 

c-TiO2 layer, and is the dominant mechanism controlling recombination rates of 

accumulated charges and the output VOC in a transient scan.  

 

Since the VOC is the main photovoltaic variable modified in the type of hysteresis in 

our cells, the mechanisms of hysteresis cannot be explained based on the models of charge 

collection presently dominant in the literature. The observation of a consistent JSC 

irrespective of scan rate and direction indicates that charge transport and extraction is 

identical at low F biases, pointing to a preferential recombination mechanism at large F 

biases, modifying the output voltage. In consideration of the above arguments, we explain 

the trends observed by considering the dominant contribution of the c-TiO2/perovskite 

interface. Fig. 7 provides a picture of the charge accumulation and polarization features 

at the interface. The formation of an accumulation of cations and electronic holes at the 

c-TiO2/perovskite interface under illumination has been discussed41 and is shown in Fig. 

7c. Note that the morphology of the mesoporous layer is neglected as it is assumed that 

rather narrow band bending occurs at the perovskite side. This accumulation of cations 

and electronic holes in a stabilized situation creates excess potential at the c-

TiO2/perovskite interface that enhances VOC. It also serves as a strong source of surface 
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recombination, by electrons coming from the TiO2 side of the contact.  

Slow kinetic features result in hysteresis patterns that are mainly induced by the 

sluggish ionic dynamics, as already remarked on the capacitive response in Fig. 5. The 

ionic displacement is completed at F voltage at the start of an F-R scan, causing the large 

accumulation, Fig. 7c, which is almost a steady-state value that is not modulated by ionic 

drift rates. Contrarily, for the R-F scan, the accumulation is delayed, which creates an 

asymmetry of VOC values. In an R-F scan, the ions are moved away at R bias, so that the 

voltage cannot reach the same value as that of the F-R scan, explaining the normal 

hysteresis. It is noted from Fig. 2 that the F-R VOC is identical for normal hysteresis and 

hysteresis-free devices but is reduced by ~50 mV for the inverted hysteresis samples. This 

indicates that another major factor to consider in the variation of photovoltage is the 

amount of recombination, as commented before. For thinner c-TiO2 layer, the covering of 

FTO may be incomplete, facilitating recombination of surface electrons as indicated in 

Fig. 7c. (process 4). The R-F scan VOC is increased by ~70 mV for the hysteresis-free and 

inverted hysteresis devices. This is also attributed to the larger work function of the thin 

c-TiO2 layers (Fig. S5, ESI†), creating smaller built-in potential for the perovskite, which 

allows for larger accumulation at a given F voltage in the R-F scan. For the inverted 

hysteresis devices, the large R-F voltage is sustained likely due to the sluggish kinetics of 

the surface recombination indicated in (4) in Fig. 7c. The improved R-F VOC values 

contribute to the hysteresis-free behavior, and in conjunction with the VOC drop in the F-

R direction for a very thin c-TiO2 layer, yields the inverted hysteresis trend in our samples. 

TRPL analysis showed that the kinetics of charge extraction is rather similar in the 

different thickness cases so that differences of interfacial kinetics does not appear a 

significant factor controlling the changes of hysteresis pattern. 

We now proceed to explain the rich variety of behaviors of the dependence of VOC on 

the scan rates (Fig. 3) and waiting times (Fig. S7, ESI†). For the F-R scan, the accumulated 

positive charges at the surface at steady state recombine immediately upon cycling the 

voltage. Therefore, faster scans provide a larger VOC in the F-R direction. This is observed 

for all devices, irrespective of the type of hysteresis, Fig. 3. The effect of waiting time 

under illumination is identical, where the accumulation is enhanced due to the 

photogenerated carriers, providing larger output voltages in all devices except the 

hysteresis-inverted devices. This could occur due to the increased surface recombination 

of photogenerated carriers for very thin c-TiO2 layers previously described. For the R-F 

scans, the VOC improves for faster scan rates since the positive ions do not have enough 

time to drift away from the c-TiO2 layer, thereby improving the VOC. The effect of waiting 

time under illumination is for the photovoltage to drive positive ions towards the c-TiO2, 

thereby facilitating accumulation and also enhanced VOC during the RF scan. 

In summary, we observe that the interplay of slow dynamics of charge accumulation 

and changes of recombination rates explains the observed hysteresis patterns. Hysteresis 

in PSCs is regarded as a combination of processes inherent to the operation of this device 

and not a single effect that can be removed.  However, high quality of materials and 
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interface do minimize the influence of dynamic hysteresis, which mainly affects the 

photovoltage according to the scanning procedure. 

 

Conclusions 

We have identified a tunable hysteresis effect consisting of VOC variations where the 

type of hysteresis can be altered solely through modification of the c-TiO2 layer. The 

trends of tunable hysteresis effect are considered here to be caused by the polarization of 

the c-TiO2/perovskite interface, and is related to the kinetics of accumulation of positive 

charges at this interface during J-V scans, in combination with the extent of surface 

recombination. The nature and properties of the c-TiO2/perovskite interface are critical 

for the recombination rates of accumulated charges at this interface, which is the dominant 

mechanism controlling the hysteretic trends in the PSCs. The demonstration of such 

tunable hysteresis effect in printable mesoscopic PSCs shows that the properties of c-

TiO2/perovskite interface are crucial for controlling the device performance metrics. We 

showed that hysteresis-free devices can be formed by adapting specific conditions of the 

contact from a broad range of possibilities, and that hysteresis-free devices may not 

coincide with optimal solar cell operation. Therefore, we suggest that understanding the 

phenomenon of hysteresis is necessary for a better control of PSCs materials and 

interfaces. 
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Experiment 

 

Materials  

Unless stated otherwise, all materials were purchased from Sigma-Aldrich or Acros 

Organics and used as received. CH3NH3I was synthesized and purified according to 

literature procedures1. The perovskite precursor solution was prepared by dissolving 

573.0 mg PbI2, 197.5 mg CH3NH3I and 13.70 mg 5-AVAI in 1.0 ml γ-butyrolactone 

(GBL), and stirred at 70 °C for 30 min. The TiO2, ZrO2 and carbon pastes were prepared 

as previously reported2-3.  

 

Device fabrication  

Unless stated otherwise, the whole device fabrication process was carried out under 

ambient conditions (RH25-35%). The FTO-coated glass substrates (Tec15, Pilkington) 

were first etched by laser and cleaned by ultrasonication with detergent, deionized water, 

acetone and ethanol. The c-TiO2 layer was then deposited on the patterned substrates by 

aerosol spray pyrolysis as follow: The patterned FTO substrate was placed on a hotplate 

with a mask, as shown in Figure S1, and heated up to 450 °C. A titanium diisopropoxide 

bis(acetylacetonate) solution was diluted in ethanol (1:39, volume ratio), and kept in a 

glass sprayer which was purchased from Sigma-Aldrich. The distance between the sprayer 

and the hotplate was ~10 cm, and the spraying angle was 60-70 degree. The carrier gas 

was oxygen with a flow rate of ~10 ml/s. The sprayer moved at a speed of ~10 cm/s, along 

the red line marked spraying path in Figure S1. After spraying, the c-TiO2 coated FTO 

substrate was sintered at 450 °C for 30 min. After cooling to room temperature (RT, 25 

°C), a 1 μm-thick mesoporous TiO2 layer, a 2 μm-thick ZrO2 spacer layer and a 10 μm-

thick carbon layer were screen-printed on the substrates layer by layer. The TiO2 layer 

and ZrO2 layer were sintered at 450 °C for 30 min, and the carbon layer was sintered at 

400 °C for 30 min, forming the mesoporous triple-layer based scaffold. After cooling to 

room temperature, the perovskite precursor solution was infiltrated by drop casting via 

the top of the carbon layer. After drying at 50 °C for one hour, the printable mesoscopic 

PSCs were obtained. 

 

Characterization 

The thickness of the films was measured by a profilometer (DektakXT, Bruker). The 

atomic force microscope (AFM) measurements were performed on SPM9700 

(Shimadzu). Photocurrent-density voltage (J-V) curves were characterized with a Keithley 

2400 source meter and a Newport solar simulator (model 91192). The power of the 

simulated light was calibrated to 100 mW cm-2 using a Newport Oriel PV reference cell 

(model 91150V). The active area of the device is about 0.8 cm2 and a black mask with a 

circular aperture (0.126 cm2) was applied for J-V measurements. The J–V testing was 

performed with forward and backward scan directions at a scan rate of 250 mV s-1, 100 

mV s-1, 50 mV s-1, and 25 mV s-1 (sweep delay time of 100 ms). Before J-V scans, the 
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devices were usually subjected to the simulate sun light for several minutes. All the 

measurements were carried out at RH25-35% and room temperature. 

 

 

 

Table S1 Dependence of hysteresis effect on spraying cycles of c-TiO2 and UV-Ozone 

treatment. The hysteresis effect has been defined as normal, free and inverted. 

 

Condition c-TiO2 × 1 c-TiO2 × 2 c-TiO2 × 3 c-TiO2 × 4 

UV-Ozone 0 min Normal Normal Normal Normal 

UV-Ozone 2.5 

min 
Inverted Free Normal Normal 

UV-Ozone 10 

min 
Inverted Inverted Normal Normal 

UV-Ozone 30 

min 
Inverted Inverted Free Normal 
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Table S2 Series resistance and shunt resistance of hysteresis-normal, hysteresis-free, and 

hysteresis-inverted devices measured at different scan directions and scan rates (RS: Ω 

cm2; RSH: kΩ cm2). 
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Table S3 Fitting decay times of time-resolved photoluminescence (TRPL) spectra. 

The semi-devices were fabricated as FTO/c-TiO2/m-TiO2/ZrO2/Perovskite, and the c-

TiO2 layers were sprayed with 1-4 cycles. 

 

c-TiO2 

cycle 

τ1 (ns) τ2 (ns) 

1 

1.12 33.91 

1.16 36.48 

1.10 36.89 

2 

2.16 51.29 

1.29 37.90 

1.11 38.39 

3 

1.23 39.95 

1.19 37.68 

1.18 37.58 

4 

1.46 40.05 

1.39 39.57 

1.21 40.66 

 

 

 

 

 

Fig. S1 The spraying deposition process of the compact-TiO2 (c-TiO2) layer. The sprayer 

is purchased from Sigma-Aldrich, and the carrier gas is N2 with a flow rate of ~10 ml/s. 
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Fig. S2 The dependence of RS and RSH on scan rates for hysteresis-normal, hysteresis-

free and hysteresis-inverted devices. 

 

 

 

 

 

Fig. S3 Surface morphology characterizations. The SEM images of the bare FTO 

substrate (a, b) and c-TiO2 sprayed (two cycles) FTO substrate (c, d).  
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Fig. S4 XPS results of FTO substrates sprayed with 1-4 cycles of c-TiO2 layer. The 

measurements were performed using the same accumulation time, and the Ti and Sn peak 

areas are compared.   

 

 

 

 

 

Fig. S5 Work function of FTO substrates sprayed with 0-4 cycle of c-TiO2 layer (Error 

bars represent s.d. calculated from five values obtained with the same testing parameters). 
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Fig. S6 Time-resolved photoluminescence (TRPL) spectra of FTO/c-TiO2/m-TiO2 

/ZrO2/Perovskite semi-devices. The c-TiO2 layers were sprayed with 1-4 cycles. For each 

spraying cycle, three samples were prepared and characterized. 

 

Fig. S7 Dependence of VOC on scanning rates. The hysteresis-normal, -free and -inverted 

devices were continuously scanned with an interval of 0 s or discontinuously scanned with 

an interval of 60 s at 250 mV s-1, 100 mV s-1, 50 mV s-1 and 25 mV s-1 firstly in F-R 

direction, and then in R-F direction. 
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Introduction 

The critical dependence of the hysteresis patterns on the nature of the ETL developed 

over the last two chapters is further explored to identify its role in the obtained 𝑉𝑜𝑐 for 

high efficiency perovskite solar cells. A systematic investigation using ETLs with 

different workfunctions has very little effect on the 𝑉𝑜𝑐, which has severe implications on 

the existing interpretation of the role of the electric field in photogenerated carrier 

transport in PSCs. 
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Summary 

Perovskite materials have experienced an impressive improvement in 

photovoltaic performance due to their unique combination of optoelectronic 

properties. Their remarkable progression, facilitated by the use of different device 

architectures, compositional engineering and processing methodologies, contrast 

with the lack of understanding of the materials properties and interface phenomena. 

Here we directly target the interplay between the charge transporting layers (CTL) 

and open-circuit potential (𝑽𝒐𝒄) in the operation mechanism of the state-of-the-art 

CH3NH3PbI3 solar cells. Our results suggest that the 𝑽𝒐𝒄 is controlled by the splitting 

of quasi-Fermi levels and recombination inside the perovskite, rather than being 

governed by any internal electric field established by the difference in the CTL’s 

work functions. In addition, we provide novel insights into the hysteretic origin in 

PSCs, identifying the nature of the contacts as a critical factor in defining the charge-

accumulation at its interface, leading to either ionic, electronic or mixed ionic-
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electronic accumulation. 

