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Abstract 

The electron and hole selective contact (SC) play a pivotal role in the performance of perovskite 

solar cells. In order to separate the interfacial phenomenon from bulk, the influence of charge SC 

was elucidated, by means of impedance spectroscopy. The specific role played by TiO2 and Spiro-

OMeTAD as electron and hole SC in perovskite solar cells was investigated at short circuit 

condition at different temperatures. We have probed MAPbI3 and (FAPbI3)0.85(MAPbBr3)0.15 and 

elucidated parameters such as charge carrier mobility, recombination resistance, time constant and 

charge carrier kinetics in perovskite layer and at the interface of perovskite/SC. Charge carrier 

mobility in mixed perovskite was found to be nearly two order of magnitude higher as compared 

to MAPbI3. Moreover, the carrier mobility in devices with only electron SC was found to be higher 

as compared only hole SC. The charge accumulation at TiO2/perovskite/Spiro-OMeTAD 

interfaces were studied via frequency dependent capacitance, revealing higher charge 

accumulation at perovskite/Spiro-OMeTAD than at TiO2/perovskite interface. By performing 

varying temperature frequency dependent capacitance measurements the distribution of density of 

state within the bandgap of the perovskites, the emission rate of electrons from the trap states and 

traps activation energy was determined.  

 

Keywords: electron selective contact; hole selective contact; density of state; charge carrier 
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Introduction 

 

The field of perovskite solar cells was initiated by the use of model MAPbI3, and its success paved 

the way for new formulations by the means of compositional engineering of  perovskites.1 

Tweaking of halide anion and/or organic cation allowed to push the efficiency as well as stability.2 

Power conversion efficiencies as high as 25.2% have been reported at laboratory scale3, which is 

on par with other matured thin film PV technologies. The realization of perovskite for solar cells 

application was due to its intriguing opto-electrical properties, which led, to its exploitation in 

other opto-electrical devices such as lasing,4 X-ray, OLEDs,5 and photodiodes.6 Despite its 

unparalleled performance, the perovskites solar cells suffer from several key issues such as 

anomalous J-V hysteresis, electrical instability, non-radiative recombination losses, and 

environmental instability. The primary cause for J-V  hysteresis are intrinsic defects present in the 

perovskites layers and charge accumulation at interfaces.7–10 The plausible reason for the charge 

accumulation at the interface can be unbalanced electron and hole mobility which allows charge 

to be accumulated at the perovskite/electron selective contact (ESC) and perovskite/hole selective 

contact (HSC) interface.11  

In the past we have reported unbalance charge extraction along with its charge injection 

time scale and also noted charge accumulation at ESC/perovskite interface.12 The defect states 

present in the bulk of perovskite effect the charge accumulation near the interface. Furthermore, 

the presence of defects in the bulk of perovskites further act as trapping center for charge carriers, 

which in turn cause non-radiative losses and decreases charge carrier’s lifetimes leading to 

deterioration in the device performance. Moreover, the presence of inorganic part suggest mixed 

conductivity, with contribution from both electronic and ionic conductivity. The ion migration was 

also speculated to be one of the reason for low long term photovoltaic behavior under stress 

condition or at Voc.
13,14 Similarly cathode materials such as silver or gold was reported to be found 

at anode side, which travelled all the way through hole transport materials and perovskites. This 

diffusion of metallic contact into the active material is a loss, and this process can activate intensely  

by thermal process.15 Apart from all these, the undesirable process in which dopant ions mainly 

Li+ (used in HSC) can diffuses into perovskite matrix and destabilized the stoichiometry due to its 

hydrophillicity.16 Despite the numerous studies reported in the literature, the meticulous device 

physics and role of ESC and HSC in perovskite solar cells are still ambiguous. Consequently, for 

the assessment and understanding of selective contacts and electrical parameters of device needs 
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to be investigated to unravel the charge kinetics, will allow perovskites solar cells for further 

optimization.  

