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ABSTRACT: Characteristic times of perovskite solar cells (PSCs) have been measured by
different techniques: transient photovoltage decay, transient photoluminescence, and
impedance spectroscopy. A slow dynamic process is detected that shows characteristic
times in the seconds to milliseconds scale, with good quantitative agreement between
transient photovoltage decay and impedance spectroscopy. Here, we show that this
characteristic time is related with a novel slow dynamic process caused by the peculiar
structural properties of lead halide perovskites and depending on perovskite crystal size
and organic cation nature. This new process may lie at the basis of the current—voltage
hysteresis reported for PSCs and could have important implications in PSC performance
because it may give rise to distinct dynamical behavior with respect to other classes of
photovoltaic devices. Furthermore, we show that low-frequency characteristic time,
commonly associated with electronic carrier lifetime in other photovoltaic devices, cannot
be attributed to a recombination process in the case of PSCs.
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ybrid organic—inorganic lead halide perovskite (PS)"*

derivatives are becoming one of the most promising
materials for sunlight energy conversion, mainly due to the high
overall cell efficiency, with certified values as high as 17.9%, and
the rapid rate of improvement that they have experienced in the
last years.”™® There has been a significant amount of work on
the topic recently, but many points of the different physical
processes acting on this kind of cells are not completely
understood. Therefore, devoting a great effort toward the
elucidation of the working principles of perovskite solar cells
(PSCs) is needed. A great variety of recent works can be found
in the literature aimed to improving the power conversion
efficiency, 7, of the devices by modifying the PS deposition
methodologies, for example, single*®® or sequential step
procedures,” as well as by varying the nature of the PS
precursors employed, that is, halides (Cl~, Br~, I7)'*™"* or
organic (methylammonium, formamidinium)u’m'14 or inor-
ganic cations (Pb*, Sn**).">”'7 Unfortunately, it is yet
unknown what is the exact influence of the film growth
methodologies and/or nature of the precursors over the
mechanisms ruling the overall performance of the devices. In
addition, there are several pieces of evidence that point to new
features and physical processes occurring in PSCs. For instance,
recent studies have identified an anomalous hysteresis in PS
solar cells, and although several hypotheses have been
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proposed, its origin remains still unclear.'® In addition, the
observed distinct characteristic arc in impedance spectroscopy
(IS) at low frequencies' is another fact that requires
explanation.

In this work, we report the dynamics characteristics of the
PSCs in the slow time scale pertinent to photovoltaic operation.
We combine time domain and frequency domain measure-
ments, and we propose that photovoltage decay times in PSCs
are governed by a new slow reorganization process that is
intrinsic to the structural features of the material. We discuss
the correlation of photovoltage decay times with the cell
performance, and we show that slow time domain characteristic
times do not straightforwardly correspond to a recombination
as they are influenced by the intrinsic reorganization process of
the PS structure.

In order to test PSC dynamic processes, we compare two
different methodologies of PS deposition, a single
(CH;NH,PbI,_,Cl,) and a sequential step (CH;NH,Pbl,)
procedure, and the use of two types of organic cations,
methylammonium (MA) and formamidinium (FA), with a
clearly differentiated dipole moment, 2.28 and 0.21 D,
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respectively.”’ The PS films were deposited on nanostructured
TiO, substrates (NS-TiO,); see the Supporting Information for
further details. From now, they will be referred as Sing-MA/I-Cl
for single step growth of CH;NH;PbI;_,Cl,, in which all of the
precursors are mixed and deposited using a single spin coating
step, Seq-MA/1 for sequential deposition of CH;NH;Pbl;, and
Seq-FA/1 for sequential formation of CH(NH,),Pbl,. In
sequential deposition, Pbl, is deposited first by spin coating,
while in a second step, the Pbl, sample is dipped in a solution
of the organic cation for the final formation of the PS.?

After the preparation of the above-mentioned devices, the
current—voltage (J/V) curves of the three types of cells were
registered, Figure 1, and the corresponding cell performance
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Figure 1. J/V curves of the three types of PS-based devices.
Measurements were carried out under 1 sun illumination (AMIL.5G,
100 mW cm™2) and sweeping voltages in the scan— direction with a
scan rate of s = 50 mV/s.