 

Introduction 

Despite the impressive improvement in device performance,4-11 the operating 

mechanism that governs the high 𝑉𝑜𝑐 and short circuit current (𝐽𝑠𝑐) in perovskite 

photovoltaics remains unclear. Perovskite solar cells (PSCs) suffer from variations in the 

current-voltage behaviour based on specific experimental parameters, including pre-

biasing, light intensity, scan direction and rate, the set of which have been referred to as 

dynamic hysteresis.9 Early studies considered such dynamic hysteresis10 as the result of a 

charge collection limitation, conceiving device models in which the transport of charge-

carriers arises from the built-in electric field, generated through the perovskite layer and 

modified by the mobile ions.12-13 Nevertheless, the recent progression in materials 

processing13-14 suggests a different scenario, as the state-of-the-art devices possess 

excellent transport and collection properties, with little to no variation in the photocurrent 

throughout the scan. In addition, a recent correlation between TiO2/perovskite interface 

and the output voltage in perovskite solar cells (PSCs)15-16 opens the question of the role 

of interfaces in the device operation, calling for deeper investigations in their operation 

mechanism, with special emphasis on how variations in recombination and/or 

accumulation at the interfaces affect the hysteretic trends.  In this article, we answer some 

of these questions by investigating the role of the contacts in the transport and 

recombination of state-of-the-art PSCs. Devices with identical architecture but modified 

electron transporting layer (ETL) interface have been examined, using as device 

configuration FTO/ ETL / CH3NH3PbI3 / Spiro-OMeTAD /Au architecture, where 

different contacts have been carefully chosen: i) FTO/compact-TiO2/meso-TiO2; ii) 

FTO/compact-TiO2 and iii) FTO electrode (ETL-free cell). 

 

Results 

Figure 1A presents a schematic diagram of the cell architecture along with the cross-

sectional scanning electron microscopy (SEM) images in Figure 1B obtained for each 

layout. In all cases, the perovskite thickness is ~300 nm, including the mesoporous based 

configuration. Interestingly, similar micro-structure and layer morphology could be 

observed for all architectures, independently from the electron selective contact, as 

revealed in Figure 1C. In addition, the optical properties of the perovskite films  and the 

X-ray diffraction (XRD) patterns (Figure 1D) were also preserved, showing identical 

absorption spectra and diffraction patterns corresponding to CH3NH3PbI3 tetragonal 

phase17 (see also Figure S1). Overall, these results confirm the formation of perovskite 

films with comparable crystalline quality and optical properties, which is of extreme 

importance in the upcoming comparative analysis.  

The current-voltage (𝐽−𝑉) curves and the external quantum efficiency (EQE) of the as 

prepared solar cells were also analysed. Figures 2A and 2B show the typical performance 



 Chapter 6. Publication 3  132 

 

of three representative cells corresponding to each device configuration (the characteristic 

solar cells parameters are reported in Table 1). In agreement with previous works, cells 

employing a mesoscopic architecture exhibit the best photovoltaic performance (PCE = 

18.75%), followed by the planar cells (PCE = 16.25%) and the ETL-free devices (PCE = 

14.03%). Interestingly, 𝐽𝑠𝑐 hardly changed with the cell configuration, leading to values 

over 21 mA·cm2 in all cases. These results agree with the EQE spectra exhibited in Figure 

2B, which demonstrates a high photon-to-current conversion over 80 % for the entire 

visible spectra, even for the ETL-free device. Nevertheless, the most remarkable value is 

obtained for the 𝑉𝑜𝑐, remaining close to 1V in all cases. Such a large 𝑉𝑜𝑐 obtained for the 

ETL-free cells is in contradiction to previous seminal works12 where a large reduction 

upon removal of the TiO2 layer (~0.75 V) was observed and attributed to a reduced built-

in potential, generally associated to the non-selectivity of the contact. More recently, a 

similar behaviour was also observed by Juarez-Perez et al. but charge collection was 

severely reduced, in contrast to our result.18 Figure 2C, 2D and Table 1 summarize the 

photovoltaic performance obtained from more than 40 devices. As deduced from the data, 

the contact layer is mostly affecting the FF of the cell, which decreases considerably when 

using a less-selective FTO contact, while Jsc and Voc remain very similar. Comparable 

results have been also observed for cells containing the mixed cation/mixed halide 

(FAPbI3)0.85(MAPbBr3)0.15 perovskite (FA = formamidinium), as is illustrated in Figure 

S2 (see also Table S1). Noteworthy, although slight differences in Jsc and Voc can be 

observed for this perovskite composition, a remarkable high Voc average value over 0.8 V 

(with a maximum of 0.96 V) is obtained for the ETL-free cell, further generalizing our 

previous observations.  

To verify the electronic structure of the different contact layers, we analyzed them by 

ultraviolet photoelectron spectroscopy (UPS). The results are presented in Figure S3 and 

the extracted work functions are also illustrated in Figure 2D, in comparison with the Voc. 

As expected, the FTO layer has the highest work function (-5.22 eV), followed by the 

blocking TiO2 (-4.36 eV) and the mesoporous TiO2 layer (-4.33 eV). Surprisingly, no 

apparent relation between the obtained Voc and the work function of the contact can be 

deduced. This is also observed when inserting a different ETL material such as compact-

SnO2 layer (WF=-4.93 eV), which also gives unexpected high Voc values close to 1V (see 

Figure S4).  

To get insight into the electronic operation of the contacts, we investigated the 

hysteresis features and capacitive nature of these devices via impedance spectroscopy 

(IS). Figure 3A shows the J-V curves obtained for the three systems measured under scan 

rates ranging from 10 to 200 mV/s. In all cases, the hysteresis loop between forward-

reverse (FR) scans ‘opens up’ and scales with the scan rate, as typically occurs in a 

capacitive discharge superimposed onto the steady-state curve. We note that this effect is 

maximized in the planar c-TiO2 cells but minimized for the mesoscopic architecture, 

suggesting meso-TiO2 as the main factor responsible for reducing the overall hysteresis, 

like often reported in literature.19  However, upon removal of the c-TiO2 layer, the 
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hysteresis is again reduced except for very fast scans, denoting c-TiO2/perovskite as the 

real dominant interface (see Figure S5).20 Surprisingly, the FTO/perovskite interface also 

showed strong capacitive trends, indicating a similar mechanism.  

 

Discussion 

According to established photovoltaic knowledge, when a semiconductor light 

absorber sandwiched between two contacts of very different work function comes to 

equilibrium, the difference of work functions implies a built in electrical field that has a 

major role in the transport and extraction of charge. This is usually termed the p-i-n model. 

On the other hand, 25 years of study of dye-sensitized solar cells and similar devices 

clearly showed that many solar cells absorb the difference of work functions at the 

absorber/contact interface, and the electrical field in the device plays a minor role.21 Here 

we show that this is a main principle of operation of the perovskite solar cell, since the 

Voc remains stable over a striking modification of work function of the electron selective 

contact that has the same variation as the Voc itself, as shown in Fig. 2d.  Independently 

of the built-in electric field across the perovskite, mesoporous morphology, and the 

difference of work functions across the interfaces, each selective contact will follow the 

Fermi level of the respective carrier, implying that the main control of open-circuit voltage 

is established by recombination.22  This view of the device is furthermore consistent with 

the results of Kelvin probe force microscopy (KPFM) on cross sections of planar 

methylammonium lead iodide that show a flat potential distribution in the absorber layer 

while most of the potential drops are located at selective contact interfaces.23   

Under cycling conditions of 10 mV/s, our systems show high 𝑉𝑜𝑐 values for both FR 

and RF scans. This opposes the general assumption that a built-in electric field generated 

by the difference in the work functions of the two contacts mediates the charge collection. 

On the contrary, it demonstrates that the built-in electric field is not a major factor 

governing the extraction of carriers, while carrier transport to contacts is mainly due to 

diffusion, probably granted by the extremely large diffusion length in these materials. As 

large charge accumulation combining ionic and electronic charge occurs at the outer 

interfaces, for state-of-the-art devices, hysteretic variations can be directly correlated to 

the nature of the perovskite crystal in contact with the selective layers, which further 

underlines the importance of understanding the capacitive trends in these devices. 

Figure 3B presents the evolution of the capacitance obtained for each device 

configuration as a function of frequency (in the dark), at different applied voltages. In 

general, the capacitance shows a stable plateau at high frequency due to dielectric 

relaxation in the bulk, and low frequency large values that grow further with the applied 

voltage, directly probing the contact properties. Importantly, the low frequency value 

increases over 2 orders of magnitude from 10 µF at low frequencies (~100 mHz) to a 

maximum capacitance of 10 mF for ~ 1 V. We interpret this capacitance as an 

accumulation layer of ionic (cations) and electronic carriers (holes) at the c-TiO2 contact 

with the perovskite24. The capacitance for ion-accumulation is described by the Guoy-
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Chapman model, whose voltage-dependence for voltages above Bk T q  is given by 

              
2 2 0

1/20( ) exp( )
2

i r

B C B

z q n zqV
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k T m k T

 
                                                         (1) 

with z  being the charge number of the ions, q  the electronic charge, 
0

in  the ionic 

concentration in the bulk, and 
r  and 0  the relative and vacuum dielectric constants 

respectively. Cm  is a capacitive exponent with the value 2. However, a similar equation is 

also used for the accumulation of majority carriers at the interface25, again with 2Cm  , 

hindering the distinction between ionic and electronic accumulation through only 

capacitance measurements. In our case, there is a difference in the way the low frequency 

capacitance changes with voltage between the different electron-contacts samples. The 

cells containing meso-TiO2 exhibit a sharp increase after 0.6 V. Planar c-TiO2 cells show 

a similar evolution, although a negative capacitance region is perceived, whose onset is 

characterised by the downward spike, located around 100 Hz.  The negative capacitance, 

well documented in literature, is interpreted as the accumulation and subsequent discharge 

of both ionic and electronic carriers (holes) at the TiO2/perovskite interface.26 Finally, 

ETL-free samples do not show the negative capacitance trend, but a continuous and 

exponential evolution of the low frequency capacitance with voltage, noted in Figure 3C. 

We can therefore conclude that low frequency capacitance at low and very high voltage 

show similar trends in the three different PSCs, but the intermediate voltages and the 

larger frequency region variations, indicate dynamic modifications in charge 

accumulation (ionic/electronic) that have significant consequences on the nature and 

timescales in a transient experiment, altering the hysteretic trends considerably. This 

observation correlates well with the different dynamic hysteresis responses observed 

previously.  

To investigate the processes at the perovskite/ETL interface, we performed a 

dynamical optical investigation by means of transient absorption spectroscopy (TAS) in 

the nanosecond domain, as depicted in Figure 4. We monitored the TAS spectral evolution 

of the three different samples upon excitation with a light pulse at 600nm, ensuring a light 

penetration depth of less than 200 nm.27 Note that we keep the excitation density constant 

on the three samples, which have the same thickness, ensuring that a similar carrier 

density is generated. As reported in the Figure 4A-C, a negative band peaking at 760 nm 

appears, which is assigned to the photobleaching (PB), due to state filling of the 

conduction and valence band. Notably, the PB signal is proportional to the density of 

charges and its dynamical evolution reflect the charge dynamics. The PB band decreases 

in the time range investigated, as shown by the normalized dynamic at 760nm probe 

wavelength presented in Figure 4D. It reveals a fast decay with a time constant of t=100 

ns, accompanied by a longer component which does not decay in our temporal window 

(1.5 µs) (a comparison of the decay in the 100ns range is reported in the inset of Figure 

4B). Since we use an excitation density of around 50nJ/cm2 corresponding to a charge 

density of around 1017 cm-3, most of the traps are expected to be filled, thus the PB decay 
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mainly mirrors the electron hole recombination. However, the PB signal persists on a 

longer timescale. As already observed by Leijtens T. et al, the long living component 

appearing in the TAS as well as in transient photocurrent measurements, can be related to 

trap-mediated recombination, i.e. trapped electrons or holes.28 Considering the same 

optical density for the three films and the same excitation density used, we can infer from 

the initial spectra (at 0-200 ns time window) that the photoinduced charge density at the 

compact-TiO2/perovskite interface is slightly higher. However, for all cases, the long 

living component, sometimes also visible in photoluminescence measurements and still 

debated, can be related to the presence of long-living accumulated charges (possibly 

holes),28 located at the perovskite /ETL surface. Interestingly, the signal evolution (i.e.  

time constant) and magnitude of the long living component is similar in all cases, 

providing a clear indication that the interface charge dynamics in the ns-us time scale, 

relevant for the photovoltaic action in terms of charge collection, do not considerably 

differ comparing meso-TiO2, c-TiO2 or FTO interfaces. On the other side, on the shorter 

time scale, the PB of the meso-TiO2 interface decays slower (a time constant of 50 ns is 

retrieved from fitting, as shown in Table 2), that might reflect a reduce electron hole 

recombination possibly due to reduced charge accumulation at this interface. This 

observation is in agreement with the slightly higher Voc that this sample presents over the 

others. A direct link with the device behaviour is rather challenging, however, the reduced 

charge accumulation at the meso-TiO2 interface might be a possible reason, among others, 

of the minimized dynamic hysteresis response for the mesoporous-based solar cell. 