Impedance spectroscopy is a sensitive technique, which can be utilized to probe the dynamic 

electrical properties occurring inside the perovskite solar cells. It can provide the information about 

the various resistive and capacitive process such as charge transport, recombination losses, 

interfacial charge accumulation etc. Due to a large variety of equivalent circuits available in 

literature and overlapping of various capacitive process e.g. overlapping of accumulation and 

geometrical capacitance at intermediate frequencies, the interpretation of the derived fitted 

parameters are still obscure. Herein, to elucidate the underlying various electrical and physical 

process which control the PV performance, we have selected two standard organohalide 

perovskites [MAPbI3 and (FAPbI3)0.85(MAPbBr3)0.15]. In order to separate the interfacial and bulk 

related process and decode the role of each SC for solar cells, the devices with and without 

selective contact was also probed. Photo-induced carriers change the polarizability of perovskite 

layer which allows three orders of increment in low frequency dielectric constant of MAPbI3.
17 

Moreover, illumination also leads to a uniform lattice expansion in perovskite which can further 

modify the electrical properties.18 Besides, the ferroelectric nature of MAPbI3 is also influenced by 

charge injection at applied bias due to build-up ion-induced structural fluctuations and 

polarization.19,20 To avoid such phenomena, we have performed the measurements in dark and at 

short circuit (i.e. no DC bias) condition. The configuration of each device is represented in Table 

1 along with the classification of the type of structure used for both perovskite, and the schematics 

of the devices are shown in Figure 1.  

Table 1. Device configurations of MAPbI3 and (FAPbI3)0.85(MAPbBr3)0.15 perovskites.   

MAPbI3 Type of 

structure 

(FAPbI3)0.85(MAPbBr3)0.15 

FTO/MAPbI3/Au Type A 

 

only perovskite  FTO/mix-Pero/Au A´ 

FTO/ MAPbI3/HTM/Au Type B  

 

perovskite with 

HTM 

FTO/mix-

Pero/HTM 

/Au 

B´ 

 

FTO/c-TiO2/ m-TiO2/ 

MAPbI3/ Au 

Type C  

 

perovskite with 

ETM 

FTO/ c-TiO2/ m-

TiO2/mix-Pero/Au 

C´  

 

FTO/ c-TiO2/ m-TiO2/ 

MAPbI3/HTM/Au 

Type D  

 

Full device FTO/ c-TiO2/m-

TiO2/mix-

Pero/HTM/Au 

D´ 
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Figure 1. Cross sectional SEM for (a) device 1, Type A (b) device 4, Type D (c) device 5, Type A’ 

and (d) device, Type D’. Here, bl refers to TiO2 blocking layer.   

 

 

Results and discussions 

Figure 1 shows the cross-sectional view of scanning electron micrograph for fabricated devices to 

gaze the thickness of different layers. The type of architect used can be deducted from the 

micrographs.  

The role of TiO2 (compact + mesoporous) and Spiro-OMeTAD as electron and hole SC on charge 

transfer and recombination process inside the perovskite solar cells was systematically analyzed 

via impedance spectroscopy. Figure 2a-d and Figure 3a-d display the impedance arch for full 

device or without selective contact in the temperature range 300 – 360 K. We noted the appearance 

of semicircle and the radius of semicircle decreases with an increase in temperature for all curves. 

It can be deducted from Figures that the full device (type D & D´) has high resistance whereas the 

devices without any charge extraction layers (type A and & A´) showed least resistance. From 

Figure 2b and 2c, it can be concluded that the main resistive component in device is due to ESC 

(i.e. TiO2). The measurements based on MAPbI3, and without selective contact (type A, B, C) 

display a single semicircle, whereas the full device fabricated from MAPbI3 (Type D) showed two 

semicircles at higher temperature (>330 K), attributed to the double relaxation behavior, one at the 

interface, while the other in bulk of perovskite. The semicircle at higher frequency (HF) is 

associated to the charge transfer and recombination through perovskite/charge selective contacts 

mainly perovskite/Spiro-OMeTAD interfaces, 46, 53, 54 and the semicircle at low frequency (LF) 
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attributed to charge carrier (e-h) recombination, dielectric relaxation, and ionic migration in 

perovskite layer.21, 46, 53, 55-57 The HF part is missing for devices without SC (type A & A´), 

plausibly the interfacial recombination process in such devices is fast enough and it did not showed 

in the measured frequency range (2 MHz). We have noted, the selective contact play an important 

role to minimize the interfacial recombination. The LF arc in the impedance spectra (IS) of devices 

based on mixed cations (except device type A´) is clearly visible as compared to MAPbI3 devices. 

