
Supporting Information

for Adv. Energy Mater., DOI 10.1002/aenm.202204370

Beyond Protocols: Understanding the Electrical Behavior of Perovskite Solar Cells by

Impedance Spectroscopy

Elnaz Ghahremanirad, Osbel Almora*, Sunil Suresh, Amandine A. Drew, Towhid H. Chowdhury

and Alexander R. Uhl*



  

1 

 

Supporting Information  

 

 

Beyond Protocols: Understanding the Electrical Behavior of Perovskite Solar Cells by 

Impedance Spectroscopy 

 

Elnaz Ghahremanirad
1
, Osbel Almora

2*
, Sunil Suresh

1
, Amandine A. Drew

1
, 

Towhid H. Chowdhury
1
, Alexander R. Uhl

1*
 

 

 



  

2 

 

 

Table S1. The most recent and relevant review articles on IS and PSCs. 

Year Protocols Device Model/Theory Recommended content complementing this work Group/Institution Ref. 

2010 ECIS DSSCs EC Introduction to IS and basic ECs INAM 
 [1]

 

2014 ECIS DSSCs EC 
Analyzing the impedance response of ZnO-based 

DSSC 
UKM 

 [2]
 

2017 
ECIS, 

OCRIS 
PSCs EC 

Introduction to several ECs and the impedance Bode 

plots in PSCs 
M2N 

 [3]
 

2018 

ECIS, 

MS, 

OCRIS 

PSCs EC, DD 

Discussion on ionic distributions via DD simulation, 

studying time, frequency, and capacitive response 

including current-voltage hysteresis of PSCs 

INAM 
 [4]

 

2018 
ECIS, 

OCRIS 
PSCs EC 

Studying the influence of ETL morphology on 

charge extraction in perovskites via IS 
BCMaterials 

 [5]
 

2018 ECIS PSCs EC 
Perform IS under different light intensities at a fixed 

voltage 
GREEN 

 [6]
 

2019 ECIS 

DSSCs, 

PSCs, 

polymer,  

QD 

solar 

EC 
IS characterization of four different photovoltaic 

devices: DSSCs, PSCs, polymer and QD solar cells 
BIT 

 [7]
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cells 

2019 ECIS 

DSSCs, 

PSCs, 

OSCs 

EC 
Methods for IS measurements and analyses, and 

explanation of different circuit elements 
HIMS 

 [8]
 

2019 ECIS PSCs EC 
Studying the dynamic behaviors at the interfaces of 

perovskite using IS 
INAM 

 [9]
 

2020 ECIS PSCs EC Investigating HTL-free PSCs using IS CAM 
 [10]

 

2020 ECIS PSCs EC 
The impact of adding a 2D perovskite layer at 

HTM/3D perovskite interface was studied by IS 
CAM 

 [11]
 

2020 ECIS PSCs EC, DD 
Pointing out to the importance of including ion 

distribution in IS modeling 
GREEN 

 [12]
 

2020 ECIS 

DSSCs, 

PSCs, 

QD 

solar 

cells, 

etc. 

EC EIS for studying metal oxide electrodes Farnum 
 [13]

 

2021 ECIS PSCs EC 
The characterization of metal oxide charge transport 

layers 
HKU 

 [14]
 

2021 ECIS, CS 

Single 

crystal 

PSCs 

EC 
Using IS for to distinguish different relaxation 

processes occurring in single crystal perovskites 
IPV 

 [15]
 



  

4 

 

2021 
ECIS, 

OCRIS 

Regular 

planar 

PSC 

EC The origin of low frequency resistance IPC PAS 
 [16]

 

2021 ECIS PSCs EC 
The significance of ECs for explaining impedance 

response 
INAM 

 [17]
 

2022 ECIS PSCs EC 
A general equivalent circuit comprised of low and 

high frequency parts 
FEP 

 [18]
 

This 

work 

ECIS, 

OCRIS, 

LIMIS 

PSCs EC, DD 
Different protocols and theories for impedance 

spectroscopy analysis 
LSEF - 

Abbreviations: INAM, Institute of Advanced Materials; UKM, Universiti Kebangsaan Malaysia; M2N, Molecular Materials and Nanosystems; 