Further work is ongoing to elucidate the interface dynamics and better establish a 

connection to the device scale.  

We can therefore conclude that, while it is widely believed that the role of selective 

contacts towards photovoltage operates by controlling the built-in voltage, here we 

demonstrate that it rather depends on the internal recombination and splitting of Fermi 

levels inside the perovskite material. Our results indicate that the electric field is not the 

dominant charge extraction mechanism for the photocarriers, and very different electron 

contacts based on metal oxide/perovskite interface can behave similarly. Furthermore, the 

nature of the contact can drastically influence the dynamic response of charge 

accumulation at the interface, being an essential actor in controlling hysteresis and pre-

treatment dependence in time transient experiments. 

 

Experimental procedures 

 

Solar cell fabrication 

Perovskite solar cells were fabricated on F-doped SnO2 (NSG10) substrates previously 

cleaned by a sequential sonication treatment in a 2 % Hellmanex solution, acetone and 

isopropanol, followed by UV ozone treatment for 15 min. These substrates were directly 

used as described for the ETL-free perovskite solar cells. To prepare the other 

configurations investigated in this manuscript, a compact blocking layer of TiO2 (c-TiO2, 
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30 nm in thickness) was deposited by spray pyrolysis, using a titanium diisopropoxide 

bis(acetylacetonate) solution in ethanol (22% v/v), and then sinter at 450 °C for 20 

minutes (c-TiO2 electrode). SnO2 electrodes were prepared by spin-coating a precursor 

solution of SnCl4 (Acros) dissolved in water. To form ~100 nm thick SnO2 layer, 0.5 M 

SnCl4 solution was spin-coated on the UV-ozone treated FTO substrates at 5,000 rpm for 

10 s. Then the SnO2 film was transferred onto a hotplate and dried at 100 oC for 1 min, 

post-annealed at 180 oC for 1 h and cooled down before deposition of perovskite. The 

planar configurations, including the ETL-free cells, were treated by UV ozone for 15 min 

before deposition of perovskite layer. Finally, a 150 nm thick layer of mesoporous TiO2 

(meso-TiO2, 30 NR-D titania paste from Dyesol) was prepared by spin-coating a diluted 

TiO2 dispersion in ethanol (150 mg·ml-1), at 2000 rpm for 15 s followed by a sintering 

step at 450 °C for 30 min. Afterwards, the meso-TiO2 substrates were lithium-treated by 

spin-coating 40 μl of tris(bis(trifluoromethylsulfonyl)imide) (Li-TFSI, 10mg/ml in 

acetonitrile) onto the mesoporous layer, followed by an additional sintering step at 450 

°C for 20 min. After sintering, the c-TiO2/meso-TiO2 electrodes were ready to use and 

transferred to a N2 controlled atmosphere. The perovskite precursor solution was prepared 

by mixing CH3NH3I (MAI, Dyesol) and PbI2 (TCI) in N,N’-dimethylsulfoxide (DMSO) 

in a molarity of 1.20 for MAPbI3, while for the mixed cation/halide composition 

formamidinium iodide (FAI), MAI (from Dyesol), PbI2 and PbBr2 (TCI) were mixed in 

DMF:DMSO (4:1) solvent at 1.25 M to form (FAPbI3)0.85(MAPbBr3)0.15, with 5% of PbI2 

excess content.  The perovskite layers were then fabricated by using a two-steps spin-

coating process reported by Seok et al.14 (first step 1,000 r.p.m. for 10s; second step 4,000 

r.p.m for 30 s) and 10 s prior to the end of the program 100 µl of chlorobenzene were 

poured onto the films. The substrates were then annealed at 100 °C during 60 min. 

Afterwards, Spiro-OMeTAD was spin-coated at 4000 rpm from a chlorobenzene solution 

(28.9mg in 400μl, 60mmol) containing Li-TFSI (7.0μl from a 520 mg/ml stock solution 

in acetonitrile), TBP (11.5μl) and Co(II)TFSI (10 mol %, 8.8 μl from a 40 mg/ml stock 

solution) as dopants. Finally, a 70 nm gold electrode was evaporated. 

 

Thin film characterization 

The XRD patterns of the prepared films were measured using a D8 Advance 

diffractometer from Bruker (Bragg-Brentano geometry, with an X-ray tube Cu Kα, 

λ=1.5406Å). The absorption spectra were registered with an UV-VIS-IR 

spectrophotometer (PerkinElmer Instrument). Photoelectron spectroscopy (PES) 

measurements were performed in a ultra-high vacuum analysis chamber (base pressure of 

2 x 10-10 mbar) using a He-discharge UV source (Omicron) with an excitation energy of 

21.2 eV for UPS. Before the analysis, the samples were treated by UV-ozone for 15 in the 

same conditions as for the device preparation. The photoelectron spectra were recorded 

using a Phoibos 100 (Specs) hemispherical energy analyzer at a pass energy of 5 eV for 

the valence band. For work function determination, the secondary electron cut-off (SECO) 

was recorded by applying a -10 V sample bias to clear the analyzer work function. The 
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reported valence band spectra were background subtracted. The binding energies for all 

the photoemission spectra are referenced to the Fermi level. For the ns-Transient 

Absorption Spectroscopy (TAS)/Photoluminescence a ns laser (5ns pulse duration, 10Hz, 

Ekspla NT342 model) with an integrated OPO system (from 355 to 2500 nm tunability) 

has been used as pump source. It is coupled with the LP980-KS Laser Flash Photolysis 

Spectrometer used for the measurement of laser induced transient absorption, and 

Photoluminescence kinetics and spectra. Wavelength specific kinetic measurements are 

made using photomultiplier and digital storage oscilloscope. The probe light is provided 

by a pulsed Xenon arc lamp. The beams are focused onto the sample on a diameter of 

minimum 5mm2 area, ensuring the spatial overlap. The transmitted probe is spectrally 

filtered by a monochromator and detected. From the transmission change following 

photoexcitation the variation in the absorption is thus derived as Δ(𝜏,𝜆)=log(𝐼𝑝𝑟𝑜𝑏𝑒)/(𝐼𝑡(𝜏,𝜆)), 

where Iprobe is the transmitted probe with excitation off and It is the transmitted probe after 

laser excitation. The minimum detectable optical density of the LP980-KS using the 

photomultiplier is OD = 0.002 (single shot, fast detector option) with a system overall 

response function of: <7ns (laser limited). 

 

Device characterization 

The photovoltaic device performance was analyzed using a VeraSol LED solar 

simulator (Newport) producing 1 sun AM 1.5 (1000W/m2) sunlight. Current-voltage 

curves were measured in air with a potentiostat (Keithley 2604). The light intensity was 

calibrated with a NREL certified KG5 filtered Si reference diode. The solar cells were 

masked with a metal aperture of 0.16 cm2 to define the active area. Current-voltage curves 

at different scan rates were collected from slowest to fastest scan rate by scanning in the 

FR direction followed by the RF direction for a given scan rate, with a time interval of 10 

seconds (under illumination) before the next measurement. The starting voltage for the 

FR scan was slightly higher (30 mV) than the Voc of the device while for the RF scan, it 

was 0 V. EQE was measured with the IQE200B (Oriel) without bias light. Impedance 

spectroscopy measurements were performed in the dark for a cell area of 0.56 cm2. A 

perturbation amplitude of 10 mV was used and the spectra measured over the frequency 

range 50 mHz – 1 MHz. 
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Figure Captions 

Figure 1. Solar cell configurations, film characterization and photovoltaic 

performance of the perovskite cells. (A) Schematic diagram of the cell architectures. 

Compact and mesoposous-TiO2 (meso-TiO2) layers are differing between configurations. 

(B) cross-sectional scanning electron microscopy (SEM) images obtained for each 

representative layout (bar-scale 1µm). (C) Surface SEM images and optical properties of 

perovskite films analysed in (b). (D) X-ray diffraction (XRD) patterns of films analysed 

in (D).  

 

Figure 2. J-V performance and statistical analysis of perovskite solar cells. (A) 

Current-voltage (𝐽−𝑉) curves measured under 1 sun illumination and (B) external 

quantum efficiency (EQE) of representative solar cells containing meso-TiO2, c-TiO2 and 

ETL-free architectures (Jintegrated is 21.2 mA·cm2, 21.5 mA·cm2and 21.3 mA·cm2 for). (C) 

Summary of device parameters obtained for more than 40 cells measured under AM1.5G 

sun illumination, room temperature and air conditions. The work function of the different 

contact layers are also indicated for comparison (right panel). 

 

Figure 3. Hysteresis behavior and impedance spectroscopy (IS) analysis. (A) J-V 

scans for perovskite cells containing the three investigated ETL contacts (scan rates 

indicated in the legend); (B) absolute real values of the capacitance obtained from EIS 

measurements in the dark; (C) evolution of the low frequency capacitance versus applied 

voltage for the three investigated cells. The linear fit of ln C versus voltage for the ETL-

free cell shows a slope of 5.62. 

 

Figure 4. Dynamical optical investigation using transient absorption spectroscopy 

(TAS). (A-C) TAS spectral evolution of the three different samples measured upon 

excitation from the glass side with an incident light pulse at 600nm (penetration depth 

~200 nm)27. (D) dynamics at 760nm revealing a faster time constant of t=100 ns.  
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TABLES AND TABLE CAPTIONS 

Table 1. Device parameters obtained from the cell configurations shown in Figure 

2. The average values obtained for each device configuration are included in brackets. 

 

Cell Jsc (mA · 

cm2) 

Voc (V) FF PCE (%) 

Meso-TiO2 21.91 (21.9 ± 0.8) 1.09 (1.078 ± 0.007) 0.78 (0.77 ± 0.02) 18.75 (18.17 ± 0.8) 

c-TiO2 21.7 (21.2 ± 0.9) 1.07 (1.02 ± 0.03) 0.70 (0.67 ± 0.05) 16.25 (15 ± 1) 

FTO 21.08 (21.1 ± 0.6) 1.04 (0.98 ± 0.08) 0.64 (0.62 ± 0.03) 14.03 (14 ± 1) 

 

 

 

Table 2. Optical parameters obtained from the TAS analysis. 

 

Sample 
 t1 

(ns) 

t2 

(ns) 

FTO/MAPbI3 21 98 

FTO/c-TiO2/MAPbI3 13 98 

FTO/c-TiO2/MesoTiO2/MAPbI3 50 269 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure S1. X-Ray Diffraction (XRD) pattern of perovskite films. Diffractogram 

patterns corresponding to perovskite films grown on different ETL contacts. 

 

 

 

Figure S2. Statistical analysis of mixed cation/mixed halide perovskite solar cells. 

Device parameters obtained from 30 cells measured under AM1.5G sun illumination, 

room temperature and air conditions.  

 

 

 

Table S1. Statistical analysis of mixed cation/mixed halide perovskite solar cells. Device 

parameters obtained from cells shown in Figure S2.   

 

Contact layer  PCE (%) Jsc (mA·cm-2) FF Voc (V) 

Meso-TiO2 16.83 ± 1.14 22.12 ± 0.9 0.73 ± 0.03 1.04 ± 0.03 

Compact-TiO2 13.8 ± 2.5 22.7 ± 0.5 0.62 ± 0.07 0.98 ± 0.07 

FTO 7.3 ± 1.5 20.5 ± 0.6 0.48 ± 0.03 0.83 ± 0.1 
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Figure S3. UPS characterization. Secondary-electron cutoffs for work function () 

determination (left), and binding energy range valence spectra (right) of the 

different electrodes. The work function values in eV is indicated in the inset. 
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Figure S4. SnO2 based contacts. Current-voltage (𝐽−𝑉) curves and summary of device 

parameters obtained from: (A, B) 22 devices based on MAPbI3 perovskite and (C, D) 29 

devices based on mixed (FAPbI3)0.85(MAPbBr3)0.15 perovskite, measured under AM1.5G 

sun illumination, room temperature and air conditions.  
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Figure S5. Hysteresis index analysis. Calculated hysteresis index at maximum power 

point versus scan rate for devices containing meso-TiO2, c-TiO2 as ETL layers, as well as 

ETL-free cells.  
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Introduction 

After establishing the role of the external contacts on the obtained 𝑉𝑜𝑐 in the previous 

chapter, the effect of the contacts, if any, on the photocurrent extraction was investigated. 

