
Subscriber access provided by UNIV LIBRE DE BRUXELLES

The Journal of Physical Chemistry C is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Characterization of Planar Lead Halide Perovskite Solar Cells by
Impedance Spectroscopy, Open Circuit Photovoltage Decay and
Intensity-Modulated Photovoltage/Photocurrent Spectroscopy

Adam Pockett, Giles E. Eperon, Timo Peltola, Henry J. Snaith,
Alison B. Walker, Laurence M Peter, and Petra J. Cameron

J. Phys. Chem. C, Just Accepted Manuscript • Publication Date (Web): 21 Jan 2015

Downloaded from http://pubs.acs.org on January 27, 2015

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Characterization of Planar Lead Halide Perovskite Solar Cells 
by Impedance Spectroscopy, Open Circuit Photovoltage De-
cay and Intensity-Modulated Photovoltage/Photocurrent 
Spectroscopy  

Adam Pockett1, Giles E. Eperon2, Timo Peltola3, Henry J. Snaith2, Alison Walker3, Laurence M. 
Peter*1, and Petra J. Cameron*1 

1. Department of Chemistry, University of Bath, Bath BA2 7AY, United Kingdom 

2. Clarendon Laboratory, Parks Road, Oxford, OX1 3PU, United Kingdom  

3. Department of Physics, University of Bath, Bath BA2 7AY, United Kingdom 

 

KEYWORDS. Impedance, intensity-modulated, non-ideality factor, open circuit voltage decay, perovskite, recombina-
tion. 

 

ABSTRACT: Thin film lead halide perovskite cells, where the perovskite layer is deposited directly onto a flat titania 
blocking layer, have reached AM 1.5 efficiencies of over 15%,1 showing that the mesoporous scaffold used in early types of 
perovskite solar cells is not essential.  We have used a variety of techniques to gain a better understanding of thin film 

perovskite cells prepared by a solution-based method. Twelve cells were studied, which showed AM 1.5 efficiencies of ≈ 
11%. The properties of the cells were investigated using impedance spectroscopy, intensity modulated photovoltage spec-
troscopy (IMVS), intensity modulated photocurrent spectroscopy (IMPS) and open circuit photovoltage decay (OCVD). 
Despite the fact that all 12 cells were prepared at the same time under nominally identical conditions, their behavior fell 

into two distinct groups. Half the cells exhibited ideality factors of m≈2.5 and the other half showed ideality factors of 
m≈5. Impedance spectroscopy carried out under illumination at open circuit for a range of intensities showed that the cell 
capacitance was dominated by the geometric capacitance of the perovskite layer rather than the chemical or diffusion 
capacitance due to photogenerated carriers. The voltage dependence of the recombination resistance gave ideality factors 
similar to those derived from the intensity dependence of the open circuit voltage. The IMVS time constant was deter-
mined by the product of the geometric capacitance and the recombination resistance. The two types of cell gave very dif-

ferent OCVD responses.  The cells with m≈2.5 showed a persistent photovoltage effect that was absent in the case of the 
cells with higher ideality factors.  The IMPS responses provide evidence of minor efficiency losses by recombination under 
short circuit conditions.  

Introduction 

The rapid development of organometal halide perovskite 
solar cells2-5 based on CH3NH3PbI3 and its analogs contin-
ues to set new records in terms of efficiency6 that already 
far exceed those for dye-sensitized solar cells or organic 
photovoltaics. The high open circuit voltages and high 
external quantum efficiencies point to unusually slow 
recombination of electrons and holes in the perovskite 
absorber layer, with second order rate constants for un-
contacted thin films reported to be four orders lower than 
the Langevin limit for bimolecular recombination.7 The 
reasons for such slow recombination are currently a cen-
tral topic of discussion,8-10 and it has been suggested that 
the formation of ferroelectric domains may lead to spatial 
separation of electrons and holes11-12.  It has also been re-
ported that the lead halide perovskites exhibit a photoin-

duced giant dielectric effect (GDE) with a relaxation time 
constant in the region of seconds.13 The high open circuit 
voltages (in excess of 1 V) also indicate that the built-in 
voltage of the junction must be unusually high (> 1 V) 
relative to the band gap of the perovskite (ca.  1.5 eV).  
Reported band alignments in the TiO2|perovskite|spiro-
OMeTAD structure14 suggest that the built-in voltage in 
the thin perovskite layer could exceed 1.2V.  

In principle, electron-hole recombination can occur ei-
ther in the bulk of the perovskite or at the contacts, 
which are made using materials that are selective for ex-
traction of electrons (e.g. TiO2) or of holes (e.g. spiro-
OMeTAD). A number of methods have been used to 
study electron-hole recombination including transient 
microwave9, 15-16 and terahertz9, 16-17 measurements, photo-
luminescence,18 transient absorbance,7, 18 EBIC,19 photo-
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voltage and photocurrent transients,20  impedance21-24 and 
open circuit voltage decay.25 Many of these studies have 
characterized the properties of perovskite cells fabricated 
using mesoporous oxide substrates of either TiO2 or 
Al2O3.  However, interest is increasingly being focused on 
planar junction perovskite cells that appear in many in-
stances to operate as p-i-n devices.19 For this reason we 
chose to characterize batches of planar perovskite cells 
using a range of complementary techniques, namely im-
pedance, intensity modulated photovoltage spectroscopy 
(IMVS), intensity modulated photocurrent spectroscopy 
(IMPS), open circuit photovoltage decay (OCPVD) and 
steady-state photovoltage measurements as a function of 
light intensity. The use of these six techniques on a large 
number of cells allowed us to assess the consistency of 
the conclusions.  