BCMaterials, Basque Center for Materials, Applications and Nanostructures; GREEN, Center for Green Research on Energy and Environmental 

Materials; BIT, Beijing Institute of Technology; HIMS, Van’t Hoff Institute for Molecular Sciences; CAM, Center for Advanced Materials; 

Farnum, Inorganic Chemistry for Renewable Energy Conversion and Storage; HKU, The University of Hong Kong; IPV, Institute for 

Photovoltaics; IPC PAS, The Institute of Physical Chemistry of the Polish Academy of Sciences; FEP, Electron Beam and Plasma Technology; 

LSEF, Laboratory for Solar Energy and Fuels
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Table S2. The trap densities, activation energies, and PCEs for different PSCs resulted from TAS/DLTS measurements. The symbols correspond to 

the data points on Figure 4. 

Symbol Cell structure 
Bandgap 

(eV) 

Trap density 

(cm
-3

) 

Activation 

energy (eV) 

PCE 

(%) 
Ref. 

 Glass/ITO/NiOx(PEDOT:PSS)/(FASnI3)0.6(MAPbI3)0.4/PC61BM/C60/TmPyPB/Ag 1.2        0.45 9.03  [19]
 

* ITO/AZO NPs/PCBM/MAPbI3/Spiro-OMeTAD/MoOx/Al 1.5          0.355 13 
 [20]

 

 ITO/AZO NPs/MAPbI3/Spiro-OMeTAD/MoOx/Al 1.5          0.487 17 

 Glass/FTO/MAPbI3 (stoichiometric)/PCBM/BCP/Ag 1.5           0.44 12.53 

 [21]
 * Glass/FTO/MAPbI3 (3% MAI)/PCBM/BCP/Ag 1.5           0.46 N/A 

* Glass/FTO/MAPbI3 (2% MAI)/PCBM/BCP/Ag 1.5           0.46 N/A 

* 
Glass/FTO/(FAPbI3)0.97(MAPbBr3)0.03/Spiro-OMeTAD/Au N/A           

N/A N/A 
 [22]

 
Glass/FTO/(FAPbI3)0.97(MAPbBr3)0.03 (meta-FPEAI)/Spiro-OMeTAD/Au 1.51            

 MAPbI3-xClx 1.55        0.16 N/A  [23]
 

* ITO/PTAA/Cs0.05(MA0.08FA0.92)0.95Pb(I0.92Br0.08)3/C60/BCP/Cu 1.56 N/A 0.32 N/A 
 [24]

 

 ITO/2PACz/Cs0.18FA0.82PbI3/C60/BCP/Ag 1.57          0.696 22.7  [25]
 

 

Glass/FTO/mp-TiO2/(FAPbI3)0.85(MAPbBr3)0.15/HTM/Au 

1.58        0.68 20.2 

 [26]
 * 1.58        0.76 N/A 

* 1.58          0.81 N/A 

 Glass/ITO/PEDOT:PSS/MAPbI3/PC61BM/C60/BCP/Ag 1.6        0.13 10.05  [19]
 

 ITO/TiO2-Cl/Cs0.05MA0.15FA0.8Pb(I0.75Br0.25)3/Spiro-OMeTAD/Au 1.65          0.11 20.7  [27]
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ITO/TiO2-Cl/Cs0.2FA0.8Pb(I0.75Br0.25)3/Spiro-OMeTAD/Au 

1.67        0.095 17.6 
 [27]

 
* 1.67          0.18 N/A 

* FTO/c-TiO2/CsPbI3/Spiro-OMeTAD/MoO3/Au 1.7           N/A 15.71 
 [28]

 

 FTO/c-TiO2/NGBr- CsPbI3 (ABA)/Spiro-OMeTAD/MoO3/Au 1.7           N/A 18.27 

* ITO/MAPbBr3 (single crystalline)/MoO3/Au/Ag 2         N/A N/A  [29]
 

N/A: Not available 

  Extracted from the external quantum efficiency (EQE) plot. 

