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Abstract 

 Despite the large photovoltaic performance recently achieved, many aspects of the 

working principles of hybrid organic-inorganic perovskite solar cells remain to be 

unveiled. We analyze the experimental features observed in the decay of photovoltage 

and provide an interpretation of the different depolarization regimes at distinct time 

scales. We introduce an instantaneous relaxation time that shows the type of relaxation 

for each separate mechanism. The decay of photovoltage is characterized by electronic 

events at ms timescale followed by a power law relaxation in the 10-100 s time window. 

The latter process is associated with the slow dielectric relaxation of CH3NH3PbI3 

perovskite and it points out to cooperative kinetics of polarization and depolarization of 

ferroelectric domains. These findings provide an important tool for interpretation of 

kinetic features in the perovskite ferroic solar cells. 
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One sentence highlighting the novelty of the work 

Power law voltage decay in perovskite solar cells shows cooperative relaxation 

phenomena 

 

Broader context 

This work describes the transient phenomena that occur in hybrid CH3NH3PbI3 

perovskite by measurement of the decay of a photovoltage. This analysis is important in 

order to understand the coupled electronic-structural phenomena that take place in the 

operation of the perovskite solar cell when the external influences of voltage and 

illumination are modified. The study also aims to reveal fundamental insights about the 

photovoltaic mechanisms of this unique material. The results of our analysis show a 

separation of the decay stages into two distinct phenomena. Firstly, there are rapid 

electronic transients in the ms time scale, which are ordinary response times in all kind 

of solar cells. The novel behaviour is a slow decay in the long time 10-100 s timescale 

that shows a power law decay that is common in cooperative relaxations as those 

occurring in polymers and glassy materials. These effects evidence that the perovskite 

undergoes slow changes in adaptation to external perturbations, very likely associated to 

the ferroic behaviour of these perovskites. These finding are important for a general 

analysis of the perovskite and other ferroic solar cells, as these cells have an important 

degree of freedom, that is the internal state of polarization, that was absent in previous 

photovoltaic technologies. 
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Hybrid organic-inorganic ABX3 perovskite solar cells (PSCs), where A is an organic 

cation, B is a metal and X halide atoms, are currently the best candidates for the third 

generation devices performing the light to electric power conversion. In particular 

CH3NH3PbI3 perovskite has provided very large solar energy conversion efficiency of 

certified efficiencies of  20.1%.
1,2

 Despite the growing amount of publications reporting 

enhancement of the conversion efficiency, many aspects of the working principles of 

such solar cells remain still uncertain.  

Time transient experiments that probe the decay of electrical or optical properties are 

widely used to obtain the properties of charge generation, recombination and the 

fundamental mechanisms of voltage and current generation in hybrid organic-inorganic 

solar cells.
3
 These transient decays such as Transient Absorption Spectroscopy (TAS), 

Transient Photovoltage Decays (TPD) and open-circuit voltage decay (OCVD),
4
 have 

been normally interpreted in terms of electronic processes in a rigid organic-inorganic 

lattice framework. However, recent reports have revealed a new component in the 

dynamic response of PSCs: the dielectric relaxation (or polarization) that affects 

electronic processes in the absorber. The origin of this process is associated to the 

distortable structure of the hybrid ABX3 which causes a giant dielectric constant and the 

corresponding ferroelectric behaviour.
5, 6

 In general, the materials that undergo a phase 

transition to a phase of reduced symmetry with several equivalent distorted structures 

are called ferroics.
7
 It has been suggested that the dielectric-ferroic effects in 

CH3NH3PbI3 are strongly affected by voltage or light perturbation, being responsible for 

slow dynamic processes as manifested in voltage
8
 and photocurrent decay.

9
 Moreover, 

the application of a voltage or charge generation process to a PSC generates two distinct 

kinds of net charges. The first one is composed of electrons and holes, of density n  and 

p , distributed in the volume of the absorber. The second type is related to the 

polarization, P , defined as the electric dipole per unit volume. This polarization, 

provokes bound ionic charge at the outer faces of the perovskite sample. In addition 

recently it has been suggested that facile migration of ions occurs in CH3NH3PbI3 

perovskite solar cells.
10, 11

 This effect provides an additional source of macroscopic 

polarization. 