The series of 12 planar perovskite devices could be di-
vided clearly into two groups on the basis of the intensity 
dependences of the open circuit voltage, which corre-
sponded to diode ideality factors that clustered either 

around ∼2.5 or around ∼5.0. The high frequency imped-
ance and intensity-modulated photovoltage (IMVS) re-
sponses of the cells were modelled satisfactorily using a 
simple lumped RC circuit. At low frequencies an addi-
tional feature was observed which Juárez-Pérez et al.13 
have attributed to a photo-induced giant dielectric effect. 
The influence of the GDE on the low frequency imped-
ance response has been modelled by Bisquert et al.26, but 
in this paper the low frequency feature has not been in-
cluded in modelling.  Substantial information about the 
cell was extracted using the simple lumped model at mid 
and high frequencies, and we are currently measuring and 
modelling the low frequency feature separately.  The re-
sults obtained at open circuit by impedance and IMVS are 
in good agreement, both indicating that for open circuit 
voltages below 0.9 V, the geometric capacitance associat-
ed with charge in the contacting phases (TiO2 and spiro-
OMeTAD) is larger than the chemical (or diffusion) ca-
pacitance associated with the build-up of electrons and 
holes in the perovskite absorber, even at the highest light 
intensities used here (equivalent to 0. 1 sun). The voltage 
dependence of the recombination resistance gave non-
ideality factors close to those derived from the intensity 
dependence of the open circuit voltage. OCVD also re-
veals that some cells exhibit a persistent photovoltage 
that extends the decay time into the region of seconds 
when the voltage falls below 0.4V.  

 

Experimental 

 Perovskite precursor preparation: Methylamine iodide 
(MAI) was prepared by reacting methylamine, 33 wt% in 
ethanol (Sigma-Aldrich), with hydroiodic acid (HI),57 
wt% in water (Sigma-Aldrich), at room temperature.  HI 
was added dropwise while stirring. Upon drying at 100oC, 
a white powder was formed, which was washed with eth-
anol and dried overnight in a vacuum oven before use.  

To form the non-stoichiometric CH3NH3PbI3-xClx pre-
cursor solution, methylammonium iodide and lead (II) 
chloride (98%, Sigma-Aldrich) are dissolved in anhydrous 

N,N-Dimethylformamide (DMF) at a 3:1 molar ratio of 
MAI to PbCl2, with final concentrations 0.88M lead chlo-
ride and 2.64M methylammonium iodide. This solution is 
stored under a dry nitrogen atmosphere.  

Substrate preparation: Devices were fabricated on fluo-
rine-doped tin oxide (FTO) coated glass (Pilkington, 7Ω 
□

-1).  To prevent shunting upon contact with measure-
ment pins, FTO was removed from regions under the an-

ode contact by etching with 2M HCl and zinc powder. 
Substrates were then cleaned sequentially in 2% Hell-
manex detergent, acetone, propan-2-ol and oxygen plas-
ma. A hole-blocking layer of compact TiO2 was deposited 
by spin-coating a mildly acidic solution of titanium iso-
propoxide in anhydrous ethanol (350µl in 5ml ethanol 
with 0.013M HCl), and annealed at 500°C for 30 minutes. 
Spin-coating was carried out at 2000rpm for 60 seconds.  

Perovskite solar cell fabrication: A total of 12 cells was 
fabricated in groups of 3 cells on one substrate, each with 
a pixel area of 0.15 cm2. To form the perovskite layer, the 
non-stoichiometric precursor was spin-coated on the sub-
strate in a nitrogen-filled glovebox at 2000rpm for 45 se-
conds. After spin-coating, the films were left to dry at 
room temperature in the glovebox for 30 minutes, to al-
low slow solvent evaporation. They were then annealed 
on a hotplate in the glovebox at 90°C for 180 minutes and 
subsequently at 120°C for 15 minutes. 

A hole-transporting layer was then deposited via spin-
coating a 0.79M solution of 2,2’,7,7’-tetrakis-(N,N-di-p-
methoxyphenylamine)9,9’-spirobifluorene (spiro-
OMeTAD) in chlorobenzene, with additives of lithium 
bis(trifluoromethanesulfonyl)imide (0.0184M) and 4-tert-
butylpyridine (0.0659M).  Spin-coating was carried out at 
2000rpm for 45 seconds. Devices were then left overnight 
in air for the spiro-OMeTAD to dope via oxidation. Final-
ly, gold electrodes were thermally evaporated under vac-
uum of ~10-6 Torr, at a rate of ~0.1 nm s-1, to complete the 
devices. 