This chapter identifies the role of the LF capacitance and resistance in reducing the EQE 

of the PSC at low frequencies due to an internal displacement of the photovoltage. 
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Abstract 

Perovskite solar cells are known to show very long response timescales, in the order of 

milliseconds to seconds. This generates considerable doubt over the validity of the 

measured external quantum efficiency and consequently the estimation of the short circuit 

current density. We observe a variation as high as 10% in the values of the EQE of 

perovskite solar cells for different optical chopper frequencies between 10 – 500 Hz, 

indicating a need to establish well-defined protocols of external quantum efficiency 

measurement. We also corroborate these values and obtain new insights regarding the 

working mechanisms of perovskite solar cells from intensity modulated photocurrent 

spectroscopy measurements, identifying the evolution of the external quantum efficiency 

over a range of frequencies, displaying a singular reduction at very low frequencies. This 

reduction in external quantum efficiency is ascribed to additional resistive contributions 

hindering charge extraction in the perovskite solar cell at short circuit conditions, which 

are delayed because of the concomitant large low-frequency capacitance.  
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The external quantum efficiency (EQE) is a central characterization tool to estimate 

the performance of a photovoltaic cell. It is defined as the ratio of number of collected 

electron-hole pairs to the number of photons impinging on the device.1 The EQE provides 

information on how efficiently the solar cell is able to absorb a photon, generate an 

electron-hole pair, separate and subsequently extract these carriers at respective selective 

contacts. It can also provide device parameters such as the short-circuit current (𝑗𝑠𝑐) and 

in some cases even the diffusion length, depending upon the dominant transport 

mechanism. An example being the diffusion-recombination model for dye sensitized solar 

cells2 which allows discerning transport from recombination time. Traditionally, the EQE 

is measured at short circuit (SC) by applying a monochromatic AC small perturbation in 

light intensity and measuring the response of the solar cell, subsequently scanned over the 

range of wavelengths of incoming light. The solar cell is  kept under a DC biasing white 

light intensity that can range from 5 -100 mW·cm-2 during the measurement,3 although in 

most cases of collection efficiency measurements, the bias intensity is very low, between 

5-10 mW·cm-2,4-5 whose main purpose is to provide a small background charge density 

to raise the conductivity of the solar cell from its minimal dark value. 

The modulation frequency of the AC small perturbation in light intensity is determined 

by an optical chopper6 and is assumed to be much lower (a few hundred Hz)7-9 than the 

frequency associated with the processes of carrier generation, transport, recombination 

(lifetime) and charge storage mechanisms, and hence should not have an influence on the 

measured EQE. However, the validity of this assumption is not assured in the case of 

perovskite solar cells (PSCs). PSCs are known to show responses at very long timescales 

in the order of milliseconds to seconds, observed in both voltage and current evolution, 

which has been confirmed from a wide variety of experiments such as open-circuit voltage 

(Voc) decay,10 stepped voltage scans11 and current decay from photoinduced charge 

extraction (PI-CE) measurements.12 This has also been observed in the EQE, which has 

been seen to evolve over timescales of minutes in both dark and light conditions,11, 13 

making the estimation of the 𝑗𝑠𝑐 very difficult.14 Furthermore, a large capacitance of the 

order of mF cm-2 has been observed from impedance spectroscopy (IS) measurements at 

SC,15 similar in magnitude to that observed at open-circuit (OC) conditions,16 which is 

likely related to the aforementioned EQE evolution. Therefore, a clarification regarding 

the nature of EQE evolution in perovskites and its contributing factors is required to better 

understand its operation and limiting mechanisms at SC and ascertain the validity of the 

EQE obtained at a given state of the perovskite solar cell. 

We first provide a general definition of the EQE as obtained from standard 

experimental practices. Let ej  be the extracted photocurrent density while the maximal 

current density  qj  is defined from  , the input photon flux at a given wavelength 

 , and q the elementary charge. The steady state EQE, EQEPV-SS, is 



 
j

j
EQE e

SSPV

 

                                      (1) 

The overhead bars indicate conditions of steady state.  A traditional experimental 
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method termed the differential spectral response method, EQEPV-DIFF, involves the 

measurement of the photocurrent at SC upon application of a small low frequency AC 

perturbation of monochromatic light (using an optical chopper) to the sample, which is 

illuminated by a DC bias white-light intensity..  Under an applied small perturbation of 

light intensity   jjj ~
, we can write  eee jjj ~  ,  

            


 
jd

jd

j

j
EQE ee

DIFFPV ~

~
 

                                                              (2)                                                                

Equation 2 is an approximation because it assumes an infinitely slow (zero frequency) 

perturbation, while realistic measurements involve frequencies in the range of a few 

hundred Hz imparted by the optical chopper.  

For the sake of generality, a power-law relationship can describe the most common 

dependences of collected current on photon flux as: 

)()( 
n

e jkj                                                                                               (3)                                                                          

where n accounts for a power-law exponent and k is a proportionality constant. This is 

because we are normally interested in the variation of EQE over several decades of photon 

flux from which n is readily derived. Thus we have 

1

 
n

DIFFPV jnkEQE                                                                                     (4)                                     

We also corroborate the EQEPV-DIFF values with IMPS measurements, which involve 

the measurement of modulated extracted photocurrent versus modulated input photon 

current density. The transfer function of IMPS is given by17                                              

)(~
)(~

)(








j

j
Q e  

                                                          (5)                                                                

Because of the modulated character of both input and output signals, one can expect in-

phase and out-of-phase components of the transfer function, similarly to that occurring 

when measuring impedance spectroscopy. This implies the complex (real and imaginary) 

form of the IMPS measurement so that Q = Q’ + iQ’’, whose low-frequency limit is purely 

real and it is given by                                                                                                     




jd

jd
Q e)0(  

                                                                  (6)                                                                

which corresponds to the definition in Equation 2 provided that  = 0. Therefore, the 

EQEPV-DIFF value ideally approximates the low frequency limit of the IMPS transfer 

function. We note that the measurement of EQEPV-DIFF from direct measurements 

(differential spectral response method) and from IMPS measurements are identical in the 

sense that they are both small perturbation methods, the only difference being that the AC 

perturbation in direct measurements is generated using an optical chopper with the 

incident light beam, whereas the AC light perturbation in IMPS is generated by driving 

an AC current through the light source using a potentiostat. In both cases, it is ensured 

that the light perturbation acting on the solar cells is the same in the full range of light 
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intensities and frequencies. The other difference is in their application, since IMPS is 

usually considered as a frequency-resolved method to obtain kinetic information. 

However, from the point of view of EQE analysis, we can use both approaches in 

combination.  

The above mentioned definitions are summarized in Table 1. By comparing Equations 1 

and 4, we can see that the values of EQE obtained from small-perturbation methods and 

steady-state methods converge only if the relationship between extracted photocurrent and 

input photon flux is linear. 

 

Table 1 Definition of external quantum efficiency according to the measurement 

procedure. In the differential spectral response method, the output is a function of the 

optical chopper frequency, as indicated. 

 

EQEPV-SS Steady state measurement 
               

j

je  

EQEPV-DIFF Differential spectral response 

method 

 

)( chopper
e

dj

dj




 

IMPS  Intensity modulated photocurrent 

spectroscopy transfer function Q 

 )(
~

)(
~





j

je
 

 

 

We now proceed to identify the trends of EQE evolution with input photon current 

density in perovskite solar cells and to clarify the above described methods of EQE 

measurement. Figure SI1a and SI1b show the J-V curve of the perovskite solar cell tested 

and its corresponding maximum photocurrent. In addition to measuring EQEPV-DIFF 

directly, we also obtain the value indirectly using the following methods. The first method 

involves determination of EQEPV-SS from steady state measurements of extracted 

photocurrent density for a given input photon current density. We then obtain EQEPV-DIFF 

from the slope of the data obtained from the steady state measurements, as shown in 

Equation 2.  The second method involves measurement of IMPS spectra and extracting 

the EQEPV-DIFF value, which corresponds to the low-frequency limit of the transfer 

function, as shown in Equation 6. Both EQEPV-SS and IMPS measurements were carried 

out using a blue light (470 nm) source in order to avoid effects relating to absorption 

losses (see Figure SI2 for absorption spectrum).  
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Figure 1 (a) Evolution of extracted photocurrent versus input photon current density from 

steady state measurements (the inset shows the low intensity region) (b) IMPS spectra for 

different DC bias blue light intensities expressed as current density as shown in legend. 

(c) Evolution of EQE as defined from small perturbation methods (EQEPV-DIFF), obtained 

from steady state measurements (red) and IMPS (orange), and steady state method (green) 

(EQEPV-SS). (d) log-log plot of data in (a) to obtain the exponent n in Equation 3. All 

measurements carried out with monochromatic radiation of wavelength 470 nm.  

 

Figure 1a shows the evolution of steady state extracted photocurrent versus photon 

current density, from which the values of EQEPV-SS and EQEPV-DIFF are calculated, shown 

in Figure 1c. While EQEPV-SS values show a gradual rise to reach a constant value, the 

EQEPV-DIFF values are almost constant through the entire range of photon current densities. 

It can be seen that the values of EQEPV-DIFF and EQEPV-SS converge to similar values only 
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at high photon current densities. Since EQE measurements are usually carried out at low 

light intensities (and hence photon current densities), it is clear that the values of EQE 

will be quite different depending on the employed measuring method. Figure 1b shows 

the corresponding IMPS spectra of the perovskite solar cell obtained at different photon 

current densities. The spectra typically show two arcs in the upper quadrant, 

corresponding to high and intermediate frequencies, followed by a low-frequency arc in 

the lower quadrant, whose origins are discussed later on. For now, we observe that the 

low frequency limit of the IMPS spectra matches quite nicely with the values of EQEPV-

DIFF obtained from the slope of the steady state measurements as seen in Figure 1c. 

As mentioned earlier, the divergence in values of EQEPV-DIFF and EQESS depend on the 

exponential factor n in Equation 1. This factor is obtained from a log-log plot of ej  

versus j , shown in Figure 1d. We can clearly distinguish two regimes of behavior. The 

first regime occurs at low photon current densities, where the relationship is highly non-

linear with 8.2n , while at higher photon current densities, the evolution is almost 

linear with 1.1n . Therefore, the values of EQEPV-DIFF and EQESS collapse only at higher 

photon current densities. The existence of these regimes can be attributed to the strong 

photoconductive behavior in perovskites. At high light intensity, a linear behavior is 

observed as expected, but the low conductivity values near dark conditions18-19 reduces 

charge collection and photocurrent values, so that the strong non-linear dependence at low 

light intensities (in Fig. 1e) is likely influenced by collection efficiency issues. 

We now proceed to clarify the validity of Equation 2 for perovskite solar cells by 

measuring the effect of the optical chopper frequency on the EQEPV-DIFF values. The 

EQEPV-DIFF was measured with and without DC white light bias at five different optical 

chopper frequencies of 500, 400, 286, 110 and 14 Hz. Figure 2a and 2b shows the variation 

in EQEPV-DIFF without and with a 10 mW·cm-2 DC white light bias at a given frequency 

of the optical chopper with respect to the values at 500 Hz, which is used as reference. 

We observe that the EQEPV-DIFF increases upon lowering the optical chopper frequency in 

both cases, with a maximum increment of 8-10% in EQEPV-DIFF from 500 Hz to 110 Hz. 

At lower frequencies (14 Hz) the EQEPV-DIFF drops. This strong frequency dependence 

describing a response peak is also reflected in the IMPS spectra of Figure 2c that shows 

high frequency and intermediate arcs in the first quadrant followed by a low frequency 

arc in the fourth quadrant. The evolution of the real part of the IMPS transfer function is 

shown in Figure 2d. It shows a maxima at high frequency (~104 Hz) and another at low 

frequency (~ 1Hz), with very little evolution in between. After the second maxima, it then 

drops sharply for very low frequencies. It is then evident that both techniques (EQEPV-DIFF 

and IMPS) exhibit similar evolution with the perturbation frequency. This is because 

EQEPV-DIFF and Q’, the real part of IMPS, provides information on the effective extracted 

photocurrent at a given perturbation frequency.    



Chapter 7. Publication 4  159 

 

 

Figure 2 Variation in EQEPV-DIFF at (a) 0 DC white light bias and (b) 10 mW·cm-2 DC 

white light bias for different optical chopper frequencies with respect to spectra measured 

at 500 Hz. (c) IMPS spectra measured at 33 mA·cm-2 DC blue light bias and (d) Evolution 

of real part of IMPS transfer function versus frequency at 470 nm. 