Table 1. Cell Parameters of PSCs Extracted from J/V Curves
Depicted in Figure 1¢

sample Je mAem™) Vo (V) FE(%)  n (%)
Sing-MA/I-Cl 15.5 0.904 65.5 9.2
Seq-MA/1 13.5 0.974 61.4 8.0
Seq-FA/1 16.5 1.009 59.0 10.9
“Variables: short-circuit photocurrent, J,; open circuit voltage, V,; fill

factor, FF; and photoconversion efficiency, 7.

parameters are shown in Table 1. J/V curves and parameters in
Figure 1 and Table 1 have been obtained by scanning voltages

sweeping from high voltages to zero applied voltage. We will
denote hereafter this J/V scan as scan—, as opposed to scan+,
where the voltage is swept from zero voltage to high voltage. As
can be observed, in all cases, the efficiencies of the devices are
comparable with averaged values reported in the literature.
Consequently, reliable and comparable conclusions can be
extracted from the analysis of these samples. It is worth
pointing out that devices prepared by the sequential method-
ology in this work yielded systematically higher open-circuit
(Vo) values, thus revealing a preliminary effect of the PS
growth conditions on the performance of the solar cells. The
light absorption of different samples is plotted in Figure S1
(Supporting Information), where it can be appreciated that
there is a red shift of the PS band gap when FA is used instead
of MA, as has been previously reported.'"'*

Although comparable efficiencies and cell parameters were
obtained for each device, a differentiated behavior was observed
after a deeper electrical and electro-optical characterization. A
broadly used approach to unravelling the charge dynamics of
solar cell devices is the small perturbation transient photo-
voltage decay (TPD). Experiments were carried out by using a
white LED to vary the back illumination level and a
nanosecond-pulsed Nd/YAG laser (4= 650 nm) to promote
the voltage perturbation (20 mV). It is widely assumed that
the transient photovoltage is a suitable technique for
determining the electron recombination lifetime (z,..) in dye-
sensitized solar cells (DSCs).>"** Recent reports on solid-state
solar cells based on lead halide PS adopt the same reasoning for
studying the electron recombination kinetics. For instance, Bi et
al>® and Zhao et al,,** reported the photovoltage decay times
by fitting the transient signals to a monoexponential function.
On the contrary, Listorti and co-workers reported on a double
decay time contribution,” as well as Park and co-workers.”® In
this case, slow and fast time components were resolved, which
were ascribed to an electron recombination pathway in the PS
film and an additional mechanism for the electrons injected
into the TiO,. Note that in our previous work, we have
determined the diffusion length in PSCs from transport and
recombination resistance and not from characteristic times
determined from impedance.”’

Despite the precedents mentioned above, our transient
photovoltage results reveal a very different behavior depending
on the PS deposition procedures. Figure 2a shows the TPD
times at different back illumination intensities obtained for
those samples analyzed in the present work. The signals were
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Figure 2. (a) TPD times at different back illumination intensities of the PS-based devices with Sing-MA/I-Cl, Seq-MA/I, and Seq-FA/I from the
fitting to a biexponential function. (Solid square) 7,; (crossed square) 7,. (b) Comparison between the TPD time 7, with the characteristic time
obtained at low frequency from IS. Both measurements were performed at different open-circuit conditions by changing the light intensity.
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fitted accurately to biexponential functions, however, while the
Sing-MA/I-Cl sample showed TPD times, 7; and 7,, in the
seconds to milliseconds scale, the Seq-MA/I and Seq-FA/I
decays were in the milliseconds to microseconds range. The
results plotted in Figure 2a indicate that the retrieved
characteristic times cannot be associated with recombination
lifetimes and point to an additional significantly slow process
contributing to the photovoltage decay. Several facts support
this conclusion. Extremely large characteristic times are
obtained for Sing-MA/I-Cl, even longer than that in liquid
electrolyte DSCs, when a recombination more rapid than that
on solid devices should be expected.”"** In addition, the Sing-
MA/I-Cl samples that present the longest characteristic times
also present the lowest V, as discussed further below.

In Figure 2b is depicted a comparison between the TPD time
7, with the characteristic time obtained at low frequency from
IS. There is good agreement between the characteristic times
obtained by both characterization techniques. In the case of
DSCs, is well known that both techniques provide the same
values, being in that case the electronic carrier recombination
lifetime.?* In the following, we argue that in the case of PSCs,
the characteristic time obtained by both techniques is related to
a slow dynamic process.

The standard interpretation of photovoltage decays and the
recombination lifetime have been established in terms of the
decay of the Fermi level in an otherwise homogeneous
environment, as illustrated in Figure 32.® In this model, the
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Figure 3. (a) Concept of the recombination lifetime, showing the
conduction band edge E,, the Fermi level of electrons Eg, the dark
equilibrium Fermi level Eg,, and the recombination lifetime 7,... (b)
Scheme showing domains of net polarization with a correlation length
&. Thus, the charge is accumulated at the domain wall (interfaces), and
the band is tilted inside of the domain. At the domain wall, opposite
charges exist at the two sides; therefore, a local dipole is formed.

transition of the Fermi level Eg, toward the steady-state value
imposed by background illumination occurs with an
exponential function governed by the lifetime 7,... The lifetime
is therefore an exclusive feature of the recombination of
minority carriers. The same conclusion is obtained by
measuring IS, where independently the chemical capacitance
C, and recombination resistance R, can be determined and
they provide the recombination lifetime as™>