Solar cell characterization: The current density–voltage 
(J-V) curves were measured (2400 Series SourceMeter, 
Keithley Instruments) under simulated AM 1.5 sunlight at 
100 mWcm-2 irradiance generated by an Abet Class AAB 
sun 2000 simulator, with the intensity calibrated with an 
NREL calibrated KG5-filtered Si reference cell. The mis-
match factor was calculated to be 1.2% between 400 and 
1100nm. The solar cells were masked with a metal aper-
ture to define the active area, typically 0.0625cm-2 and 
measured in a light-tight sample holder to minimize any 
edge effects. 

The cells were stored in a nitrogen glove box between 
measurements to minimize degradation. Open circuit 
voltages were measured as a function of light intensity 
using a 625 nm light emitting diode (LED) (Thorlabs 
MRLED).  The incident photon flux was controlled using 
neutral density filters (Edmund Optics) and measured 
using a calibrated silicon photodiode (Newport 818-SL 
with OD3 neutral density filter). All modulated tech-
niques were also carried out with illumination from a 625 
nm LED where appropriate (Thorlabs MRLED). Imped-
ance measurements for different illumination intensities 
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were made at the corresponding open circuit voltage us-
ing an Autolab PGSTAT30.  Impedance measurements 
were also made in the dark as a function of applied volt-
age. Impedance data were fitted using ZView software 
(Scribner Associates). IMVS and IMPS measurements 
were made using a Solartron 1260 frequency response 
analyzer (FRA) combined with a Thorlabs DC2100 con-
troller (bandwidth 100 kHz) driven by the dc and sine 
wave output of the FRA. The modulation depth was set to 
be 10% of the dc level. The illumination intensity was var-
ied using calibrated neutral density filters. To ensure long 
term stability, cells were illuminated with a single wave-
length at intensities of 0.1 Sun and lower. By measuring 
trends with respect to illumination intensity we were able 
to derive significant amounts of information on cell be-
haviour. In the environment solar cells need to operate at 
illumination intensities below 1 Sun, therefore tests of cell 
performance at 0.1 Sun can still be considered as the 
working environment for a cell. To correct for attenuation 
and phase lag in the modulated light output at higher 
frequencies, a glass microscope slide was used as a beam 
splitter enabling provision of a reference signal for the 
frequency response analyzer from a fast p-i-n photodiode. 
For IMPS, the cell current was measured using a current 
amplifier (Femto DLPCA-200).  A high impedance (>1012 
ohm) voltage follower was used for IMVS.  The band-
width of the system was checked using a fast p-i-n photo-
diode in place of the solar cell. OCVD measurements 
were made using step function illumination of the cells 
(625 nm LED; on period 60 s).  The voltage decay after 
switching the light off was measured using the high im-
pedance voltage follower amplifier and a digital storage 
oscilloscope. Care was taken to totally exclude stray light.   

Theory 

Diode ideality factor 

The diode ideality factor, n, is normally defined in terms 
of the Shockley diode equation, which describes the de-
pendence of the diode current density, j, on the applied 
voltage V. Here jsat is the reverse saturation current 

1B

qV

nk T

satj j e
 

= −  
 

    (1) 

In theory, n can take different values between 1 and 3, 
depending on the recombination mechanism27 (Hall 
Shockley Read, Sah Noyce Shockley, Auger etc.), although 
in some cases anomalously high experimental values of n 
may point to the existence of several junctions in a de-
vice.28 Here we are mainly concerned with the behavior of 
perovskite cells under illumination, and so we define a 
diode ideality factor m using the intensity dependence of 
the open circuit voltage, which takes the form 

0
ln

oc B
V mk T

I q

∂
=

∂
    (2) 

The ideality factors, n and m are not identical for per-
ovskite solar cells since the dark and light current voltage 
plots cross at forward bias (See ESI). 

Impedance  

A simple equivalent circuit for a planar thin film p-i-n 
solar cell is shown in Figure 1. Here the capacitance Ctotal 
reflects the overall charge storage in the device.  This is 
the sum of (a) the charge in the contacts (related linearly 
to the voltage by the geometric or junction capacitance, 
Cgeo) and (b) the charge associated with photogenerated 
electrons and holes in the perovskite layer (usually relat-
ed exponentially to the voltage by the chemical capaci-
tance, Cμ).  The relationship between Cgeo and Cμ is dis-
cussed in more detail in the main text and also in the 
supporting information. 

Recombination is represented by the voltage-
dependent recombination resistance Rrec, defined by  

rec

rec

V
R

j

 ∂
=  

∂       (3) 

where jrec is the recombination current density. Generally 
the variation of the recombination resistance with voltage 
is related to the ideality factor m by 

log

2.303

rec

B

R q

V mk T

∂
= −

∂
  (4) 

 

Figure 1. Equivalent circuit of thin film solar cell with ele-
ments representing the recombination resistance, Rrec, cell 
capacitance, Ctot, series resistance, Rser,  and the stray capaci-
tance Cstr. 

Rser is the series resistance of the cell, which in the pre-
sent case is largely associated with the FTO substrate. 
Ctotal represents the total capacitance of the cell, Cgeo + Cµ. 
If necessary, it can be replaced by constant phase shift 
elements (CPE) to reflect effects such as those arising 
from heterogeneity (see supporting information for a dis-
cussion of CPE behavior).29-30 In the case where Ctotal is 
dominated by the build-up of photogenerated charge (as 
in the DSC and in silicon p-n devices),31-32 the recombina-
tion lifetime is given by the product of the chemical ca-

pacitance Cµ and the recombination resistance Rrec. In the 
case where the geometric capacitance, Cgeo, dominates the 
recombination lifetime is not obtained and the time con-
stant for the process is RrecCgeo.  