This implies that, the ionic migration and dielectric relaxation in MAPbI3 perovskites is slow 

enough to show its signature in the LF region while in case of mixed perovskite these effects are 

more prominent than MAPbI3.   

 The equivalent circuit shown in Figure 2e-f and Figure 3e-g were used to model the 

experimental impedance results of each devices. Each circuit represents a series resistance R1 

ascribed to the contact resistance of electrical wire and fluorine doped tin oxide (FTO) based 

electrode which was deduced from high frequency intercept on the real-axis.22–24 The value of R1 

used to model the IS are given in supporting information (SI) and are in the range of 7 – 20 Ω. The 

LF part of the IS was modeled using Ist RC element shown in equivalent circuit, where R2 and C1 

are related to the charge (e-h) recombination resistance (Rrec) and dielectric relaxation capacitance 

of perovskite layer. The second RC element in equivalent circuit is attributed to the interfacial 

charge transfer resistance (R3) and capacitance due to the charge accumulation at the interface of 

perovskite layer and SC.25 This aid is responsible for the features appearing at high frequency in 

the Nyquist plot.26–28 As discussed above the LF response is related to the ionic migration and 

dielectric relaxation process in perovskite layer while HF element describe the interfacial charge 

transfer and recombination process at perovskite and charge SC interface. To improve the fitting 

quality, constant phase elements (CPE) were used instead of ideal capacitors. CPEs are typically 

used to model the behavior of the capacitance in an inhomogeneous layer or interfaces due to 

roughness or variations in the thickness.29,30 The time constant for both interfacial and bulk 

phenomenon were estimated from the fitting parameters of corresponding semicircles and we 

noted that the bulk relaxation process take place in the time scale of s410 for all devices. On the 

contrary, the interfacial time varies between s110 − s310 depending on the device architects used. 

The device with HSC (Spiro-OMeTAD) showed lowest time constant while the device with ESC 

(c-TiO2) gave highest time constant value.  The high charge accumulation at HSC is due to high 

concentration of MA+ cation as compared to I-
, 
42 which led to higher charge accumulation at HSC 
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interface as compared to ESC interface (Figure 8). While, the device fabricated from 

(FAPbI3)0.85(MAPbBr3)0.15, the interfacial components reveals slightly higher degree of charge 

accumulation at TiO2/(FAPbI3)0.85(MAPbBr3)0.15 interface as compared to TiO2/MAPbI3 interface. 

From the fitting parameters, we noted that the recombination resistance in 

(FAPbI3)0.85(MAPbBr3)0.15 is higher as compared to MAPbI3. This is due to lower recombination 

current in mixed perovskite.  

  
Figure 2. Impedance spectroscopy (IS) at different temperatures for (a) Type A (b),Type B 

(c),type C (d) type D and equivalent circuit (e) of type A & C, (f) type B and (f) type D.  
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Figure 3. Impedance spectroscopy (IS) at different temperatures for (a) type A´ (b) type B´ (c) 

type C´ (d) type D´ and equivalent circuit (e) type A´ (f) type B´-D´.  
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shows that the recombination resistance of all devices decreases with temperature due to increase 

in carriers concentration at higher temperature. Moreover, the devices with mixed perovskite 

showed higher value of Rrec in all configuration, supports reduced recombination in 

(FAPbI3)0.85(MAPbBr3)0.15 as compared to MAPbI3. Additionally, the highest Rrec value was 

deduced for devices with only ESC, therefore TiO2 play a major role in reducing the recombination 

current in perovskite solar cells.   