 

In general, the value of EQEPV-DIFF obtained from direct measurements is in fact the 

real part of the IMPS transfer function at the given optical chopper frequency, as 

mentioned earlier. For the simplest model of a solar cell, consisting of a recombination 

resistance ( recR ) and a chemical capacitance ( C ) coupled in parallel with a current 

source, and a series resistance ( sR ), the IMPS response is an arc in the upper quadrant 

and the real part of the IMPS transfer function is a frequency-dependent process, 

containing the ratio between the frequency   associated to the time constant  CRs

and the applied frequency (see SI for derivation). In this case, 
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where the low frequency intercept has the value 
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s
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Q  
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This can be understood by observing the equivalent circuit of the simple solar cell model 

at SC shown in Figure 3a, with a current source corresponding to photogenerated carriers 

in parallel to both the recombination resistor and the chemical capacitor. The IMPS 

response can be viewed similar to an RC attenuator, where the capacitor controls the 

frequency-dependent response of the extracted photocurrent through the series 

resistance.20 Therefore, the IMPS arc is the attenuation of the total photocurrent through 

the equipotential lines in the circuit. At higher frequencies, the capacitor acts as a short 

circuit and reduces the flow of current through the series resistance, while at low 

frequencies, the capacitor behaves as a blocking element and the total current through the 

series resistance is determined simply by the ratio of magnitudes of the series resistance 

and the recombination resistance. Therefore, the real part of the IMPS transfer function 

and hence the EQEPV-DIFF has a maximum at zero frequency corresponding to Equation 8 

and reduces with increasing frequency for the simple solar cell model. This leads to the 

important fact that the EQEPV-DIFF can be frequency independent only when the frequency 

associated with the time constant  CRs is much larger than the optical chopper 

frequency employed.  
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Figure 3 IMPS response at SC and corresponding equivalent circuit for (a) basic solar 

cell model and (b) perovskite solar cell. 

 

In perovskite solar cells, the IMPS spectra in Figure 1b deviate from the previous 

simple model, with the observation of a distinctive low frequency arc in the lower 

quadrant. The high frequency arc can be attributed, as explained earlier, to the time 

constant formed by the series resistance and a high frequency capacitor,21 as shown in the 

equivalent circuit of Figure 3b, which corresponds to that commonly used to analyze 

impedance spectroscopy responses.15 The high-frequency capacitance is well established 

to be the bulk dielectric capacitance of the perovskite.16 The IMPS low-frequency arc is 

related to the components in the equivalent circuit as far as the generation of carriers is 

located exclusively across the high frequency resistor hfR , as calculated using standard 

electrical network analysis. This creates a delay in the extracted photocurrent through the 

low-frequency capacitance lfC with respect to the photogenerated current, leading to a 

response in the lower quadrant. At the low-frequency limit, the separated localization of 

the current source forces the resistor lfR  to act identically as an extra series resistor, 

which can be seen simply as the basic solar cell model with a net series resistance of 

lfsnet RRR  . This reduces the value of EQEPV-DIFF as can be seen from Equation 8, 

which causes the arc in the fourth quadrant to evolve towards lower EQEPV-DIFF values at 

lower frequencies. Therefore, the evolution of the magnitude of the low-frequency resistor 

lfR with light intensity is crucial to determine the achievable low frequency EQEPV-DIFF 

values. It must be noted that the large low frequency capacitance associated with this 

resistor in the order of mF cm-2 at SC15 has recently been ascribed to the accumulation of 

minority electrons and anions at the perovskite/HTL interface.22 Therefore, a further 

understanding of the properties of the low frequency resistor and capacitor are 

fundamental to understanding the nature of the EQEPV-DIFF in perovskite solar cells. 

In summary, some years back, the drift of efficiencies of perovskite solar cells by 

hysteresis effects could be identified. An ensuring point to a reliable measurement of 

performance is to calculate the expected photocurrent from independent EQE 

measurement. But here, we show that the latter effect can produce a disparity of results. 

To clarify the question, we provided formal definitions of the EQE for solar cells as can 

be obtained from steady state measurements or from small perturbation methods. The 

obtained values can vary strongly from each other depending on the linearity of the 

relationship between the extracted photocurrent and the input photon flux. The extremely 

slow response in timescale of seconds of perovskite solar cells at short circuit is inevitably 

reflected in small perturbation EQE measurements, where variations as high as 10% can 

be obtained with optical chopper frequencies in the range of 10-500 Hz. Through IMPS 

measurements, we shed light on the frequency-dependent evolution of the external 

quantum efficiency, which reaches a maximum at intermediate frequencies followed by a 

reduction at low frequencies. This low frequency effect is ascribed to the differences in 

charge generation within the perovskite solar cell. Due to the singular evolution of the 
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EQE, it is imperative to establish protocols and to provide detailed information regarding 

the method of measurement. Measurements with several optical chopper frequencies, 

stated explicitly, are recommended to avoid erroneous estimation of the true EQE.  
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Supporting Information 

 

Materials and precursor solutions 

All materials were used as received: FTO glasses (25 × 25 mm, Pilkington TEC15, 

∼15 Ω/sq resistance), TiO2 paste (Dyesol 30NRD, 300 nm average particle size), 

CH3NH3I (DYESOL), PbI2 (TCI, 99.99 %), titanium diisopropoxidebis (acetylacetonate) 

(75% in isopropanol, Sigma-Aldrich), spiro-OMeTAD (Merck). The perovskite precursor 

solution was prepared by reacting DMF solutions (50 wt %) containing MAI and PbI2 

(1:1 mol %) and MAI, PbI2 and DMSO (1:1:1 mol %) and for the different humidities, 

the molar ratio of DMSO was changed from 0; 0.5; 0.75; 1;1.25;1.5. The spiro-OMeTAD 

solution was prepared by dissolving in 1 mL of chlorobenzene 72.3 mg of (2,2′,7,7′-

tetrakis(N,N′-di-p-methoxyphenylamine)-9,9′-spirobifluorene), 28.8 μL of 4-tert-

butylpyridine, and 17.5 μL of a stock solution of 520 mg/mL of lithium bis- 

(trifluoromethylsulfonyl) imide in acetonitrile. 

 

Photovoltaic device fabrication 

All the processes were carried out outside the glovebox in ambient conditions at 

different humidity levels. Photovoltaic devices were prepared over FTO glasses, which 

were partially etched with zinc powder and HCl (2 M). The substrates were cleaned with 

soap (Hellmanex) and rinsed with Milli-Q water and ethanol. Then, the substrates were 

sonicated for 15 min in a solution of acetone:isopropanol (1:1 v/v), rinsed with ethanol 

and Milli-Q water, and dried with compressed air. After that, the substrates were treated 

in a UV−O3 chamber for 15 min. The TiO2 blocking layer was deposited onto the 

substrates by spray pyrolysis at 450 °C, using a titanium diisopropoxide 

bis(acetylacetonate) solution diluted in ethanol (1:9, v/v), with oxygen as carrier gas. The 

spray was performed in 3 steps of 6 s, spraying each time 5 mL (approx.), and waiting 30 

s between steps. After the spraying process, the films were kept at 450 °C for 30 min. The 
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mesoporous TiO2 layer was deposited by spin coating at 2000 rpm during 10 s using a 

TiO2 paste diluted in ethanol (1:5, weight ratio). After drying at 100 °C for 10 min, the 

TiO2 mesoporous layer was heated at 500 °C for 30 min and later cooled to room 

temperature. Before the deposition of perovskite films, 100 µl of a lithium bis-

(trifluoromethylsulfonyl) imide 35 mM solution in acetonitrile is prepared and deposited 

on the top of the device by spin-coating at 3000 rpm (2000 ac) for 10 seconds. After that, 

the substrates are heated up at 450ºC for 30 min. The perovskite precursor solution (50 

μL) was spin-coated at 4000 rpm for 50 s. DMF is selectively washed with non-polar 

diethyl ether while one-step spin- coating at 4000 rpm is carried out. The diethyl ether 

needs to be added just before the white solid begins to crystallize in the substrate. At 30 

% R.H. the diethyl ether is added after 8-9 seconds of the substrate spinning and at 60 % 

R.H. after 12-13 seconds. After deposition, the substrate was annealed at 100 °C for 3 

min. Then, the perovskite films were covered with the hole-transporting material (HTM) 

by dynamic spin coating at 4000 rpm for 30 s, using 50 μL of spiro- OMeTAD solution. 

Finally, 60 nm of gold was thermally evaporated on top of the device to form the electrode 

contacts using a commercial Univex 250 chamber, from Oerlikon Leybold Vacuum. 

 

EQE measurements 

Measurements of EQE were made using a Newport APEX2-QTH lamp connected to 

an Oriel 1/8 m Cornerstone Monochromator. The light intensity was modulated by a New 

Focus 3502 Optical Chopper, which also triggered the measurement of the cell response 

with a lock-in amplifier (SR830 DSP by Stanford Research Systems). 

 

IMPS measurements 

IMPS measurements were carried out using a blue (470 nm) LED supplied by Philips 

LUMILEDS, and the distance between the sample and LED was adjusted to obtain the 

range of DC bias light intensities necessary, calibrated using a Si photodiode. The LED 

was driven using an Autolab LED driver through an Autolab potentiostat. In all cases, the 

perturbation was 10% of the DC bias light intensity. The range of frequencies investigated 

was 20 kHz – 10 mHz. 
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 Figure SI1 (a) 𝑗 − 𝑉 curve of the perovskite solar cell used for EQE and IMPS 

measurements, with an efficiency of 14.79%. (b) Measured EQE spectra at zero DC bias 

yielding a maximum short-circuit current density of 20.2 mA·cm-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI2 Absorptance of the perovskite solar cell used for EQE and IMPS 

measurements obtained from transmittance and reflectance measurements. 

 

 

 

IMPS basic solar cell model 

 

We assume a solar cell of length L with electrons as minority carriers, with electron 

and hole selective contacts at 0x  and Lx  respectively. The transport equation is then 

given by 
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where 𝑗𝑒 is the current density of electrons and 𝐺 and 𝑈 are the generation and 

recombination terms, respectively. We assume the transport of electrons is excellent, 

therefore a very small gradient in concentration of electrons is required to drive the 

current. Therefore, 𝑛 is position independent, and we can integrate Equation S1 over the 

length of the semiconductor 𝐿 to yield 
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We consider the current for the electrons to be blocked at 𝑥 = 𝐿, and we have 

0)( Lje                                                                                                          (S3)                                                      

Combining Equations S2 and S3, we have                                      
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At steady state, assuming total absorption, we have 

UqLjje                                                                                                  (S5)                                                                          

where steady state values are indicated by an overbar. We now apply a small perturbation 

to the variables in Equation S4 from a given steady state as 
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Combining Equations S6 and S5 
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We have the Boltzmann expression for the electron density and linear recombination of 

minority carriers as 
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The IMPS transfer function involves the measurement of modulated extracted 

photocurrent versus modulated input photon current density 
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where the hat represents a function in the frequency domain. Therefore, we can express 
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the perturbed quantities of Equations S8 and S9 as 
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From differentiating Equations S8, S9 and substituting in Equations S10, S11, we have 
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Substituting Equations S13, S14 in Equation S7, taking the Laplace transform and 

rearranging terms, we have 
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We define the chemical capacitance and recombination resistance from differentiating 

equations S8 and S9 with respect to voltage as 
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Substituting Equations S16 and S17 in S15 and rearranging terms, we have 
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The real part of the IMPS transfer function is then 
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1)(   CRs and the low frequency intercept is given by  
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Introduction 

This chapter provides a connection between the model developed in Chapter 4,5 and  

6 based on capacitance information from IS measurements and the internal displacement 

of photovoltage at SC conditions identified from IMPS measurements in the previous 

chapter. This connection is the underlying EC of the PSC, obtained from IS and IMPS 

measurements at OC conditions.  
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Abstract 

The analysis of the Impedance Spectroscopy data of perovskite solar cells (PSCs) has 

been challenging so far, with the low frequency phenomena in particular yielding 

ambivalent results and interpretation. We tackle this problem by carrying out Intensity 

Modulated Photocurrent Spectroscopy (IMPS) measurements at open circuit (OC) on 

CH3NH3PbBr3 cells prepared by the flash infra-red annealing method with different 

electron selective contacts. We identify the existence of a capacitance of the order of 10-

4 F·cm-2 that is not discernible from Impedance Spectroscopy (IS) measurements, which 

we attribute to an accumulation of anions at the perovskite/Spiro-OMeTAD interface, 

which also likely includes an electronic component. This interface is a dominant 

recombination pathway at lower voltages and can account for the large disparity in fill 

factors observed in PSCs. By developing detailed models for the IMPS response at both 

OC and short circuit (SC) conditions, we also confirm that the arcs observed in the upper 

quadrant of the IMPS spectra are not related to transport times, as is commonly 

interpreted, but time constants formed between the series resistance and capacitors within 

the circuit. By combining insights from IMPS and IS measurements, we develop a more 

complete equivalent circuit for the PSC that can be used as a basis for coming research 

with different perovskite materials and contact layers.  
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Introduction 

Perovskite solar cells (PSCs) have shown rapid improvements in efficiencies (above 

20%) over the last few years with the potential for a prominent role in clean energy 

conversion in the future. However, several working aspects of PSCs are unclear, such as 

the dominant recombination mechanisms at different voltages, which are coupled to the 

ionic movement within the perovskite1-2 and the role of interfaces in carrier extraction and 

their relation to charge accumulation. This hinders identifying the limiting mechanisms 

that need to be overcome to further advance efficiencies and stability. A prominent 

technique that allows discerning internal processes that occur on different timescales is 

Impedance Spectroscopy (IS) that measures the current response upon the application of 

an AC voltage perturbation, scanned over a range of frequencies. 