The circuit shown in Figure 1 neglects complications 
that arise in the case of perovskite cells from low frequen-
cy effects. These have been discussed recently by Bisquert 
et al.,26 who attribute the low frequency response to the 
GDE. Discussion of the low frequency response of the 
planar cells is deferred to a forthcoming paper. In general, 
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the circuit model in Figure 1 gives a satisfactory fit of the 
impedance data for the planar perovskite cells at frequen-
cies above 100 Hz. The low frequency feature only be-
comes an issue at low light intensities (low open circuit 
voltages), where the RC time constant of the solar cell 
becomes comparable with the time constant for the pro-
cess.29  

The circuit in Figure 1 differs from the transmission line 
model that has been used for mesoporous perovskite so-
lar cells.10, 21  As shown below, the planar perovskite cells 
investigated here do not show transmission line behavior 
even in the highest frequency part of the impedance re-
sponses, indicating that transport of charge carriers by 
drift/diffusion is very fast in the thin (600 nm) perovskite 
absorber layer. 

 

IMVS and OCVD    

Intensity-modulated photovoltage spectroscopy (IMVS) 
has been widely used to study recombination in dye-
sensitized solar cells (DSC). It has also been used to inves-
tigate mesostructured perovskite cells. 33-35 To the best of 
our knowledge, this is the first time IMVS has been used 
to characterize planar perovskite cells. The method in-
volves using a small sinusoidal modulation of the illumi-
nation intensity to perturb the Fermi level splitting 
around a steady state at open circuit. Generally the IMVS 
response is a semicircle with a characteristic radial fre-
quency at its maximum that is the inverse of the photo-
voltage decay time constant, τIMVS. In the case where the 
effects of the geometric or junction capacitance can be 

neglected, τIMVS is given by the product of the recombina-
tion resistance and the chemical capacitance, which cor-
responds to the ambipolar carrier lifetime.  However, in 

the case where Cgeo is dominant, we expect τIMVS to be 
determined by the product RrecCgeo.  

For open circuit photovoltage decay (OCVD) measure-
ments, the cell is illuminated at open circuit to establish a 
photostationary state. The light is then switched off and 
the decay in Voc is monitored as a function of time. The 
photovoltage decay lifetime, τOCVD, is then obtained using 
equation 5 (see ESI).  

11 2

2

2 OC OC OCB

OCVD

dV dV d Vk T

q dt dt dt
τ

−−   
= − −   

   
 (5) 

Equation 5 is derived using an approach similar to that of 
Zaban et al. 36, but for the two carrier case where the ex-
cess carrier densities are higher than the doping density 
of the material (see ESI). The second term in equation 5 is 
often omitted, and a satisfactory approximation of the 
lifetime can be obtained by the first term (see reference 31 
for more details).  

If the chemical capacitance of the cell is larger than the 
geometric capacitance obtained from equation 5, the de-
cay lifetime corresponds to the ambipolar carrier lifetime.  
However, in the case where the geometric/junction ca-
pacitance dominates, we expect τOCVD to correspond to 
the RC time constant RrecCgeo. 

 

IMPS 

In cases where carrier transport is slow, the IMPS re-
sponse can be used to measure the delay in collecting 
carriers at the contacts.  IMPS has been used extensively 
to study trap-limited electron transport in dye-sensitized 
solar cells.37-38 It has also been used to study mesostruc-
tured perovskite solar cells.33 However, in the case of 
normal p-n or p-i-n solar cells without deep trap states, 
carrier separation is so fast that it is much more difficult 
to measure by IMPS.  The high frequency IMPS response 
is dominated in this case by the attenuation arising from 
the time constant of the solar cell, which corresponds to 
RserCtotal in Figure 1.  By contrast, in the case of mesostruc-
tured perovskite solar cells, IMPS may give both the RC 
time constant and a time constant due to electron 
transport in the mesoporous titania scaffold. IMPS has 
also been used to characterize charge transfer and re-
combination in semiconductor-electrolyte contacts. 38,39 
In this case, the modulated illumination generates a flux 
of minority carriers into the surface (e.g. at the semi-
conductor – solution interface).  Once there, the carriers 
can either be involved in a charge transfer reaction or 
they may combine with majority carriers.  The relaxation 
of the minority carrier concentration at the surface by 
charge transfer and recombination gives rise to a semicir-
cle in the complex plane IMPS plot with a radial frequen-
cy at the maximum that is equal to the inverse of the re-
laxation lifetime τIMPS

-1 = ktrans + krec , The  normalized low 
frequency intercept of the IMPS  plot corresponds to the 
dc response, and it depends on the fraction of the minori-
ty carriers that make it across the interface.  This charge 

transfer efficiency, ηtrans is given simply by the ratio 

ktrans/(ktrans + krec).
39-40

   Here ktrans and krec are first order 
(or pseudo first order) rate constants for charge transfer 
and recombination at short circuit respectively.   