In order to obtain a suitable description of time transient behavior of PSC it is 

necessary to consider the decay of both out of equilibrium minority carrier, n  and the 

polarization, P . In this Communication we present the experimental decays of both 

OCVD and TPD, describing them in terms of the combined ionic-electronic 

depolarization characteristics.  

The photovoltage V  in all solar cells is given by the difference of the Fermi level of 

electrons at the electron selective contact, to the Fermi level of holes at the hole 

selective contact.
12, 13

 This separation is caused by the modification of a minority carrier 

Fermi level by photogenerated carriers, as )/exp(0 TkqVnn B , where q  is the 

elementary charge and TkB  the thermal energy, or by the change of both electron and 

hole Fermi levels if the material is intrinsic. Recombination regulates the voltage decay 
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according to a kinetic model of the type 
14-16

 

rec

n

dt

dn


  (1) 

Here rec  is the recombination lifetime of the minority carrier that is  

 CRrecrec   (2) 

where C  is the chemical capacitance
17

 and recR  is the recombination resistance.
16

  

In 2003 we introduced
4
 the OCVD method that measures the decay of open-circuit 

voltage towards dark equilibrium value ( 0V ). It was shown that the recombination 

time is well described by the expression 

1











dt

dV

q

TkB
rec  (3) 

that is derived from Eq. (1). It should also be remarked that the time constant measured 

by the reciprocal voltage derivative is not generally related to recombination.
16

 In the 

presence of a contact capacitance, coC , such as the depletion layer at the 

semiconductor-metal interface, the time constant corecs CR  does not contain 

information on carrier recombination lifetime. We have recently shown that depletion 

layer exists at the TiO2/perovskite contact,
18

 hence the interfacial capacitance must be 

included in a general analysis of perovskite solar cells. Indeed, prior experiments 

showed that charge extraction to contacts of perovskite layers is extremely fast.
19, 20

 

A ferroelectric material is able to obtain a permanent polarization in the absence of an 

applied electric field. Even if the permanent polarization is not induced, the polar 

material creates a polarization vector P  in response, and opposite to, an applied field 

E . There are different factors influencing the orientation of dipoles in a ferroic material: 

minimization of electrostatic energy and mechanical stress, the orientation imposed by 

preferred crystallographic directions, and the structural boundary conditions. The 

combination of these factors usually causes that the polarization is not homogenous but 

rather is split into distinct regions with uniformly oriented polarization called 

ferroelectric domains. These uniform regions are separated by domain walls that contain 

net ionic charge. The domain structure reduces the overall polarization and decreases the 

importance of depolarizing field associated to surface charge of the ferroelectric film.  

The polarization P  in hybrid perovskites may arise from three major mechanisms: 

the ionic off-centering, the atomic BX6 cage rotations, and the organic cation dipolar 

orientation. The rotation of the PbI6 octahedron is considered to be the order parameter 

of the cubic-tetragonal transition that occurs at 327 K.
21

 The rotation of dipolar 

CH3NH3
+

 is suggested as a source of polarization,
22

 however, the flip of the dipole  is 

extremely fast, on picosecond scale,
23

 and it should not be the main candidate for 

ultraslow relaxation phenomena observed in CH3NH3PbI3. However, the size of organic 

cation determines properties of the primitive cell of the perovskite and consequently 

influences the other polarization mechanisms. A macroscopic manifestation of 
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polarization in the CH3NH3PbI3 layer is the dielectric relaxation capacitance, drC , 

which in the limit of infinitely small frequency should be dVdPCdr / . A large 

dielectric constant has been determined
5
 by measurement of  drC  and it has been shown 

to be greatly affected by illumination. The ferroelectric domains have been observed
6
 

and they are found to influence different cell response features. One important 

observation is the change of current voltage curve according to past voltage treatment.
8, 

24
 Additionally, the accumulation of ionic defects at contact regions can also provoke a 

large polarization with the associated capacitive effect.  