  

 

 

Figure 4. Recombination resistance as a function of temperature for (a) MAPbI3 and (b) 

(FAPbI3)0.85(MAPbBr3)0.15. 
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MAPbI3 devices. Higher mobility in (FAPbI3)0.85(MAPbBr3)0.15 is due to the reduced 

recombination current. The devices fabricated with hole SC (Type B & B’) showed lowest mobility 

while highest mobility was found for the devices with ESC. The specific value of mobility are 

tabled in Table 2 and 3.  The mobility of Type D’ is lower than of Type C’ due to improved carrier 

recombination (Figure 4b and Table 2). The devices fabricated with HSC gave lowest carrier 

mobility, arguably due to low carrier mobility of Spiro-OMeTAD (10-5 cm2/V.s) which impedes 

the charge diffusion through it. Other plausible reason for low carrier mobility of devices with 

HSC can be imbalance cations MA+ and anions I- mobility in devices.42 Generally the diffusion 

coefficient of I- is about an order lower than that of MA+ which allows slow cation migration and 

thus lower mobility.41   
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Figure 5. Charge carrier mobility in perovskite at 300 K in different device configurations.  

Figure 6 displays the variation of capacitance (C) and conductance (G) as a function of frequency 

at different temperatures. The C-f graph shows three distinct regions at: low frequency (LF), 

intermediate frequency (IF) and high frequency (HF). In LF region (20 Hz – 1 kHz) capacitance 

decreases with frequency and is temperature dependent. In the IF range (1 kHz – 100 kHz) a stable 

plateau was noted and capacitance value was found to be independent of frequency, however it 

shifted to a lower value with an increase in temperature. The stable plateau in IF range corresponds 

to dielectric relaxation in the perovskites layer and determined by the geometrical capacitance per 

unit area LCg /0 , where  is dielectric constant of perovskite, 0 is the vacuum permittivity 

and L is the layer thickness.35 With an increase in temperature the geometrical capacitance of 

selective contact free devices decreases while the devices with selective contact show constant 
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geometrical capacitance (Figure S8). With an increase in temperature, the geometrical capacitance 

of devices without selective contact (Type A & A’) decreases suggesting higher degree of charge 

recombination in light absorbing layer (perovskite). Moreover, the ions residing at the interface 

acquires sufficient thermal energy to leave the interface and migrate towards the bulk (Figure 7a) 

and acquire lower capacitance value. The devices without selective contact (Type A & A’) gave 

lowest capacitance as compared to other devices, pointing towards low degree of charge 

accumulation at interface as most of the charge carriers recombined in this case. While in the case 

of HF region (100 kHz – 2 MHz), capacitance decreases with frequency. The drop in capacitance 

at HF corresponds to the effect of the series resistance caused by electrode contact. In LF region, 

the capacitance drops rapidly with frequency as compared to TiO2-free devices (type A, B & type 

A’, B’). The drop of LF capacitance is ascribed to the polarization of interfaces owing to charge 

accumulation at the TiO2/perovskite and perovskite/Spiro-OMeTAD interfaces.36–39 The devices 

fabricated with mixed perovskite showed similar trend, suggesting low frequency behavior is 

related to interfacial properties rather than bulk. The devices with electron selective contact (Type 

C & C’) reveal pronounced decrease in LF capacitance while the capacitance of devices with 

Spiro-OMeTAD (Type B, & type B’) decreases slowly. Low carrier mobility of TiO2 and energy 

level mismatch in TiO2/perovskites can also led to charge accumulation at the TiO2/perovskite 

interface.40 Another plausible reason for charge accumulation at TiO2/perovskite interface might 

be weak interactions between Ti−I which easily accommodate the charge carriers at the interface.41 

The devices fabricated with (FAPbI3)0.85(MAPbBr3)0.15 gave slightly lower capacitance pointing 

towards the decrease of dielectric relaxation process in these devices leading to better charge 

transfer and improvement in carrier mobility.  
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Figure 6. Capacitance as a function of  frequency at different temperatures for (a) type A (b)type 

B (c) type C (d) type D (e) type A’ (f) type B’ (g) type C’ (h) type D’.   