Results and Discussion 

Cell Efficiencies 

Representative IV curves (Fig. S1 and S2) and a summary 
of the efficiencies of all the cells used in this study is giv-
en in the supporting information. Five devices were stud-
ied, each of which contained three pixels, making a total 
of fifteen solar cells. The cells showed an average efficien-
cy of 11.05% at 1 sun and AM1.5 with a standard deviation 
of 1.02% (number of samples, n=14).The two cells present-
ed in most detail below had efficiencies of 11.98% (FS43_1) 
and 9.60% (FB06_1). One of the pixels gave an anoma-
lously low efficiency and was disregarded, two further 
pixels degraded during transport and the data from them 
was also not included in the study.    

Intensity dependence of Voc 

All of the cells were made at the same time using iden-
tical techniques and were annealed together on the same 
hotplate. Figure 2 illustrates the two types of intensity 
dependence of the open circuit voltage observed when 

the cells were illuminated with monochromatic light (λ= 
625 nm). Interestingly the cells fell into two groups. Five 
of the twelve cells measured showed ideality factors 
around 2.6 (average = 2.61; std dev = 0.09) and 7 showed 
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ideality factors of around 5.2 (average = 5.20; std dev = 
0.31).   Pixels on the same device always gave similar ide-
ality factors, with three out of the five devices showing 
higher ideality factors and two showing lower ones. 
  

 

Figure 2.  Intensity dependence of the open circuit voltages 
for two different cells/pixels illustrating the difference in 
ideality factor between the two groups. 

Interestingly, the cell with the higher ideality factor 
(m=5.3) gives a higher open circuit voltage at the highest 

photon flux (3.17 × 1016 cm-2 s-1), which in terms of the 
measured short circuit currents is equivalent to 0.1 sun 
AM 1.5 illumination. However, Voc for this type of cell falls 
rapidly as the intensity is decreased so that the plots cross 
at the equivalent of 0.03 suns (1.61 × 1015 cm-2 s-1). The rea-
son for the differences in ideality between two sets of cells 
made under identical conditions is unknown. We suggest 
that differences in the annealing temperature due to a 
small temperature gradient on the hotplate could be re-
sponsible. The size and composition of the perovskite 
crystallites has been shown to be rather dependent on 
small changes in  preparation techniques.41 In addition 
other authors have found two types of behaviour for per-
ovskite films that are deposited under identical condi-
tions. Zaban et al42 observed two distinct types of behav-
iour for perovskite films sandwiched between gold elec-
trodes, they attributed the differences to the specific 
structure or orientation of the polycrystalline film with 
respect to the gold electrodes. We could not find any oth-
er literature examples where the ideality factors from Voc 
versus intensity data for perovskite cells have been re-
ported.   

 

Open Circuit Voltage Decay and IMVS 

Experimental OCVD decay plots for the cells are shown in 
Figure 3. Again two distinct types of behaviour were ob-
served. It can be seen that the cell with m=2.6 in Figure 2 

exhibits a remarkably slow decay of Voc: the voltage is still 
0.4 V after 1 second, and the decay is not complete even at 
10 s.  By contrast, the open circuit voltage of the cell with 
m=5.3 decays much more rapidly, falling below 0.1 V in 
only 10 ms. Similar anomalously slow OCVD behavior has 
been reported by Baumann et al.25 for vapor-deposited 
perovskite cells in which the TiO2 and MeOTAD contacts 
were replaced by PC70PCBM and PEDOT:PSS/polyTPD 
respectively. The authors interpreted the decay in terms 
of the kinetics of electron-hole recombination and found 
that the recombination order was between 2 and 3 and 
that it varied depending on the illumination intensity the 
cell was exposed to prior to the decay.   

 

 

Figure 3. Open circuit voltage decays for the two types of 
cell.  Note that the cell with the lower m value in Figure 2 
(FB-06_1) exhibits the anomalously slow voltage decay, 
whereas the voltage of cell with m = 5.3 decays much more 
rapidly.  

The IMVS responses (Figure S8 shows representative 
IMVS data) of the cells measured over two decades of 
light intensity were well-defined semicircles in the com-

plex plane, and τIMVS was derived from the inverse of the 
radial frequency corresponding to the maximum of the 
imaginary component.  

The lifetimes derived from the OCVD plots in Figure 3 
and from the corresponding IMVS measurements on the 
two representative cells are presented in Figure 4.  Details 
of the smoothing and fitting procedures used to obtain 
τOCVD are given in the supporting information.  The rea-
sonable agreement between the lifetimes derived by the 
transient and small sinusoidal modulation methods indi-
cates that the open circuit decays through a set of qua-
sistatic states, at least in the voltage range preceding the 

steeper rise in lifetime that can be seen in the τ plots for 
both cells. The slopes of the regression fits of the IMVS 
plots for the two types of cell correspond to m values 
which are similar to those derived from the intensity de-
pendence of the open circuit voltage (cf. Figure 2). It is 
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important to note that as the geometric capacitance dom-
inates the response of the planar cells (see EIS discussion 
in the next section), OCVD and IMVS are not measuring 
the time constant for ambipolar recombination. The re-

laxation time, τIMVS/τOCVD, instead appears to be dictated 
by the product RrecCgeo.  