However, the IS response of PSCs has been quite challenging to interpret with a variety 

of observed spectra. While the most common spectra has been the observation of two arcs 

at open circuit (OC) conditions,3-5 there have also been exotic observations of three arcs, 

inductive loops6 and also negative capacitance,7 where the imaginary part of the 

impedance 𝑍 enters the fourth quadrant of a complex plane plot (𝑍′, −𝑍′′). While the high 

frequency (HF) capacitance is now well understood to be the bulk dielectric capacitance,8 

the connection between the large low frequency (LF) capacitance and the HF and LF 

resistances is yet to be discerned, compounded by the fact that the LF data is often noisy.9  

In order to obtain further knowledge about the recombination and transport 

mechanisms and complement the insights obtained from IS, we carry out Intensity 

Modulated Photocurrent Spectroscopy (IMPS) measurements at OC conditions on stable 

and reproducible CH3NH3PbBr3 (MAPbBr3) cells prepared by flash infra-red annealing10-

11 (FIRA) with different electron selective contact (ETL) layers. IMPS involves the 

measurement of the current response of the solar cell to a modulated input of light 

excitation. Upon the application of a modulated current density j


 related to 

photogeneration by incident photon flux,  the modulated extracted electronic current ej


 
is monitored and the transfer function is defined as12 




j

j
Q e

ˆ

ˆ
)(                                              (1) 

The real and imaginary parts are denoted 𝑄′ and 𝑄′′ respectively. IMPS was used 

extensively for photoelectrochemistry13 and dye-sensitized solar cells. In the case of 

PSCs, the IMPS spectra have generally been seen to show two or three arcs in the upper 

quadrant of a complex Q-plane plot. While the HF arc is attributed to the time constant 

formed between the series resistance and the geometric capacitance,14-15 the secondary 

arcs in the upper quadrant  have predominantly been ascribed to transport processes,16 

such as transport of electrons in the TiO2
17-18 or ionic movement.19-20 Historically, 

diffusion-limited processes, where the transport frequency is lower than the perturbation 

frequency, a 45 degree line from the origin is observed, both in IMPS and IS.21-22 

Diffusion has been shown recently to be the dominant electronic transport mechanism in 
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high efficiency PSCs23 and hence, the absence of its characteristic signal in small 

perturbation methods for PSCs raises serious doubts over the above mentioned 

interpretations. Furthermore, there have been observations of a LF arc in the lower 

quadrant, attributed generally to interfacial transport and recombination,14 which, as 

clarified in our previous paper, was related to the separation of the internal photovoltage 

upon generation of carriers in the perovskite.15  

It was shown previously that the IS and IMPS responses should give exactly the same 

information.12 Indeed both transfer functions 𝑍 and 𝑄 correspond to the response of the 

same physical mechanisms probed in small perturbation AC conditions. Such solution can 

be expressed as a common equivalent circuit (EC), so that the same EC serves to describe 

IS and IMPS, although with different small amplitude perturbation of the voltage and 

current sources. In contrast to the description of dye-sensitized solar cells, a widely 

accepted physical model describing the IS results of PSCs is still unreached. Therefore, 

independent and simultaneous measuring of IS and IMPS appears as a fruitful strategy for 

EC model validation. This is why we have developed for the first time the treatment of 

IMPS at OC, which is the condition where IS of PSCs has been commonly extracted. Our 

primary aim is to confront EC models and physical parameters extracted by the two kinds 

of measurements in order to discern about the underlying operating processes.    

However, an unexpected result was obtained that reveals significant information. 

While in principle the same mechanisms are probed by the separate techniques, we show 

in this paper that in practice IMPS detects additional important components that are 

hidden in IS spectra. By this methodology, we identify an extra capacitance in MAPbBr3 

solar cells at intermediate frequencies (IF) between 1-10 Hz from IMPS measurements 

that is masked in IS measurements at OC. We obtain that this extra piece of physical 

information occurs due to the inherent differences in time constants formed in IMPS and 

IS measurements. We also identify that the resistance associated to this IF capacitor could 

be a critical component in controlling the total device resistance at low voltages and can 

hence have a strong impact on the fill factor. In addition, we develop an understanding of 

the different spectra observed in IMPS measurements and identify that the arcs observed 

from IMPS measurements are not related to transport times, as commonly interpreted. 

Finally, using insights from both IMPS and IS measurements, we develop an advanced 

EC that allows for the interpretation of the small perturbation response of PSCs in general 

at both OC and SC. 

 

Results and discussion 
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Figure 1 Schematic of measured samples named (a) Meso (b) PCBM and (c) Flat, with 

corresponding current-voltage curves measured at 40 mV·s-1. 

Figure 1 shows the three different MAPbBr3 samples investigated. While each of the 

samples have a compact TiO2 (c-TiO2) layer, we add a layer of mesoporous-TiO2 (m-

TiO2), PCBM for each sample, respectively named Meso and PCBM. We do not add any 

layers to the third sample, named Flat (a, b and c respectively in Figure 1). Details of 

sample preparation are provided in the SI. The current-voltage (𝑗 − 𝑉) curves of the 

samples are shown in Figure 1. One can observe that the addition of a PCBM layer 

improves the fill factor of the cell strongly compared to the Meso cell. The Flat cell shows 

a large drop in the short circuit current (jsc), reflected in the smaller values of the LF 

intercept on the real axis of IMPS measurements at SC,15 shown in Figure SI2. These 

preliminary results indicate that charge extraction and recombination in our MAPbBr3 

cells are strongly dependent on the nature and interactions at the perovskite/ETL interface. 

Therefore, we focus on IMPS measurements at OC conditions, to identify the different 

parts in the MAPbBr3 cell architecture that store charge and create extra recombination 

channels.  
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Figure 2 (a) Perovskite solar cell model under an applied modulated photon current 

density j


 during an IMPS measurement, containing the external DC driving voltage extV

, steady state photon current density j . Circuit elements include a series resistance sR

, recombination resistors HFR  and LFR  respectively, bulk dielectric and interfacial 

capacitances gC  and LFC  respectively. (b) DC circuit of (a) at OC conditions (c) 

Simulated IMPS complex plane plot and (d) corresponding simulated IS complex plane 

plot.  Parameters used were sR = 120 and 20 Ω·cm2 for (c) and (d) respectively, HFR = 30 

Ω·cm2, LFR = 20 Ω·cm2, gC = 10-7 F·cm-2, LFC = 10-2 F·cm-2. 

 

Before examining the IMPS measurements of these samples, we first aim to develop a 

theoretical formulation of the IMPS response for PSCs, starting from the model at SC 

developed previously,15. All steady state quantities are denoted with an overbar and time-

dependent quantities using a hat. This model is shown in Figure 2a, consisting of the series 

resistance sR , two resistances corresponding to recombination of photogenerated carriers, 

HFR  and LFR  respectively. A capacitor LFC  is related to interfacial charge accumulation, 

with the bulk dielectric capacitance gC   shunting these elements. The DC current 

generation term associated to incident photon flux is defined as j , represented by a 

current source. At OC, the circuit includes an external voltage source extV that opposes 

the voltage created by photocarrier generation, as seen in Figure 2b, ensuring a net zero 

DC current flowing across the external circuit, yielding the equation 
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HFext RjV                                                                                                      (2)   

 Upon the application of a modulated photon current density j


, the modulated 

extracted current ej


 
is then driven through the series resistor sR . From basic circuit 

analysis (see SI for derivation), we obtain Q as 
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The corresponding IS transfer function is given by 
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       IMPS Quadrant           IS Quadrant 

High frequency 
gsHF CR  

Upper 
gHFHF CR  

Upper 

Low frequency 
LFLFLF CR  

Lower 
LFLFLF CR  

Upper 

 

Table 1 Time constants of the different arcs obtained from IMPS and IS measurements 

and the corresponding quadrants in which they occur in a Q/Z-plane plot for the equivalent 

circuit of Figure 2. 

 

As can be seen from the simulations of Figure 2c and 2d, we obtain arcs in the upper 

and lower Q-plane quadrants in an IMPS measurement, whereas two arcs are developed 

in the upper quadrant of the Z-plane for an IS measurement. The time constants 

corresponding to these arcs are shown in Table 1. In the case of the IMPS transfer function 

in Equation 3, it is noted that the IMPS response at SC and OC for a given circuit are 

identical (see SI and Ref 14). We now proceed to investigate the experimental IMPS and 

IS response of the MAPbBr3 cells in order to confirm the information developed so far 

and obtain suitable parameters from the data. 
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Figure 3 IMPS Q-plane plots obtained at OC for illumination at 90 mW·cm-2 using a 

blue LED (470 nm) for different sample configurations as mentioned in the label. Inset 

shows the intermediate and low frequency arcs. 

 

Figure 3 shows the experimental IMPS Q-plane plot at OC with an illumination 

intensity of 90 mW·cm-2 for Meso, Flat and PCBM samples. One can observe a 

characteristic HF arc in the upper quadrant and a LF arc in the lower quadrant for all 

samples. As described previously, the time constant of the HF arc is related to the product 

of sR  and the bulk dielectric capacitance gC , while the LF arc is the time constant formed 

by the product of LFR  and LFC . We note that the values of 𝑄′ are very low. Since this 

quantity is related to the external quantum efficiency of the solar cell,12 we determined 

the absorptance of our cells from transmittance and reflectance measurements, shown in 

Figure SI1(c). The strong absorptance at of all the cells at 470 nm (blue), the wavelength 

of input photons in our IMPS measurements, approximately 93%, indicates that the IMPS 

transfer function is reflecting the internal quantum efficiency (IQE) of the cells. Our 

observations indicate poor charge extraction and/or large recombination as expected for 

OC conditions. The experimental data appears to be similar to the simulation shown in 

Figure 2c at first glance. 
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Figure 4 (a) Proposed perovskite solar cell model at OC, with the inclusion of a 

capacitor IFC  that is charged through a resistor IFR . (b) Simulated IMPS Q-plane plot 

and (c) IS Z-plane plot at OC using circuit of (a).  Parameters used were sR = 120 and 20 

Ω·cm2 for (b) and (c) respectively, HFR = 30 Ω·cm2, LFR = 20 Ω·cm2, IFR = 300 Ω·cm2, 

gC = 10-7 F·cm-2, IFC = 10-4 F·cm-2, LFC = 10-2 F·cm-2. 

 

However, from the insets of Figure 3, we can see a small intermediate frequency (IF) 

arc in the upper quadrant which is slightly masked by the LF data for PCBM and Flat 

cells, but is well resolved for Meso cells, with a corresponding characteristic frequency 

between 1-10 Hz. In order to confirm the existence of this extra arc, we turn to the IMPS 

measurements at SC, shown in Figure SI2. The IF arc is very well resolved and dominates 

the spectra at SC. Therefore, in order to account for this IF process, we expand the basic 

IMPS model of the PSC by the addition of a capacitor IFC , with a corresponding resistor 

IFR  that controls the charging kinetics of this capacitor. An IFIFCR  line is therefore 

added to the equivalent circuit of Figure 2 (see Figure 4a). From basic circuit analysis, the 

IMPS transfer function is calculated (see SI for derivation) and one can simulate its IMPS 

(see Figure 4b) and IS complex plane plot (see Figure 4c). Figure 4b indeed yields the 

experimentally observed three arcs of Figure 3 of IMPS. We find that the IF arc in the 
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upper quadrant corresponds to a time constant formed between sR  and IFC  (see SI). 

Therefore, it is found that arcs in the upper quadrant of an IMPS spectrum are time 

constants formed between the series resistance and capacitors in associated lines of the 

circuit and the LF arc in the lower quadrant is related to the time constant formed by the 

low frequency capacitor and resistor due to the internal coupling of charge generation 

with HFR .15 Hence, these time constants are not related to any transport processes as is 

commonly interpreted. 

  

Table 2 Extracted parameters from IMPS and IS for different samples 

With respect to the IS simulations, we find that Figure 4c also yields 2 arcs, similar to 

Figure 2d, with the only difference being a slight modification at intermediate frequencies 

that slightly deforms the LF arc. This is also observed in the measured IS spectra shown 

in Figure SI1. This masking effect in IS measurements occurs because the IF time constant 

is formed by the product of IFR  and IFC  (see SI), whose value is similar to that of the 

LF time constant formed by LFR  and LFC , as we confirm subsequently. Hence, in IS 

measurements, the IF and LF arcs are difficult to separate at OC conditions, but IMPS 

measurements at OC exhibit a clearly visible IF arc because the time constant formed is 

between sR and IFC , whose value is smaller than the IF time constant of IS measurements. 

In addition, IF features in IMPS measurements are moved to the lower quadrant, making 

it distinguishible.  