Figure 7 shows the temperature dependence low frequency ( 62 Hz) capacitance of MAPbI3 and 

(FAPbI3)0.85(MAPbBr3)0.15 based devices. It can be noted (Figure 7),  that the devices with HSC 

(type B & B’) gave highest interfacial capacitance while the devices without any selective contact 

(type A & A’) yielded lowest capacitance. These results suggest higher charge accumulation at 

perovskite/Spiro-OMeTAD interfaces as compared to TiO2/perovskite interface (Figure 8). The 

higher charge accumulation at perovskite/Spiro-OMeTAD interface is due to (i) higher 

concentration of MA+ as compared to I-  and (ii) the diffusion coefficient of MA+ is smaller than 

of I-.42, 43  Moreover, the hole selective layer Spiro-OMeTAD possesses low charge mobility. Due 

to unbalance charge extraction and transport this will allow capacitance to build-up at 

perovskite/HSC. Without any selective contacts, no such electrical interface can be formed and 

subsequently no losses at interface. In this case the capacitance will be mainly in the bulk of 
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perovskites, while interfacial capacitance is not significant. Additionally, it can be noted (Figure 

7) that the capacitance first decreases with increase in temperature until 315 K, thereafter the 

capacitance of devices start increasing further with temperature. Such kind of capacitance behavior 

indicates ferroelectric-to-paraelectric transition, which originates due to phase transition of 

perovskites from tetragonal to cubic structure in the temperature range 315 – 330 K.44 It is worthy 

to note that devices without selective contact shows on par behavior as of devices with selective 

contact. These findings reveal that the low frequency response is not only limited to interface 

charge accumulation but also related to the ferroelectric effect or an ion movement inside 

perovskite layer.45–47 Moreover, Figure S8 imply that the intermediate and high frequency signals 

shows less variation with temperature as of low frequency signal. Suggesting that the high 

frequency response are attributed to electronic process whereas the low frequency response are 

due to interfacial charge accumulation and ionic migration near the interface.47  

  

 

 

 

 

 

 

 

Figure 7.  Temperature dependence of low frequency capacitance of a) MAPbI3 and b) mixed 

(FAPbI3)0.85(MAPbBr3)0.15 perovskite based devices.  

To analyze the distribution of density of state (DOS) within the bandgap of the perovskites, the 

emission rate of electrons from the trap states and traps activation energy48,49 Capacitance vs. 

frequency (C-f) measurements at different temperatures was undertaken. In this process, with the 

decrease in frequency, deeper traps participate in capacitance, and thus increase in capacitance can 

be noted.  
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Figure 8. Schematic to depict the charge recombination and accumulation at ETL/perovskite and 

perovskite/HTL interface.  

The emission rate of a charge carrier from a trap state at a given frequency strongly depends upon   

the energy of the trap and the temperature of device. The emission rate of electrons from a trap 

state located below ET to the conduction band edge EC is given by the relation:50–52 

 







 


Tk

EE
vNe

B

TC

nthCn exp                                                         (1) 

where NC is the effective density of states in the conduction band, thv  is the root mean square 

thermal velocity of electrons, n is the capture cross section of trap and the product nthC vN   is 
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called the attempt to escape frequency (ATEF) denoted by 0 . Since 
2/3TNC  and rms speed

2/1Tvth  , consequently, ATEF
2

0 T , then equation 1 can be transformed to  

    
Tk

E

T

e

B

An 







lnln

2
                                              (2) 

where  is the proportionality constant and TCA EEE  is the activation energy of the traps. 