The lifetimes measured by IMVS for the two cells were 
found to be inversely proportional to the incident light 
intensity as shown in Figure 5. Remarkably, the lifetimes 
of the two cells at the same light intensity are very simi-
lar, in spite of the fact that the open circuit voltages (and 
presumably therefore the excess electron and hole con-
centrations) are quite different. As shown below, the re-
combination resistances of the two cells measured by 
impedance spectroscopy were also very similar when 
measured at the same illumination intensity (cf. Figure 
8). The recombination resistance is expected to vary line-
arly with the inverse of light intensity, providing the dark 
and light responses from the cell are additive (see sup-
porting information). As the lifetime τIMVS/τOCVD, equals 
RrecCgeo in the case of the cells measured here, it follows 

that τIMVS/τOCVD should also vary linearly with light inten-
sity provided that Cgeo is effectively constant across the 
full range of light intensities measured.  This contrasts 
strongly with the case of normal p-n junctions, where the 
chemical capacitance is dominant and increases with 
light intensity due to the increase in electron and hole 
concentrations.  

 

Figure 4. Lifetimes (τIMVS andτOCVD) for the two cells derived 
from the open circuit voltage decay (lines) and from the 
IMVS response (open circles). The regression fits of the IMVS 
lifetimes give the values of m shown on the figure.  These are 
similar to those derived from the intensity dependence of the 
Voc (see Figure 2). 

 

Figure 5. Intensity dependence of the lifetimes measured by 
IMVS for the two cells.  The broken line corresponds to a 
linear dependence (slope = -1). 

Impedance 

Impedance measurements were carried out at open cir-
cuit under illumination (and also in the dark as a function 
of voltage bias - see ESI). Figures 6a and 6b illustrate the 
impedance response observed at an intensity correspond-

ing to ∼0.1 sun. At all intensities three typical features 
were seen in the Nyquist plots. A mid frequency semi-
circle was attributed to Ctotal and Rrec. The semi-circle was 
distorted at the highest frequencies by another process 
which we have attributed the effect of stray capacitance 
(e.g. from the connectors); however it could also be due 
to the impedance of the titania blocking layer. A third low 
frequency feature was always observed below ~100Hz as 
illustrated in figure 6a. Each of the features is discussed in 
more detail below.       

 

Figure 6a. Example of the impedance response measured at 

open circuit at the highest light intensity (λ = 625 nm, 3.17 × 
1016 cm-2 s-1). Points experimental, line fitting to the circuit 
shown in Figure 1. 
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Figure 6b Bode plot (symbols) and fit (lines) to the circuit 
shown in Figure 1 with Cjun replaced by a constant phase shift 
element for the impedance response shown in Figure 6b. 

Impedance measurements have been used extensively 
to characterize mesostructured lead halide perovskite 
solar cells.10, 22, 24 In the case of the mesostructured cells, 
the analysis has been based on transmission line models 
developed for dye-sensitized solar cells that consider elec-
tron transport and recombination.10, 13, 21, 26, 43 In the case of 
the planar perovskite cells studied here, we did not ob-
serve transmission line behavior, even at the highest fre-
quencies (1.5 MHz). It is likely therefore, that for these 
planar cells the transport of carriers through the perov-
skite films is too fast to be measured by impedance spec-
troscopy.  This result suggests that the response of these 
planar cells is much simpler than that of mesostructured 
cells, and it is possible that the transmission line seen in 
mesostructured cells is a result of the electrons in the 
titania scaffold rather than in the perovskite itself.  

The time constant for the semi-circle obtained in the 
impedance of all the planar cells, at all illumination inten-
sities, was much shorter than the relaxation time reported 
for the giant dielectric effect. 12,36,13, 26  The response can be 
fitted to the simple circuit shown in Figure 1 if the total 
capacitance is replaced by a constant phase shift element.  
When this was done the P-values for the CPE represent-
ing Ctotal were all between 0.87 and 1 (see ESI for further 
discussion). It should also be noted that fitting the mid 
frequency range of the semi-circle to a simple model con-
taining only Rser, Rrec, Ctotal without a CPE gave a reasona-
ble fit and showed identical trends in the recombination 
resistance. When the simple Rser(RrecCtotal) model  was 
used, Ctotal (e.g. reported here for FS43_1) had values of 
between 20 and 32 nF over the entire intensity (and hence 
voltage) range. The geometric capacitance for a perfectly 
smooth device can be calculated to be ~ 5.3 nF (C= 

ɛ0ɛrA/d; A=0.15cm2, d=600nm, ɛr = 2412, 44). The experimen-
tally derived values of the capacitance are approximately 
4 times larger than the calculated geometric capacitance 
for the cell using a relative permittivity of 24. This sug-

gests either a perfectly flat perovskite film with a relative 
permittivity of 100 or a film with a relative permittivity of 
24 and a roughness factor of 4. A roughness factor of 4 is 
entirely reasonable for a multi-crystalline perovskite film; 
mechanically polished gold films have roughness factors 
of between 3 and 5 for example.45 However the difference 
in calculated and measured capacitance could also be due 
to an increase in dielectric constant under illumination as 
reported by Juarez-Perez et al.13   