* Reported for further information, not included in Figure 4. 

Abbreviation: PEDOT: PSS, Poly(3,4-ethylene dioxythiophene) polystyrene sulfonate; PC61BM, [6,6]-Phenyl-C61-butyric acid methyl ester; 

TmPyPB, 1,3,5-Tris(3-pyridyl-3-phenyl)benzene; AZO NPs, aluminum doped zinc oxide nanoparticles; PCBM, phenyl-C60-butyric acid methyl 

ester; Spiro-OMeTAD, 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene; MoOx, Molybdenum oxide, BCP, 

Bathocuproine; MAI, Methylammonium iodide; FPEAI, Fluorinated phenylethylamine hydroiodide; 2PACz, [2-(9H-carbazol-9-

yl)ethyl]phosphonic acid, PTAA, poly(triaryl amine); mp-TiO2, Mesoporous TiO2; c-TiO2, compact TiO2; NGBr, Neostigmine bromide; ABA, 

4–aminobenzoic acid.
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Table S3. The perovskite solar cell configuration of the samples presented in Figure 6 of the 

manuscript. 

Sample No. Cell structure Ref. 

1 FTO/TiO2/MAPbI3/Spiro–OMeTAD/Au 
 [30]

 

2 FTO/TiO2/MAPbI3/Spiro–OMeTAD/Au 
 [31]

 

3 FTO/TiO2/CS0.1FA0.74MA0.13PbI2.48Br0.39/Spiro–OMeTAD/Au 
 [30]

 

4 
ITO/SnO2/PMMA(PCBM)/Cs0.05MA0.1FA0.85PbI2.55Br0.45/PDCBT/Ta–

WOx/Au 
 [32]

 
5 ITO/SnO2/ Cs0.05MA0.1FA0.85PbI2.55Br0.45/PDCBT/Ta–WOx/Au 

6 ITO/SnO2/Cs0.15FA0.85PbI3/PDCBT/Ta–WOx/Au 

Abbreviation: FTO, Fluorine-doped Tin Oxide; ITO, Indium tin oxide; SnO2, Tin oxide; PMMA, 

Polymethylmethacrylate; PDCBT, Poly[ , ′-bis(2-butyloctyl)-( , ′-bithiophene)- , ′-dicarboxylate-alt-

 , ′- , ′-bithiophene; Ta–WOx, Tantalum–doped tungsten oxide;  
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Table S4. Selected examples of electrical equivalent circuits for perovskite solar cells with their respective cell structure and impedance 

response. 

Year Cell Structure 
Measurement 

condition 
Impedance plot Group Ref. 

2015 
Glass/FTO/TiO2/MAPbI3/Spiro-

OMeTAD/Au 

Under illumination 

intensity of 273 W m
-2 

at Voc 

 

Monash 

University 

 [31]
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2018 
Glass/ITO/ETL/FA0.95Cs0.05PbI3/Spi

ro-OMeTAD/Au 
In the dark at Voc 

 

CEHMS  [33]
 

2019 
Glass/FTO/c-TiO2/m-

TiO2/MAPbBr3/Au 

In the dark at the DC 

bias of 0 - 0.2 V 

(simulation) 

 

INAM  [34]
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2019 
FTO/SnO2/MAPbI3/Spiro-

OMeTAD/Au 

In the dark at different 

forward biases 

 

Hersam  [35]
 

2019 
Glass/FTO/TiO2/FA0.85MA0.15PbI3 

(CsAc)/Spiro-OMeTAD/Au 
In the dark at Voc 

 

Dalian 

Institute of 

Chemical 

Physics 

 [36]
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2020 

FTO/c-TiO2/m-

TiO2/([(FA0.83MA0.17)Cs0.05]Pb(I0.83

Br0.17)3)/PEAI-based 2D 

layer/Spiro-OMeTAD/Au 

In the dark under 

short-circuit condition 

 

CAM  [11]
 