From the slope of Arrhenius plot,
T

vs
T

f peak 1
.ln

2 









  (Figure S9) the value of activation energy can 

be deduced and the intercept of the line provide the value of ATEF. Where fpeak is peak frequency 

extracted from [-f dC/df] vs. frequency plot shown in Figure 9. The calculated activation energy 

for devices are presented in Table 2 and 3. The activation energy is ~55.57 meV for charge 

selective contact free devices that slightly decreases for the devices with selective contact. The 

ATEF is 1.81×109 Hz for selective contact free devices and increase to 3.55×109 Hz (MAPbI3) and 

2.35×109 Hz (Mixed perovskite) for the devices with SC and are in the customary range for organo-

lead perovskites49. 
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Figure 9.  f × dC/df vs. frequency at different temperatures for (a) Type A, (b) Type B, (c) Type 

C, (d) Type D, (e) Type A’, (f) Type B’, (g) Type C’, (h) Type D’.  

 

Figure 9 show the experimental data for [-f dC/df] vs. frequency, measured at various temperatures 

for MAPbI3 and (FAPbI3)0.85(MAPbBr3)0.15. There is a secondary peak related to a deeper trap in 

addition to the shallow traps near the edge of conduction band. The density of states (NC) at the 

edge of conduction band (shallow traps) deduced from these plots is ~2.70×1014 cm-3 for selective 

contact free devices and the value increases for devices with selective contact. The device 

fabricated from MAPbI3 have slightly higher density of state of NC 4.62×1014 cm-3 as compared 

to the (FAPbI3)0.85(MAPbBr3)0.15 of 1.82×1014 cm-3.  

The density distribution of trap states was evaluated by using Mott−Schottky analysis and 

admittance spectroscopy.  The distribution of trap state density can be derived from the equation:58 
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where Vbi is the built-in potential, W is the depletion width, q is the elementary charge, and ω is 

the applied angular frequency. A Mott-Schottky plot：
 

NAq

VV

C

bi

0

2

21




  of device D and D’ 

measured at 10 kHz is shown in Figure 10 (a).  The slope of straight line gives the impurity doping 

density N and intersection on the voltage axis determines Vbi. The depletion width corresponds to 

the zero bias was calculated by equation: 

qN

V
W bi0

      (5) 

and found to be 206 nm and 261 nm for device D and D’, respectively. The built in potential for 

device type D and D’ was found to be 0.69 V and 1.05 V respectively. From these results, the 

density distribution and energy levels of trap states at 300 K in these devices are displayed in Fig. 

10b. It can be observed from Figure that the peak value of traps in device D and D’ are located at 

0.42 eV and 0.70 eV with peak value of 1.37×1017 (eV cm3)-1 and 8.84×1016 (eV cm3)-1, 

respectively. 
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Figure 10. (a) Mott−Schottky analysis of device D and D’ at 10 kHz, (b) trap state density (NT) 

of device D and D’ measured at 300 K. 

 

Table 2. Electrical parameters calculated for MAPbI3 perovskite at 300 K. 

Parameters/devices Type A Type B Type C Type D 

μ (cm2/V.s) 1.1×10-2 3.19×10-3 5.7×10-1 1.27 

Diffusion time d (μs)  14.3 55.45 1.57 0.308 

Recombination time n (μs) 0.100 1.88 338 6366 

Activation energy EA (meV) 55.57 55.57 55.57 82.96 

ATEF 0 (Hz) 1.77×109 3.48×109 3.48×109 5.40×1012 

 

Table 3. Electrical parameters calculated for mixed perovskite at 300 K. 

 

Parameters/devices Type A’ Type B’ Type C’ Type D’ 

μ (cm2/V.s) 3.78 0.83 40.55 2.21 

Diffusion time d (ns)  540 2460 196 386 

Recombination time n (μs) 0.100 423 1320 1300 

Activation energy EA (meV) 55.57 50.54 50.54 124 

ATEF 0 (Hz) 1.77×109 2.30×109 2.30×109 2.13×1017 

 

Conclusions 

Herein, we have investigated the role of electron and hole selective contact (SC) in perovskite solar 

cells by means of impedance spectroscopy. The devices fabricated with (FAPbI3)0.85(MAPbBr3)0.15 

shows higher charge accumulation at perovskite/SC interface as compared to MAPbI3 based one. 