The impedance results strongly suggests that Ctotal is 
dominated by the value of the geometric capacitance and 
that the charge stored in the contacts is significantly larg-
er than the charge due to photogenerated electrons and 
holes in the perovskite. In contrast to measurements on 
mesostructured cells with titania scaffolds, we do not ap-
pear to measure the chemical capacitance and do not see 
large amounts of charge stored in the bulk of the perov-
skite.13, 33 Previous measurements on planar perovskite 
cells (300nm active layer) also showed a large capacitance 
which was attributed to a high intrinsic density of states 
in perovskite films.21 We did not observe such a large ca-
pacitance in our measurements, and the devices studied 
here show a capacitance which does not vary strongly 
with intensity. It is possible that the capacitance behavior 
depends on the methods used to prepare the perovskite 
cells, as several recent papers have shown large differ-
ences in cell properties for small differences in prepara-
tion techniques.46-48 The fact that Cg dominates Cμ over 
the frequency range is consistent with a p-i-n device, alt-
hough other authors have suggested that perovskite solar 
cells may function as p-n devices.49   

The parallel resistance that accompanies Cgeo is at-
tributed to the recombination resistance. The lifetimes 
calculated from the product of Cgeo and Rrec agree well 
with the values measured by IMVS and OCVD (Fig 4 and 
Fig S9). We therefore conclude that the perovskite can be 
considered as essentially intrinsic. This is consistent with 

the very low doping density (∼109 cm-3) calculated from 
the transition to first order decay seen in Figure 4. The 
variations of the recombination resistance with Voc and 
with intensity are shown in Figure 7 and Figure 8.  The 
semilogarithmic plots of Rrec vs. Voc for the two types of 
cell have different slopes as shown in Figure 7, reflecting 
the different ideality factors of the cells.  The ideality fac-
tors of 2.7 and 4.8 are very similar to those obtained from 
the intensity dependence of the open circuit voltage (cf. 
Figure 2). By contrast, the intensity dependence of Rrec is 
almost identical for both types of cell, with a slope close 

to -1, mirroring the intensity dependence of τIMVS meas-
ured by IMVS (cf. Figure 5).  
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Figure 7. Recombination resistance for the two different 
types of cell measured at open circuit under different illumi-
nation intensities. The slopes of the lines shown are 281 
mV/decade for FS43-1 and 161 mV/decade for FB-06, corre-
sponding to m values of 4.8 and 2.7 respectively. 

 

Figure 8. Intensity dependence of the recombination re-
sistance for the two cells.  The broken line corresponds to a 
linear dependence of Rrec on incident photon flux. 

  The low frequency feature that appears in the impedance 
plots below 100Hz has not been studied in detail, as we were 
concerned that the cells could degrade on the timescale of 
the very slow low frequency measurements. Juarez-Perez et 
al. attribute the low frequency feature to the GDE in the per-
ovskite.13 We are currently looking at the low frequency fea-
ture in more detail, but the conclusion of this paper is that a 
simple circuit gives a good fit to all data above 100Hz.  

IMPS 

IMPS has been extensively used to investigate carrier 
transport in DSC. It has also been used to study recombina-
tion and interfacial transfer of minority carriers in illuminat-

ed semi-conductor electrodes.39-40, 50  IMPS was recently used 
by Guillén et al. to study mesostructured perovskite cells; 
two time constants were observed in one quadrant of the 
complex plane plot. Figure 9 shows a representative IMPS 
plot for FS43_1 at 0.1 sun equivalent illumination.  The high 
frequency semi-circle is incomplete as the LED could not be 
modulated satisfactorily at frequencies higher than 200 kHz. 
The IMPS response for DSC is usually a semicircle trending 
to a 45o line towards the origin at high frequencies.  The 
characteristic frequency of the semi-circle is related to the 
electron transport time, which ranges from ms to s, depend-
ing on the illumination intensity.  By contrast, in the case of 
the  planar perovskite solar cells studied here, the high fre-
quency semi-circle is dominated by the time constant RserCgeo 
of the cell, and it is difficult to deconvolute the effect of car-
rier transport because the carrier transit times are similar to 
or shorter than the RC time constant. However, we believe 
that the distortion of the semicircle at high frequencies may 
not be an instrumental artefact but could be due to an addi-
tional phase lag associated with transport. The values of the 
series resistance measured by impedance spectroscopy were 
used to estimate the capacitance from the relaxation time for 
the high frequency semi-circle. The series resistance for 

FB06_1, for example, was ~40Ω, which gave capacitance val-
ues of between 26 and 36 nF. These values are consistent 
with the values of Ctotal obtained from both IMVS and im-
pedance spectroscopy.  