In this paper we consider the decay of the photovoltage that can be measured in two 

different types of perturbation. The TPD method is usually realized by a small 

perturbation of a steady state. On the other hand in the OCVD method the full 

photovoltage decays to the state of dark equilibrium. The photovoltage, caused by 

separation of Fermi levels as mentioned above, produces a corresponding modification 

of the internal difference of electrostatic potential from one contact to the other. The 

recent spatially resolved measurement of the vacuum level reveal that internal 

bandbending is located mainly in CH3NH3PbI3 layer and to a much less extent in the 

mesoscopic TiO2/CH3NH3PbI3 layer.
25

 The depletion layer has a great significance in 

ferroelectric devices, as the largest electrical field is situated in the space charge layer. 

The migration of ionic defects at contacts is also responsive to the internal electric field. 

Therefore the polarization by external bias can affect substantially the depletion layer 

and contacts more than the quasi-neutral regions.
11, 18, 25

 Under illumination the vacuum 

level changes by about 1 V over a thickness of order 1 μm, which is a substantial field 

able to induce the corresponding polarization in the perovskite layer.  

The sequence of events in the OCVD is suggested to occur as follows. The removal 

of voltage when switching off illumination depends in all cases on the disappearance of 

excess photogenerated carriers by recombination, that usually occurs on a time scale of 

1 ms and even much lower. However, the change of internal vacuum level of order 1 V 

associated to photovoltage produces a large modification of the internal polarization 

structure in the device. When the electronic driving force is removed the polarization 

remains in an out of equilibrium state and it must decay to equilibrium configuration. 

For example a plausible description is that at a photovoltage close to 1 V the sample will 

be nearly in flatband condition in which the vacuum level is flat. By removing the 

photovoltage the active layer needs to develop a bandbending that will be a function of 

the doping level and contacts work functions.
18

 Thus a large electrical field must be 

constructed with the consequent polarization. However the decay of polarization is a 

very slow phenomenon that will block the decrease of the voltage for a considerable 

time. As a reference the characteristic depolarization time dr  caused in ferroelectric 

oxides such as barium titanate by domain formation kinetics has typical value of 1000 s 

at room temperature.
26

 Similarly, modifying ionic defect accumulation in the electrode 

area may take a long time, depending on the ionic mobility.
11

 

Regarding the slow response associated to recovery of the dark polarization, we 
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expect that the large perturbation OCVD involves complex cooperative relaxation 

phenomena that give raise to non-exponential relaxation, which is a general occurrence 

in a broad variety of solids including polymers and glasses.
27-29

 For the analysis of 

photovoltage decays we define here an instantaneous relaxation time ir  by the 

following expression that describes a general relaxation phenomenon 

V
dt

dV

ir

1
  (4) 

The characteristic time ir  is a constant only if the voltage decay obeys an ideal 

relaxation exponential law. Otherwise ir  is a function of the voltage that can be 

generally determined as 

1
1

)(













dt

dV

V
Vir  (5) 

The time )(Vir  describes the instantaneous advance of the relaxation, being 

different from the 2003 definition of Eq. (3) that applies for a recombination lifetime. In 

practice both curves )(Vir  and )(Vrec  are rotated with respect to each other in a 

log  vs. Vlog  plot.  

Implicit in Eq. (4) is that the system undergoes a decay from an initial ( 0V ) to final 

( 1V ) voltage values associated to different equilibrium states of illumination intensity, 

namely 00   and 01  . Eq. (4) applies to the measurement of OCVD and more 

generally, for 01  , at the right hand side of Eq. (4) it must be written  

)(
1

1VV
dt

dV

ir




 (6) 

This last definition can be applied also to small perturbation voltage decays (TPD). 