Moreover, we have also noted that charge accumulation at hole selective interface is higher as 

compared to electron selective interface. The devices fabricated with both (electron and hole) SC 
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shows low level of recombination as compare to the devices without any SC that shows high degree 

of recombination. (FAPbI3)0.85(MAPbBr3)0.15 based devices gave reduced recombination and high 

carrier mobility. The maximum mobility for MAPbI3 and (FAPbI3)0.85(MAPbBr3)0.15 was found to 

be 1.27 and 40.55 cm2/Vs at room temperature (300 K), respectively in our experimental setup. In 

order to elucidate the DOS and trap states in the band gap of perovskites, temperature dependent 

C-f experiments were used. The activation energy for both perovskite was found to be 55.57 meV 

for SC-free devices, however this parameter increases and represent a value of 123 meV (for mixed 

perovskite) and 82.96 meV (for MAPbI3) for devices fabricated with both electron and hole SC. 

The peak value of traps in MAPbI3 and mixed perovskite devices are located at 0.42 eV and 0.70 

eV with peak value of 1.37×1017 and 8.84×1016 eV-1 cm-3, respectively. 

Experimental part 

 

Device fabrication details 

 

FTO-coated glass (TEC15, Pilkington) patterned by laser etching was employed for the fabrication 

of perovskite based solar cells. Substrates were cleaned by ultrasonication in three different 

solutions with the aim to eliminate any possible contamination. First a Hellmanex® solution (2%) 

were used and rinsed with deionized water and ethanol. Then samples were ultrasonicated for 30 

minutes in acetone, and 2-propanol and finally they were dried by using nitrogen. After this step, 

a TiO2 compact layer was deposited by spray pyrolysis at 450 oC using titanium (IV) 

diisopropoxide bis(acetyl acetonate) precursor solution (1/19 v/v ratio in ethanol, Sigma Aldrich) 

using oxygen as a carrier gas. The TiO2 blocking layer was then kept for 30 minutes at 450 ºC for 

the formation of anatase phase. After the samples attained room temperature, the ESC i.e TiO2 

mesoporous layer (Dyesol, 30NRD) was deposited by spin coating (4,000 rpm for 20 s) and 

annealed at 500 ºC using ramp heating process. Subsequently, pure methyl ammonium (MAPbI3) 

or mixed cation perovskite ((FAPbI3)0.85(MAPbBr3)0.15) was then deposited according to our 

previous reports12,39. All solutions were prepared inside an argon glove box under controlled 

moisture and oxygen conditions (H2O level: <1 ppm and O2 level: <10 ppm). Optimized 

concentrations were prepared depending on the perovskite fabricate (1.2M and 1.4M) respectively. 

The perovskite solution was spin coated in a two steps setup at 1000 and 5000 rpm for 10 and 20s 

respectively. During the second step, 110μL of chlorobenzene was dropped on the spinning 

substrate 15 seconds before the end of the spinning program as an anti-solvent approach. The 
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samples were then annealed (100°C) for 1h in an argon filled glove box. After perovskite 

deposition, annealing and cool down, 35 μL of a Spiro-OMeTAD solution was then spin coated at 

4000 rpm for 20 seconds as hole transporting material. Spiro-OMeTAD material (70mM) were 

dissolved in 1 mL of chlorobenzene using standard additives as 17.5 μL of a lithium 

bis(trifluoromethylsulphonyl)imide (LiTFSI) stock solution (520 mg of LiTFSI in 1mL of 

acetonitrile), 21.9 μL of a FK209 (Tris(2-(1H-pyrazol-1-yl)-4-tertbutylpyridine) 

cobalt(III)Tris(bis(trifluoromethylsulfonyl)imide))) stock solution (400 mg in 1 mL of 

acetonitrile) and 28.8 μL of 4-tert-butylpyridine (t-BP). For all devices, 80 nm of gold was 

deposited by thermal evaporation under a vacuum level between 1×10-6 and 1×10-5 torr.  