2020 

Glass/ ITO/SnO2/ 

Cs0.05(FAPbI3)0.85(MAPbBr3)0.15/Spi

ro-OMeTAD/Ag 

In the dark at a DC 

bias of 0.9 V 

 

LANL-

CBNU 

 [37]
 

Abbreviations: CEHMS, Center for Energy Harvesting Materials and Systems; INAM, Institute of Advanced Materials; CAM, Center for Advanced Materials; 

LANL-CBNU, LANL-CBNU Engineering Institute Korea. 
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Table S5. Selected DD-based simulators including Driftfusion, IonMonger, SCAPS, and SETFOS. FEM: Finite Element method; 

FDM: Finite Difference Method; MC: Monte-Carlo; BC: Boundary conditions; F–D: Fermi Dirac; WKB: Wentzel Kramers Brillouin; 

OLED: Organic Light Emitting Diode. 

Parameters Driftfusion
 [38-39]

 IonMonger
 [40]

 SCAPS
 [41]

 SETFOS
 [42-45]

 

Numerical method FEM 
FEM and adaptive time-

stepping 
FDM MC-based  

The number of layers Multiple  Three  Multiple  Three  

Charge carrier species 
Electrons, holes, anions, and 

cations 

Electrons, holes, single ionic 

species 
Electrons, holes Electrons, holes, anions 

Boundary conditions 

Dirichlet conditions for 

electrostatic potential, 

Neumann conditions for 

charge carriers, zero flux 

density BCs for mobile ions 

at the electrode boundaries 

Ohmic BCs on the external 

boundaries with metal 

contacts, 

Dirichlet BCs for electric 

potential and electron (hole) 

density in ETL(HTL) 

BCs at interfaces and 

contacts 

Neumann BC of zero flux 

(no ions can enter or leave 

the perovskite layer), Fixed 

electronic charge carrier 

densities in the bulk  

 

Initial assumptions 
Homogeneous; isotropic; 

Homogeneous and isotropic, 

quasi–equilibrium  Assumes 

Homogeneous, isotropic, 

and in thermodynamic 

Isotropic but may not be 

homogeneous due to the 
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quasi–thermal equilibrium 

Charge carriers are governed 

by the F–D distribution 

function; 

 Energy bands are described 

by the effective mass 

approximation  

Considers a discrete 

interlayer interface approach 

for heterojunctions  

that the charge carriers are 

governed by either F–D or 

Boltzmann distribution   

equilibrium  WKB 

approximation to calculate 

tunnel probabilities  

 Includes models for 

defects and interfaces  

 

presence of traps and 

impurities; 

In thermal equilibrium  

Assumes that charge 

carriers are governed by 

Maxwell-Boltzmann 

statistics  

Derived parameters 

Doping density, carrier 

concentration, and current 

density, quasi–Fermi levels, 

impedance response, etc   

Can simulate transient and 

steady-state behavior as well 

as optical properties such as 

absorption   

Open-circuit voltage, short-

circuit current, and fill factor, 

ideality factor, doping density 

impedance response, etc  

Can simulate transient and 

steady-state behavior  

Current-voltage curve, 

spectral response, 

capacitance measurements 

C–V and C–f, optical 

properties such as 

absorption and reflectance  

Carrier concentration, 

electric field, and current 

density  

Can simulate transient and 

steady-state behavior, as 

well as the density of states 

and the mobility of charge 

carriers  
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Parameters for 

impedance simulation 

AC voltage amplitude, DC 

voltage amplitude, voltage 

period, frequency, frequency 

points, time-dependent 

illumination intensity 

Minimum and maximum 

frequency, DC applied 

voltage, AC voltage 

amplitude, the number of 

frequency points, time-

dependent illumination 

intensity, the number of 

complete periods to simulate 

the impedance response, 

numerical simulation of IS 

over the timescales of seconds 

to minutes 

DC voltage amplitude, 

voltage period, frequency, 

frequency points 

 

Device 

Semiconductor devices with 

mixed ionic-electronic 

conducting layers 

PSCs 
Solar cells, 

Organic electronic devices 
Solar cells, OLEDs 
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Table S6. Device parameters used in DD modelling.  