The representation of )(Vir  provides us the discriminative ability to separate 

different types of relaxation dynamics. In fact the definition of Eq. (5) is useful to assess 

the extent of non-exponentiality of the relaxation. We now analyze the evolution of 

)(Vir  in the case of some characteristic relaxation functions as shown in Fig. 1. For an 

exponential decay, ir  is a constant, as already mentioned, consequently the curve is 

horizontal. The double exponential decay in )(Vir  representation, Fig. 1(a), shows a 

rapid step transition from the fast to the slow time constant. There are different 

relaxation models in which the decay is not exponential but behaves asymptotically as a 

power law 

 kttV )(  (7) 

and then we obtain 





 /1

/1
 V

k
ir  (8) 

Fig. 1(b) shows an exponential decay at short times that turns into a power law decay 

at longer times. 
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The most generally used relaxation function for a cooperative solid is the 

Kohlrausch–Williams–Watts (KWW) stretched exponential function 





























 0
0 exp)(

t
VtV  (9) 

The instantaneous relaxation time is shown in Fig. 1(c) and it has the expression  

    /11
00 /ln


 VVir  (10) 

 

 

Fig. 1. Representation of instantaneous relaxation time for different types of temporal 

decays: (a) Double exponential decays with decay times 1 1 s, 2 100 s, ir  

becomes constant for an exponential decay, as can be appreciated at short and long time. 
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(b) Exponential decay at short time,  100 s, and power law decay with 2.1  at 

long time. ir  becomes a straight line in log-log scale with slope -1/α. (c) Stretched 

exponential decay. 

 

 

Fig. 2. Instantaneous relaxation time as function of voltage for three different 

CH3NH3PbI3-xClx perovskite solar cells. The starting value of voltage is indicated for 

each cell. 
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We will now describe a series of OCVD results of three different types of perovskite 

based solar cells, fabricated as previously reported,
30-32

 resulting in an average 

efficiency of 10%, as further described in SI. Briefly, the first set of samples analyzed 

consists on the single step deposition, using PbCl2 precursor, of CH3NH3PbI3-xClx onto a 

compact TiO2/mesoporous-TiO2 electrode and using Spiro-MeOTAD as HTM, which 

are denoted as Sing-MA/I-Cl. The second type of devices that are referred to as Seq-

MA/I were prepared by exploiting the sequential methodology, which consists on 

depositing by spin-coating a layer of PbI2 onto a compact TiO2/mesoporous-TiO2 

electrode, followed by the addition of a CH3NH3I solution to form the CH3NH3PbI3 and 

using Spiro-MeOTAD as HTM. These two methods, configuration and materials are 

probably the most extended in the current literature of PSCs. The third configuration of 

devices consist on the deposition of CH3NH3PbI3 by drop casting onto a meso-

TiO2/meso-ZrO2/Carbon electrode, thus consisting on a hole conductor-free device 

denoted as MA/I-Carbon. This non generalized configuration is used here to validate the 

result in non-standard systems. The large perturbation photovoltage decays (OCVD) 

were registered by using a white light halogen lamp and neutral density filters to adjust 

the photovoltage of the cell. A mechanical shutter (≈25 ms response time) was 

employed for the light On-Off cycles and a potentiostat for the photovoltage monitoring. 

The measured decays are shown in Fig. SI 1 and the correspondent instantaneous 

relaxation times are shown in Fig. 2. From these results we observe that perovskite solar 

cells with quite different morphologies display a similar pattern of the relaxation times. 

The first feature we observe is a rapid transition of ir  at short times (initial decay 

values) towards larger time scale decay. The long time decay OCVD has been reported 

before in perovskite solar cells in agreement with our findings.
33

 In addition to the very 

slow decay, faster decay components occur as observed by small perturbation TPD,
32, 34, 

35
 with relaxation times in the ms scale that are not detected in our OCVD experiment. 

Therefore, we developed complementary small perturbation transient photovoltage 

decays by using a white LED to vary the back illumination level and a ns-pulsed 

Nd/YAG laser (λexc= 650 nm) to promote the voltage perturbation (≈ 20 mV), and the 

results are shown in Fig. 3, while in Fig. SI 2 and 3 we show the full decay over a longer 

time scale. The TPD in Fig. 3 show two fast components of the decay, 1  and 2 , that 

span from 0.1 ms to ms. In addition, a third slower component is observed in Fig. SI 2 

and 3 which sometimes contains an overshoot of the voltage.  
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Fig. 3. Normalized small perturbation transient photovoltage decays (TPD) of three 

different perovskite based devices (Sing-MA/I-Cl, Seq-MA/I and MA/I-Carbon) at at 

voltage (from top to bottom) 0, 0.5, 0.6, 0.7, 0.8 V. 