Using the experimental IMPS spectra, Equation 2 and parameter definitions in SI, we 

can estimate the values of the different capacitances and resistances in the circuit, which 

are shown in Table 2. Also, IS measurements at OC (see Figure SI1) are measured in 

order to corroborate the value of gC  obtained from IMPS. As seen from Table 2, the values 

of gC  extracted from IMPS and IS are in good agreement with each other. The values of 

LFC  are quite large, in the order of mF, similar to that of the LF capacitance usually 

observed from IS.24 Keeping in mind that the TiO2/perovskite interface has also been 

proven to be the predominant recombination channel in Br-based perovskite solar cells25 

and the Br ion is smaller than the I ion, we can attribute this large LF capacitance and its 

associated resistance to the accumulation of ionic and electronic carriers at the c-

TiO2/perovskite interface23 and the subsequent recombination of the electronic carriers at 

this interface.26-27 The IF capacitance is of the order of 10-4 F·cm-2 for all the cells, two 

orders smaller than the LF capacitance. We therefore attribute this capacitance to the 

accumulation of anions at the perovskite/Spiro-OMeTAD interface.  

 sR  

(Ω·cm2) 

HFR  

(Ω·cm2) 

LFR  

(Ω·cm2) 
IFR

(Ω·cm2) 

IMPSgC ,  

(F·cm-2) 

ISgC ,  

(F·cm-2) 
IFC  

(F·cm-2) 
LFC  

(F·cm-2) 

Meso 95 37 26 366 2.6x10-7 2x10-7 1.3x10-4 4.8x10-2 

Flat 125 33 9 994 2.0x10-7 4x10-7 8.0x10-4 7.0x10-2 

PCBM 125 43 11 392 2.5x10-7 3x10-7 8.0x10-4 1.8x10-1 
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Figure 5 Simulated real part of resistance values versus frequency using the equivalent 

circuit of Figure 4(a), for different values of HFR and IFR  as shown in the legend. The 

dotted lines indicate the frequencies corresponding to scan rates of 100 mV·s-1 (blue) and 

300 mV·s-1 (red) respectively. Parameters used were sR = 20 Ω·cm2, LFR = 2000 Ω·cm2, 

gC = 10-7 F·cm-2, IFC = 5·10-4 F·cm-2, LFC = 5·10-2 F·cm-2. 

 

The large values of this capacitance indicate that the stored charge at hole extracting 

interface could have an electronic component as well, indicating a strong downward band 

bending on the perovskite side at the perovskite/HTL interface. This effect has been 

observed previously in the absence of TiO2 as the ETL with different HTL layers.28 The 

variation of this capacitance with the ETL is due to the fact the ETL/perovskite interface 

capacitance has been shown29 to strongly affect the nature of the electrical potential 

distribution throughout the device, especially within the hole transport layer (HTL), which 

affects the density of charge and hence the capacitance at this interface. Therefore, it is 

expected that any change in the ETL/perovskite interface should influence the potential 

distribution within the device and hence alter the charge densities and capacitance at the 

perovskite/HTL interface. The IFR  values become significant at lower voltages, where 

HFR  and LFR , which are recombination resistors, become very large. In such cases, IFR  

will be the dominant resistance since it is in parallel to the HF and LF resistors. Now a 

question appears, why should IFR  be relevant to the steady state operation of the solar 

cell if it has a capacitor in series? This RC series branch of the EC should consequently 

disappear. 

However one needs to remember that the  𝑗 − 𝑉 curve is actually measured at a certain 

scan rate, however low it may be. In the simulations of Figure 5, it is observed that the 
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resistance at standard scan rates for a  𝑗 − 𝑉 curve between 100-300 mV·s-1 is lowered 

due to the IF resistance, whose absence otherwise yields a constant resistance over a large 

range of frequencies. Therefore, we propose that the lower values of IFR  for the Meso 

cell leads to its reduced fill factor as seen in Figure 1, compared to the fill factors of PCBM 

and Flat cells, which have larger IFR  values. This finding will be very important in 

understanding the variations in fill factor in a 𝑗 − 𝑉 curve for perovskite solar cells, 

especially the large drop in fill factor when scanning from SC to OC, which is yet to be 

understood.30  

We also note that IMPS measurements at OC yield apparent large series resistance 

values, as seen in Table 2. Instead of sR ≈10-20 Ω·cm2 as usually derived from IS analysis, 

much larger values approximately equal to sR ≈100 Ω·cm2 are obtained. Therefore, it 

must be considered that there is an extra resistor in series with sR , which can be a transport 

resistance tR  (Ω·cm2) that depends on the conductivity  of the sample. This is given 

by31 



l
Rt                                                                                                               (5) 

ppq                                                                                                          (6) 

where l is the sample thickness, p is the carrier density, q is the electronic charge and 

p is the hole mobility. Taking an intermediate value of hole mobility as 40 cm2V-1s-1 

from reported values32-34 for MAPbBr3 solar cells between 9-115 cm2V-1s-1, and 

estimating a hole density of 2x1016 cm-3 corresponding to a irradiation intensity of 90 

mW·cm-2 of 470 nm blue photons impinging on the sample during an IMPS measurement 

and total absorption, we obtain a transport resistance value of ~2.3x10-4 Ω·cm2 for a 300 

nm thick sample, which is negligibly small. This discrepancy leads us to consider that the 

proposed EC in Figure 4a need to be modified by including an extra parallel resistance 

that is apparently invisible at OC conditions as the recombination resistances dominate. 

Its effect is added to the series resistance in the current EC. Therefore, it is likely that an 

extra resistor in parallel becomes significant at SC and lowers the charge extraction at SC 

(as observed from Figure SI2). However, the placement of this resistor in the EC is a non-

trivial task that requires combining inferences of IMPS with other techniques such as 

Kelvin force probe measurements to visualize the charge densities at OC and SC 

conditions, which is out of the scope of this paper. 

Our analysis shows that the direct association of time constants to spectral features, 

which is a frequently adopted procedure in this field, makes it difficult and sometimes 

impossible to confront the results extracted from different experimental methods. This 

occurs since the apparent time constants correspond to the coupled combination of 

different circuit elements in each method, indicating that the physical meaning of time 

constants is rather distinct and depends on specific measuring assumptions. Therefore, we 

show the importance of establishing the underlying equivalent circuit model composed of 

resistances and capacitors that provides an irreducible description of the spectral data 

obtained separately by different methods. Subsequent work, which is out of the scope of 
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this paper, will involve development of the understanding of the recombination processes 

at SC using IMPS to further improve the EC.  

 

Conclusions 

We have carried out Intensity Modulated Photocurrent Spectroscopy measurements at 

open circuit conditions on CH3NH3PbBr3 solar cells with different electron selective 

contact layers. From these measurements, we identify the location of the dominant 

recombination channel at the TiO2/perovskite interface, associated with a large low 

frequency capacitance. We also uncover an extra capacitance of the order of 10-4 F·cm-2, 

which we associate with the accumulation of anions at the perovskite/SpiroOMeTAD 

interface at open circuit conditions that likely also includes an electronic component. This 

capacitance is observed at frequencies between 1-10 Hz and is not observable from 

Impedance Spectroscopy measurements. The recombination associated to this capacitor 

is dominant at low voltages and hence will be important in understanding carrier losses 

and fill factor variations. Our results establish a robust equivalent circuit for the analysis 

of perovskite solar cells by the combination of different small perturbation frequency 

techniques.  
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Experimental details 

 

The devices were prepared similar to previously published work.1 In brief: 

 

Preparation of substrate:  

Prior to the deposition of TiO2 compact layer, the FTO substrate was partially etched 

with zinc powder and HCl (2 M) and cleaned by sonication in Hellmanex detergent, rinsed 

with Milli-Q water followed by sonication in ethanol and isopropanol. After that, the 

substrates were treated with plasma oxygen for 10 min. 

Compact layer TiO2 

The TiO2 blocking layer was deposited by aerosol spray pyrolysis at 450 °C, using a 

commercial titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol, 

Sigma-Aldrich) diluted in ethanol (1:9, v/v) as precursor, with oxygen as carrier gas 

spraying a total volume of 10 mL. 

PCBM layer 

Onto the TiO2 blocking layer, 50 µl of a 20 mg/ml solution of PCBM in chloroform 

was deposited by spin coating and sintering at 90ºC for 20 min under glovebox 

atmosphere. 

Mesoporous layer TiO2 

To form the mesoporous layer, diluted paste of TiO2 (1:5, weight ratio) (Dyesol 

30NRD: ethanol) was spin-coated and sintered at 450ºC for 30 min at ambient 

atmosphere.  

Li-TFSI treatment 

Before the deposition of perovskite films, 100 µl of a lithium 

bis(trifluoromethylsulfonyl) imide 35 mM solution in acetonitrile, was prepared and 

deposited on the top of the device by spin-coating, followed by sintering at 450ºC for 30 

min.  

Deposition of MAPbBr3 perovskite material:  
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All materials were purchased from Sigma-Aldrich and TCI and were used as received. 

MAPbBr3 film was deposited, at room atmosphere, using one-step deposition method. 

1.4M perovskite solution in N,Ndimethylformamide (DMF) and dimethylsulphoxide 

(DMSO) (solvent ratio 3:1) was prepared. MAPbBr3 solution was deposited by spin 

coating method at 4000 rpm for 10 s, followed by FIRA method.  

 

Deposition of hole transporting material and device fabrication: 

To complete the fabrication of device, a solution of Spiro-OMeTAD as HTM, was 

prepared by dissolving 72.3 mg of (2,2′,7,7′-tetrakis(N,N′-di-pmethoxyphenylamine)-

9,9′-spirobifluorene) in 1 mL of chlorobenzene, 28.8 μL of 4-tert-butylpyridine and 17.5 

μL of a stock solution of 520 mg/mL of lithium bis- (trifluoromethylsulfonyl) imide in 

acetonitrile, as additives. The perovskite film was then covered with 50 μL of the HTM 

solution by dynamically spin coating at 4000 rpm for 20 s. Finally, 80 nm of gold was 

thermally evaporated on the top of the device as a back contact, using a commercial 

Univex 250 chamber, from Oerlikon Leybold Vacuum.  

 

IMPS and IS measurements 

IMPS measurements were carried out at OC conditions, with the DC voltage bias 

determined from chronopotentiometry measurements for 60 seconds at the given DC light 

illumination. These measurements were made using a blue (470 nm) LED supplied by 

Philips LUMILEDS, and the distance between the sample and LED was adjusted to obtain 

the range of DC bias light intensities necessary, calibrated using a Si photodiode. The 

LED was driven using an Autolab LED driver through an Autolab potentiostat. In all 

cases, the perturbation was 10% of the DC bias light intensity. The range of frequencies 

investigated was 20 kHz – 10 mHz. All IS measurements were carried out OC conditions 

under 1 sun illumination with a perturbing voltage of 20 mV and scanned over the 

frequency range 1 MHz – 20 mHz. 

 

Absorption measurements 

Transmittance (%T) and reflectance (%R) measurements were made using a Cary UV-

vis spectrophotometer scanned from 300-900 nm. The percentage absorptance (%A) was 

calculated as %A = 100 – (%T + %R). 
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Figure SI1 (a) IS Z-plane plots and (b) corresponding real part of capacitance obtained 

from IS measurements at OC at 1 sun illumination. (c) Absorptance of samples obtained 

from transmittance and reflectance measurements. 
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Figure SI2 IMPS Q-plane plot obtained at SC under 90 mW·cm-2 blue illumination  

 

Derivation of IMPS model at OC 

 

 

Figure SI3 (a) Perovskite solar cell model upon application of a modulated light 

intensity including a modulated current source during an IMPS experiment at OC and (b) 

transformation of modulated current source into a modulated voltage source and 

replacement of DC voltage and current sources with short and open circuits respectively 

 

In order to determine the IMPS transfer function Q , we consider the circuit of Figure 

SI3a, consisting of an external voltage source extV and a DC photon current density j , 

upon which a modulated photon current density j


is applied. To obtain Q , we use the 

superposition theorem and replace extV with a short circuit and j  with an open circuit, 

shown in Figure SI3b. We consider modulated currents 1j


 and 2j


 through the circuit 

with a net extracted current ej


 as shown. For OC conditions, we have the validity of 

Equation 2 in the main text. From Figure SI1, we have 
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Derivation of extended IMPS model at OC 

 

 

Figure SI4 (a) Extended perovskite solar cell model including intermediate frequency 

resistance and capacitance, upon application of a modulated light intensity represented by 

a modulated current source during an IMPS experiment at OC and (b) transformation of 

modulated current source into a modulated voltage source and replacement of DC voltage 

and current sources with short and open circuits respectively 

 

From Figure SI4b, we can define 
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While 2Z  remains the same as in Equation SI3. Solving Equations SI1, SI4, SI5 and 

substituing SI3 and SI7 yields 
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This yields the three arcs shown in Figure 4b with the time constants given by 
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With the intercepts on the real axis given by  
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The IS transfer function for the circuit of Figure SI4 is given by 
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The corresponding time constants are given by 

gHFHF CR                                                                                               (SI16) 

IFIFIF CR                                                                                                 (SI17) 

LFLFLF CR                                                                                              (SI18) 
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General conclusions 

 