Interestingly a second semi-circle in the lower quadrant is 
seen at lower frequencies. As discussed above, a similar re-
sponse is observed for illuminated semiconductor/electrolyte 
junctions, where the second semi-circle is due to the relaxa-
tion of the minority carrier concentration at short circuit by 
charge transfer (with rate ktrans) and recombination (with 
rate krec) at the solution-electrode interface. The high fre-
quency intercept corresponds to the instantaneous photo-
current and the low frequency limit to the steady state pho-
tocurrent. In this case, the semi-circle has a radial frequency 
at the minimum that is equal to the inverse of the relaxation 
lifetime τIMPS

-1 = ktrans + krec, and a normalized low frequency 
intercept that depends on the charge transfer efficiency, 
ηtrans = ktrans/(ktrans + krec).  It should be noted that the ‘relaxa-
tion lifetime’ measured using IMPS is quite separate from the 
‘recombination lifetime’ which is measured at open circuit. 
The open circuit recombination lifetime is the product of the 
chemical capacitance and the recombination resistance. In 
contrast, the relaxation lifetime from IMPS is measured at 
short circuit. The IMPS lifetime is not influenced by the ge-
ometric capacitance which, as outlined above, is observed in 
the high frequency semi-circle in the upper quadrant of the 
IMPS plot. IMPS can therefore give useful information about 
interfacial charge transport and recombination in perovskite 
solar cells at short circuit.  

In view of the similarity mentioned above, we attribute the 
low frequency IMPS response for the perovskite cells to the 
relaxation of photogenerated carriers due interfacial recom-
bination and transport at short circuit. Values for ktrans, krec, 

τIMPS and ηtrans were extracted from the maximum frequency 
and normalized low frequency intercepts of the IMPS plots 
recorded as a function of light intensity. Figure 10 shows the 
collection efficiency, ηtrans, for the two cells studied in detail 

in this paper.  It can be seen that ηtrans for FS43_1 is higher 
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than that of FBo6_1 at all intensities. This result is consistent 
with the higher global efficiency measured for this cell.  

 

Figure 9. IMPS response for FS43_1 showing the RC 
time constant at high frequency and a low frequency 
semi-circle which is related to transport and recombina-
tion.  

 

 

Figure 10. Collection efficiency,ηtrans, for FB06_1 and 
FS43_1 calculated from the intercept of the low frequency 
semi-circle in the IMPS. 

 

Figure 11 shows the short circuit relaxation lifetime cal-
culated from the maximum of the low frequency IMPS 
semi-circles. A linear variation with intensity is seen for 
τIMPS and its values are higher than the values of τIMVS 
measured at the same light intensities. The calculated 
rate constants are shown in Figure 12. At all intensities 

ktrans is approximately an order of magnitude greater than 
krec which is consistent with the high external quantum 
efficiencies typically measured for perovskite solar cells 
under short circuit conditions.  Cell FB06_1 showed a 
higher recombination rate than cell FS43_1 (3.43 x 103 s-1 
compared to 3.18 x 103 s-1 at 0.1 sun); the rate constant for 
interfacial transport was also slower (1.46 x 104 s-1 com-
pared to 1.69 x 104s-1). The differences between the cells 
increased at lower illumination levels. This data is con-
sistent with the lower short circuit current observed for 
FB06_1. The variation in ηtrans with intensity is due to the 
changes in ktrans and krec with intensity. The data in Fig. 11 
is not linear with intensity, with ktrans increasing and krec 
decreasing as the light intensity is decreased.  

Further work is in progress to relate the rate constants 
derived from the IMPS measurements to models of sur-
face recombination.  

 

 

Figure 11. τIMPS from IMPS measurements of FB06_1 and 
FS43_1.  

Figure 12. Recombination rate constant (open symbols) 
and transport rate constant (solid symbols) as a function 
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of intensity. The circles show data for FB06_1 and the tri-
angles for FS43_1.  

Conclusions 

IMVS, OCVD, impedance and IMPS have been used to study 
planar perovskite solar cells. Despite the fact that all the cells 
were made at the same time, two distinct sets of behaviours 
were seen. Half the cells had ideality factors of ~2.6 and the 
other half showed ideality factors of ~5.2.The difference in 
behavior was also seen in the OCVD: the cells with the lower 
ideality factors showed a persistent photovoltage. Lifetimes 
from IMVS were in good agreement with those calculated 
from OCVD. IMVS and impedance spectroscopy showed 
time constants that were dominated by the geometric capaci-
tance rather than the chemical capacitance, meaning that 
the ambipolar recombination lifetime could not be extracted. 
IMPS showed two semi-circles, one at high frequency at-
tributed to the RC time constant of the cells and a second at 
lower frequency attributed to interfacial transport and re-
combination at short circuit. Analysis of the IMPS response 
suggests that the collection of photogenerated carriers is very 
efficient under short circuit conditions in these planar perov-
skite cells  
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SYNOPSIS TOC. Planar perovskite solar cells have been 
characterized by impedance spectroscopy (IS), IMVS, IMPS 
and OCVD. The cells fell into two groups; one group that 
showed ideality factors of ~2.6 and one groups that showed 

ideality factors of >5.  In contrast to published results for 
mesostructured perovskite solar cells, the IMVS and IS re-
sponse for planar cells was dominated by the geometric ca-
pacitance of the devices. Electron diffusion was too fast to be 
observed in either IS or IMPS. Interestingly IMPS showed a 
feature which has been attributed to interfacial transport and 
recombination at short circuit and suggests collection effi-
ciencies >80% in the ~12% efficient planar perovskite cells.  
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