 

Unfortunately the resolution of TPD measurement is too low to determine the ir  

using Eq. (5). However, as explained before in the expected sequence of events in a 
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voltage decay, it makes full sense that fast decay components observed are associated to 

electronic phenomena, i.e., recombination-transport by charge and discharge of 

capacitances C  and/or coC . These phenomena will be further analyzed in a 

forthcoming work. 

Having summarily discussed the faster components of the relaxation phenomena, we 

return to the analysis of the observations reported in Fig. 2. We note that the rapid 

increase of ir  at the highest voltage can be associated to the start of a stretched 

exponential relaxation. After the upward bending some cells (Sing-MA/I-Cl) show a 

nearly plateau that indicates a short lived exponential relaxation that precedes a much 

longer feature. The most prominent feature of Fig. 2 is that in the long time, all 

measured cells provide a power law decay, which is characteristic of a cooperative 

relaxation.  

Some measurements of transient behaviour in perovskite solar cells have been 

previously interpreted in terms of trapped electronic carriers.
25, 33, 35

 The role of traps in 

dye-sensitized solar cells (DSC) has been widely acknowledged to cause retarded 

dynamics including a voltage dependence of the lifetime.
16, 36

 The organic-inorganic 

perovskites are a type of material that contains both holes and electrons, able to directly 

recombine, thus we must distinguish two kinds of traps. Traps that cause long time 

effects need to be deep in the band gap so that the associated time of release is large. But 

deep traps in the center of the gap will cause strong SRH recombination centers and 

electrons cannot persist for a long time there. It has been suggested that such traps exist 

in a very low number.
37

 Similarly interfacial traps are a source of intense recombination. 

In any case one does not expect in a material containing both carriers, electrons and 

holes, as hybrid halide perovskite, that electronic traps can hold a significant voltage for 

a scale of minutes. Otherwise if the traps are shallow they remain in equilibrium with 

the respective band edge and they do not cause a major effect of the carrier kinetics. We 

therefore suggest that it is unlikely that relaxation in long time scales is caused by 

electronic traps. On the other hand the recombination centers may exert an important 

effect on electron recombination dynamics at shorter time scales.
35

 

Summarizing, we have discussed in this work some general patterns of depolarization 

kinetics of hybrid organic-inorganic perovskite solar cells. They consist on the 

combination of relatively fast decay phenomena of electronic origin (discharge and 

recombination of photogenerated electrons and holes) with a longer time decay that is 

related to different stable polarization states of the material at different internal voltage. 

We have established the presence of a power law decay relaxation time centered in the 

timescale 10-100 s as shown in Fig. 2. This feature may not arise from normal 

semiconductor traps kinetics. The shape and timescale of the decay point to a 

cooperative relaxation mechanism as often found in solids where molecular of structural 

units interact during the change of state that involves a relaxation event. The time scale 

is ultraslow in terms of microscopic mechanisms and we suggest that it points out to 

cooperative kinetics of polarization and depolarization of ferroic domains, mainly 
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located in depletion zones. However the voltage decay by itself cannot reveal the nature 

of such phenomena. 

These findings will be an important tool for interpretation of decay features in the 

perovskite solar cells. There arises the important question of the interaction between the 

short time electronic phenomena and the global status of polarization of the sample. This 

issue remains for future investigation based on the present findings that establish the 

shape of the relaxation time of overall polarization of perovskite solar cells. This work 

clearly establishes the differentiate nature of perovskite solar cells in comparison with 

previous photovoltaic technologies. Deep understanding of the new physical phenomena 

occurring in these devices will be mandatory to take full advantage of the enormous 

potentiality of hybrid halide perovskite for the development of extremely efficient solar 

cells. 

 

Supporting Information 

Solar cell preparation and methods of measurement, the evolution and parameters of 

the experimental TPD response, the calculation and simulation of the TPD response and 

asymptotic behavior.  
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