Irrespective of the large deviation in stability and performance of perovskite solar cells 

based on materials and methods, there exist several key aspects of the rich and varied 

optoelectronic response of perovskite solar cells (PSC) which are generally reproduced 

and point to the underlying device operation mechanisms involved. These features are 

directly associated to the mixed electronic-ionic conduction in the material, which yields 

characteristic process timescales ranging from nanoseconds to seconds. The first 

important observation is a strong electrical hysteresis in the current-voltage (𝑗 − 𝑉) curve 

that depends on experimental parameters of bias voltage, light intensity and scan speed 

and direction. This hysteresis is strongly related to the nature of the electron selective 

contact (ESL) used, generally maximized for TiO2 and minimized for organic contacts 

such as PCBM. This hysteresis is reflected in an important characterization tool of the 

solar cell, the external quantum efficiency measurement, which makes identification of 

the stabilized performance of the perovskite solar cell quite difficult. In addition, 

capacitance data from Impedance spectroscopy (IS) measurements show a large 

capacitance of the order of milliFarads that scales with both applied forward bias and light 

intensity, much larger than an ionic Helmholtz capacitance. This capacitance is also 

strongly dependent on the nature of the contacts used, again maximized for TiO2 and 

minimized for organic contacts such as PCBM, indicating its interfacial origin. The 

characteristic timescale of this capacitance is within milliseconds-seconds and hence, its 

mechanisms are directly responsible for the observed slow timescale phenomena. A direct 

observation of the role of this capacitance on recombination in the PSC is seen from open-

circuit voltage (𝑉𝑜𝑐) decay measurements, where the 𝑉𝑜𝑐 shows a sharp drop upon 

switching off the light and then diminishes gradually to a non-zero value over several 

seconds. This experiment showed that the capacitance at the TiO2/perovskite interface is 

related to the accumulation of not only ions but also electronic carriers, which shows a 

fast recombination at the interface followed by slow recombination at the rate of the drift 

of ions away from this interface. Charge extraction in PSCs from Intensity Modulated 

Photocurrent Spectroscopy (IMPS) measurements has also been seen to be slow, on 

timescales similar to the low frequency (LF) phenomena in IS and 𝑉𝑜𝑐 decay 

measurements. However, apart from the slow processes discussed above, the PSC shows 

excellent and fast separation and transport of electronic carriers within the perovskite, 

with negligibly small exciton binding energies and very large diffusion lengths much 

larger than the thickness of the device.  

Hence, it can be understood that the role of the interfaces between the perovskite and 

its selective contacts, especially the electron selective contact, is crucial to guide the 

performance of the PSC. Upon photogeneration, the electrons and holes are driven 

efficiently towards their respective selective contacts. At the same time, the ions in the 

PSC are also driven towards the contacts to balance the net charge. This creates a net 
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charge density consisting of both electronic and ionic charge that control the extraction 

and recombination rates at the interface in a 𝑗 − 𝑉 measurement.  

Based on these physical observations, a device model and equivalent circuit of the PSC 

can be developed. Current models in the literature model the perovskite as an intrinsic 

absorber with a built-in electrical field through the device. This electrical field is the result 

of the equilibration between the different workfunctions (WF) of the selective contacts. 

At equilibrium conditions, this electrical field causes the ions to drift to opposite contacts 

and shield the built-in field. This creates a bulk field-free region and sharp potential drops 

at the contacts. Upon the application of a forward (reverse) bias, this bulk region is either 

tilted unfavorably (favorably) to collect photogenerated charges. This charge collection-

based model imposes a strong correlation between the selective contact WF and the output 

photovoltage of the device as transport depends entirely on the electrical field, which has 

not been clarified. It is able to reproduce some aspects of the unique hysteresis trends of 

the PSCs and their dependence on experimental parameters but does not capture the 

essence of the physical operation of the PSC such as the origin of the large capacitance 

and the persistent electrostatic potential observed from 𝑉𝑜𝑐 decay experiments, as 

discussed earlier. Furthermore, the large diffusion lengths observed make it unclear as to 

why the perovskite absorber is modelled as an intrinsic semiconductor that requires a net 

electric field to transport photogenerated charges, similar to insulators. 

Therefore, this thesis aims to develop a holistic model of operation of the PSC, 

culminating in an equivalent circuit (EC) that can reproduce the response of several 

kinetic measurements, namely the various hysteretic trends and their dependence 

on experimental parameters in a 𝒋 − 𝑽 curve, followed by modelling and connecting 

the response of the small perturbation methods of IS and IMPS. These will provide 

an identification and understanding of the different kinetic pathways of 

recombination and charge accumulation in the PSCs that culminate in the pseudo 

steady-state response. 

The model starts from a point of strong polarization of the compact TiO2 (c-

TiO2)/perovskite interface upon the application of a large forward bias, close to 𝑉𝑜𝑐. At 

such conditions, the large density of electrons on the TiO2 side brings a density of cations 

and majority holes to this interface, forming an accumulation layer that creates a net 

upward band bending or electrostatic potential. The accumulation of electronic carriers in 

addition to ions explains the increase in capacitance with light intensity. Upon cycling the 

external voltage, the response of the electrostatic potential is governed by the slow 

kinetics of the cations in the order of seconds that drift away from this interface. By 

developing an equation for the evolution of this electrostatic potential and accounting for 

the capacitive discharge of accumulated charges, several hysteretic trends, including the 

observation of a ‘bump’ in photocurrent close to 𝑉𝑜𝑐, capacitive behavior with respect to 

scan rate, apparent excess photocurrent value, apparent shunt resistance effect and their 

dependence on forward bias voltage and scan rates were explained. 

However, it was soon realized that these variations in collected current were typical of 
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lower efficiency PSCs. It is expected that for PSCs with high efficiencies (15% and 

above), the collected current and FFs are very stable, with mainly variations in the 

obtained 𝑉𝑜𝑐. This was exemplified in the hysteresis trends of printable mesoscopic PSCs 

with a ZrO2 framework and Carbon counter electrode. These devices showed a variation 

from normal to inverted hysteresis upon reducing the thickness of the c-TiO2 layer, where 

normal (inverted) hysteresis is defined as a larger (smaller) 𝑉𝑜𝑐 in the forward to reverse 

bias (FR) scan than the reverse to forward bias (RF) scan. Therefore, the model was 

extended to account for recombination of the accumulated holes on the perovskite side 

with the electrons in the TiO2 side. This extra recombination pathway is strongly 

dependent on the thickness of the c-TiO2 layer, which sustains the accumulated charge, 

and is enhanced for smaller thicknesses. Therefore, at large forward biases, in a FR scan, 

the 𝑉𝑜𝑐 is determined by the amount of accumulated charge. For PSCs with smaller c-TiO2 

thickness, the interfacial recombination is enhanced, leading to a reduction in the 𝑉𝑜𝑐 as 

compared to a sample with thicker c-TiO2. During the RF scan, the slow kinetics of the 

ions prevents the build-up of charge to form an accumulation layer and hence, the 𝑉𝑜𝑐 in 

this case is governed by bulk recombination and to a much lesser extent, surface 

recombination. Therefore, the combination of charge accumulation and interfacial 

recombination at the c-TiO2/perovskite interface in a FR scan and the slow ion kinetics in 

the RF scan qualitatively yield the transition from normal to inverted hysteresis upon 

reducing the thickness of the c-TiO2 layer for high efficiency, stable PSCs.  

Thus far, it is seen that interfacial polarization of charge within the perovskite itself 

and their subsequent release or recombination control the output parameters of the 𝑗 − 𝑉 

performance of the PSC, which is strongly dependent on the nature of the contacts. 

However, do the contacts also play a role in the transport of photogenerated charges due 

to a built-in electrical field? In order to answer this question, several high performance 

PSCs (18-20% PCE) in a regular configuration were prepared with each selective layer of 

the ESL removed sequentially. It was found that the output 𝑉𝑜𝑐 for ESLs with almost a 1 

eV difference in their WFs were remarkably similar. These cells also showed identical 

short-circuit currents (𝑗𝑠𝑐), with the only varying factor being the FF. These results clearly 

showed that there is no correlation between the selective contact WF and the output 

photovoltage, indicated that the transport of photogenerated carriers within the perovskite 

is not due to the establishment of a built-in electrical field through the absorber due to 

difference in WF of the contacts. This leads to the conclusion that any WF difference of 

the contacts is absorbed in a small layer at the selective contact/perovskite interface, 

similar to a highly doped semiconductor. Therefore, the transport of photogenerated 

carriers in high efficiency PSCs is predominantly diffusive. 

The picture painted so far consists of photogenerated charges diffusing efficiently 

through the perovskite absorber, where they reach the selective contact/perovskite 

interface that contains sharp potential drops. The majority holes then accumulate along 

with cations at the ESL/perovskite interface depending upon applied bias. The next step 

was to understand how the photogenerated charges are extracted from the absorber to the 
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selective contacts to yield the measured current and which mechanisms create a limiting 

effect, if any. Therefore, IMPS measurements were carried out to understand the 

mechanisms of charge extraction in a PSC, as they are a reflection of the frequency-

dependent external quantum efficiency (EQE). 

It was observed that the slow timescales of response of the order of milliseconds-

seconds observed from several experiments such as IS and 𝑉𝑜𝑐 decay were also observed 

in IMPS measurements. The Q-plane response showed a singular reduction in the EQE of 

the PSC at such frequencies. By development of a suitable EC, it was understood that the 

reduction in the EQE was related to the large LF capacitance and its corresponding 

resistance that is outside the photovoltage generated by incident light, in effect acting like 

a series resistance at very low frequencies. The timescale of this detrimental response 

means that standard methods of measurement of the EQE, that usually involve the input 

photon flux modulated by a chopper that is operating between 10-200 Hz, can be highly 

erroneous in the case of PSCs. In the case of traditional solar cells such as Silicon, the 

response is much faster than the frequency of the modulation. However, for the PSCs, due 

to the slow LF process, it was confirmed experimentally from both direct measurements 

using a chopper and IMPS measurements that the EQE showed a variation of almost 10% 

between 14-500 Hz. This explained the large variation in EQE and hence 𝑗𝑠𝑐 values that 

are obtained from integration of the EQE for PSCs, further indicating the need to establish 

rigid protocols to control deviations in EQE measurements. These results further 

established the importance of the selective contacts in controlling the device performance 

of a PSC. 

Based on these insights regarding charge accumulation, recombination, transport and 

extraction, the final step was to develop an effective EC that reflected the information 

gained from the insights from the previous sections and which can accurately reproduce 

the results of multiple small perturbation techniques such as IS and IMPS, since the 

underlying EC is essentially the same. 

Therefore, IS and IMPS measurements were carried out on stable and efficient 

Bromide-based PSCs. It was observed that while IS measurements yield two characteristic 

processes in a Z-plane plot, IMPS measurements show an additional intermediate 

frequency (IF) process of the order of a few Hz. Therefore, a suitable EC was developed 

that incorporated this extra IF process, which is akin to the charging of an IF capacitor 

through a corresponding IF resistance. From theoretical considerations and simulations, 

it was found that the IF process is invisible in an IS Z-plane plot due to the similarity of 

its characteristic time with the LF process regularly observed. In the case of IMPS 

measurements, the time constants for each process are formed by the product of the series 

resistance and associated capacitors along the lines of the EC and hence, the IF and LF 

processes are decoupled.  

The discovery of the extra IF elements in the EC of the PSC has significant 

ramifications regarding its operation. This is because the IF resistor is in parallel with the 

recombination resistance and hence, in a 𝑗 − 𝑉 scan where the frequency of scanning is 
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similar to the time constant of the IF process, at low forward voltages, the recombination 

resistance becomes very large and essentially allows the IF resistance to dominate the net 

device resistance. Therefore, this IF process, attributed to charging the perovskite/hole-

selective contact interface, controls the current response of the PSC at low forward 

voltages, which explains the large variation in FF observed for PSCs based on materials 

and methods. 

In conclusion, the insights obtained with respect to the PSC operation can be 

summarized as: 

 The selective contacts play a dominant role in the operation of the PSC. Ionic 

and electronic charge accumulation at the ESL/perovskite interface and their 

subsequent capacitive discharge control the singular hysteretic trends of the 

current-voltage curve for low efficiency PSCs. For high efficiency PSCs, these 

capacitive discharges are minimized, with variations in mainly the output 𝑉𝑜𝑐 

and fill factor that is strongly influenced by recombination of the accumulated 

charges at either interface.  

 Transport of photogenerated carriers in high efficiency PSCs is mainly 

diffusive. This is due to the fact that the difference in workfunction of the 

selective contacts is absorbed in a small layer near the respective interfaces, 

leaving the majority of the bulk of the perovskite absorber electrical field-free. 

Therefore, there exists no correlation between the WF of the selective contacts 

and the output 𝑉𝑜𝑐 of the PSC. 

 The developed EC of the PSC does not contain any contributions of electronic 

transport phenomena, while ionic transport is not observed directly. The EC is 

dominated by the capacitive and resistive contributions of the selective 

contact/perovskite interfaces which play a determinant role in its performance. 