 

Device characterization 

 

Cross-sectional and top-view microstructure were recorded by a Hitachi S-4800 scanning 

electron microscope and used for thickness evaluation. Impedance measurements at different 

temperatures were performed on a Keysight precision LCR meter model No. E4980A. Samples 

were measured at different temperatures (300 – 360 K) using a Linkam sample chamber heating 

stage filled with nitrogen in a closed environment, to control the degradation of the samples for 

humidity conditions. After measurement, data were fitted by Z-view (version 3.1c) software in 

order to extract characteristic parameters of the cells.  
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S1. Fitting of Impedance spectra 

The fitting of impedance spectra and equivalent circuit are shown in following figures. In these 

figures the resistance R1, R2 and R3 represents the contact resistance of wire and FTO, 

recombination resistance in perovskite layer and selective contacts resistance, respectively. 

The capacitance corresponds to R2 represents the dielectric relaxation in perovskite and 

other one represents the interfacial capacitances between the perovskite and charge selective 

contacts (ESC and HSC). 

 

 

 

 

Figure 

S1. Fitting of impedance spectra of Type B in (a) complex plane and (b and c) Bode plot 
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Figure S2. Fitting of impedance spectra of Type C in (a) complex plane and (b and c) Bode plot 

 

 

   

 

  

 

 

 

 

 

 

 

 

 

Figure S3. Fitting of impedance spectra of Type D in (a) complex plane and (b and c) Bode plot 
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Figure S4. Fitting of impedance spectra of Type A’ in (a) complex plane and (b and c) Bode plot 

 

 

 

 

 

 

 

 

 

 

Figure S5. Fitting of impedance spectra of Type B’ in (a) complex plane and (b and c) Bode plot 
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Figure S6. Fitting of impedance spectra of Type C’ in (a) complex plane and (b and c) Bode plot 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Fitting of impedance spectra of Type D’ in (a) complex plane and (b and c) Bode plot 

 

 

(a)

0 5000 10000 15000 20000

-10000

-5000

0

Z'

Z
''

device 7_300 K.txt
FitResult

(b)

(c)

101 102 103 104 105 106 107
101

102

103

104

105

Frequency (Hz)

|Z
|

device 7_300 K.txt
FitResult

101 102 103 104 105 106 107

-100

-75

-50

-25

0

Frequency (Hz)

th
e

ta

R1 R2

C1

R3

CPE1

Element Freedom Value Error Error %

R1 Free(+) 19.54 0.28341 1.4504

R2 Free(+) 13417 243.42 1.8143

C1 Free(+) 3.447E-08 3.8178E-10 1.1076

R3 Free(+) 35463 9083.1 25.613

CPE1-T Free(+) 3.301E-06 3.6434E-07 11.037

CPE1-P Free(+) 0.70324 0.0079718 1.1336

Chi-Squared: 480.89

Weighted Sum of Squares: 47128

Data File: F:\spain\Taukeer\LCR_data\Z view Model\SAMPLE 14\New folder\device 7_300 K.txt

Circuit Model File: F:\spain\Taukeer\LCR_data\Z view Model\SAMPLE 14\fitting data.mdl

Mode: Run Fitting / Freq. Range (20 - 2000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Data-Special



30 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Temperature dependence of (a, b) Intermediate frequency and (c, d) high frequency 

capacitance of all devices.  
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S2. Evaluation of activation energy 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. Arrhenius plot of ln(fpeak/T
2) vs. 1/T for  (a) Type A (b) Type B, (c) Type C and (d) 

Type D. 
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Figure S10. Arrhenius plot of ln(fpeak/T
2) vs. 1/T for  (a’) Type A’ (b’) Type B’, (c’) Type C’ and 

(d’) Type D’.  
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The value of ATEF o  was estimated from the relation  

2

0 T 
 

The intercept of Arrhenius plot,
T

vs
T

f peak 1
.ln

2 










  shown in above Figures give the value of  ln .  

 

 

Fig.S11: Representative J-V curves for fabricated solar cells. 

 