Parameter Value Description 

Perovskite layer 

t (nm) 300 500 500 Layer thickness 

   20 20 62 Permittivity 

  (eV) 1.6 1.6 1.6 Bandgap 

  (eV) – – 3.9 Electron affinity 

   (cm
2
V

-1
s

-1
) ~19 20 1 Electron mobility 

   (cm
2
V

-1
s

-1
) ~19 20 1 Hole mobility 

   (cm
2
 s

-1
) 5 10

-1
 5.2 10

-1
 2.6 10

-2
 Electron diffusion coefficient 

   (cm
2
 s

-1
) 5 10

-1
 5.2 10

-1
 2.6 10

-2
 Hole diffusion coefficient 

NA (cm
-3

) – – 4 10
17

 Acceptor doping density 

ND (cm
-3

) – – 4 10
17

 Donor doping density 

Nc (cm
-3

) 8.1 10
18 1 10

20 8 10
18 Conduction band density of states 

Nv (cm
-3

) 5.8 10
18 1 10

20 6 10
18 Valence band density of states 

Nion 1.6 10
19

 1 10
19

 1(2) 10
18

 Mobile ionic density 

Dion 1 10
-12 – 1 10

-9(-11) Ionic diffusion coefficient 

   (cm
-2

) – – 1 10
-15 SRH electron cross section 

   (cm
-2

) – – 1 10
-17

 SRH hole cross section 

Nt (cm
-3

) – – 1 10
14

 Trap density 

Et (eV) – – Mid-gap Trap energy 

Electron transport layer 

t 100 200 120 Layer thickness 

   20 20 55 Permittivity 

  (eV) – 1.6 3.39 Bandgap 

  (eV) – – 4.1 Electron affinity 

   (cm
2
V

-1
s

-1
) – 20 0.1 Electron mobility 

   (cm
2
V

-1
s

-1
) – 0.02 0.1 Hole mobility 

   (cm
2
 s

-1
) 5.14 10

-3 5.2 10
-1 2.6 10

-3 Electron diffusion coefficient 

   (cm
2
 s

-1
) – 5.2 10

-4 2.6 10
-3 Hole diffusion coefficient 

NA (cm
-3

) – – – Acceptor doping density 

ND (cm
-3

) – 3 10
17 1 10

17 Donor doping density 
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Nc (cm
-3

) – 1 10
20 8 10

18 Conduction band density of states 

Nv (cm
-3

) – 1 10
20 6 10

18 Valence band density of states 

Hole transport layer 

t 300 200 200 Layer thickness 

   3 20 3 Permittivity 

  (eV) – 1.6 3 Bandgap 

  (eV) – – 2.1 Electron affinity 

   (cm
2
V

-1
s

-1
) – 0.02 0.1 Electron mobility 

   (cm
2
V

-1
s

-1
) 0.001 20 0.1 Hole mobility 

   (cm
2
 s

-1
) – 5.2 10

-4 2.6 10
-3 Electron diffusion coefficient 

   (cm
2
 s

-1
)      10

-5 5.2 10
-1 2.6 10

-3 Hole diffusion coefficient 

NA (cm
-3

) – 3 10
17 1 10

19 Acceptor doping density 

ND (cm
-3

) – – – Donor doping density 

Nc (cm
-3

) – 1 10
20 8 10

18 Conduction band density of states 

Nv (cm
-3

) – 1 10
20 6 10

18 Valence band density of states 

Ref. 
 [46]

 
 [39]

 
 [47]
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Figure S1. Schematized impedance characterization of a photovoltaic solar cell in two–

dimensional     representations for (a) IS and (b) IMPS and IMVS that lead to LIMIS. The 

thick dashed line in (b) is the projection of the perturbed  (V,Pin) curve in three–dimensional 

representation, as in (c). In (c) the three experimental measurements are illustrated at an OC 

point in the interception between the OC plane and the experimental  ̅(V̅,P̅in) surface of a 

PSC. Reproduced with permission from, 
[32]

 Copyright 2020, Elsevier. 
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