C

rec U

Trec = R

(1)
It has been established that 7,.. shows additional dynamic
processes besides the recombination event. In particular,
electron traps increase the chemical capacitance and elongate
the values of 7,... This is the reason why in a DSC, the lifetime
continuously decreases at increasing open-circuit voltage. These
features have been amply explained by modeling and

measurement.”” "' However, it is generally expected for cells
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that provide a similar photocurrent that the one with the
longest recombination lifetime will produce the largest V,_as a
consequence of decreased recombination rate. This general
axiom of DSCs is broken in the PSCs probed in this work as
the FAI cells provide the largest voltage while they show the
shortest decay time. This observation requires a reinterpreta-
tion of the slowest characteristic time observed in the PSCs
because a shorter time appears to be beneficial for the
photovoltaic performance in this case.

Frequency domain IS measurements of PSCs have been
already developed in our group.'” One important observation is
that this type of cells often presents an additional arc at low
frequency, as shown in Figure 4a, that provokes a major impact
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Figure 4. IS (a) complex impedance plot (imaginary part of the
impedance, Z”, versus the real part, Z’') and (b) Bode plot of the real
part of the capacitance, C’, obtained for a Sing-MA/I-Cl sample under
dark conditions at 0.9 V applied DC bias. Three frequencies are
highlighted to distinguish low-, intermediate-, and high-frequency
regions.

in the dynamics of electronic processes. In the complex
impedance plot, three arc features at low-, intermediate-, and
high-frequency (If, if, and hf, respectively) are clearly
indentified. The hf arc is associated with selective con-
tacts,””>>> and the arc at if is associated with the chemical
capacitance; see Figure 4b."® However, the origin of the third
arc at If was not previously described.

Focusing on the If arc process, in DSCs, it is very common to
observe an additional third arc at low frequency when the redox
species are immersed in a viscous medium as an ionic liquid.**
However, it has been established that series processes in solid-
state cells mainly occur in the high-frequency range,35 and a
similar conclusion has been reached in the analysis of PSCs.*®
Therefore, the lowest-frequency process observed in PSC cells
cannot be viewed as an obvious series process. In addition, the
slow dynamic process is accompanied by a new physical feature
that is unprecedented in any of the known solar cell types.
There is a major increase of the capacitance at low frequency,
Cyp that goes well beyond the value of the chemical capacitance,
as shown in Figure 4b. Such a feature could be explained in
terms of the ferroic properties of the PS structure. Therefore,
the low-frequency arc appears to be related to the dielectric
relaxation process shown in Figure 3b. Polarization is created
by aligning dipoles or dipolar domains to the external electrical
field. The origin of the dipolar units is the dipole moment of

dx.doi.org/10.1021/jz5011187 | J. Phys. Chem. Lett. 2014, 5, 2357—2363



The Journal of Physical Chemistry Letters

20 -1 -1 1

—~ . ——005Vs ——005Vs ——005V's
“c | Sing-MA/I-CI — o1vs' | | Seg-MA/I — oive' | [ Seq-FA/ ,

151 —o3vs'| | —o03Vs'

<é —05Vs' —o05Vs'

= —_1Vs' \ —_— Vst

3 S B S

=10 ]

C

(0]

©

€ 59 1

o

—

3

O ol . , . , .

04 06 08 02

Potential (V)

00 02 1.0 00

04

Potential (V)

04 06 08

Potential (V)

06 08 1.0 00 02 1.0

Figure S. Cyclic voltammetries at different scan rates of the three different sets of samples under the solar simulator conditions.

the organic cation as well as the easy distortion of the PS
framework. The rearrangement of the overall orientation in
response to any external perturbation occurs in a slow time
dynamics. If the correlation length & of the polarized domains is
much smaller than the sample size or even than grain size (as
expected for weak dipole—dipole interactions), then the effects
of charge separation will be local. A number of interesting
phenomena appear because the polarized domains may affect
the electronic carrier dynamics by diverting them to domain
walls where polarization mismatch may create abrupt band
bending features, Figure 3b. The specific nature of the slow
relaxation will probably require extensive investigation, but
here, we wish to point out that the behavior appears to be
dominated by structural relaxation, while electronic carrier
dynamics is strongly influenced by this process.

It is worth commenting that the IS patterns obtained for
PSCs may present different features depending on the sample,
the applied bias, or the illumination conditions, and in many
cases, some of the above processes are merged in the measured
spectra. In addition, at high applied DC bias, a new feature
presenting negative capacitance is observed, preventing the
observation of the If arc; see Figure S2, Supporting Information.
Negative capacitance has been previously observed in other
photovoltaic devices, and its origin is still under debate.”’

In Figure 2b, we show that the time constant obtained by
both methods, the photovoltage decay and the low-frequency
arc of the IS response, is the same to a very good approximation
for Sing-MA/I-Cl, which corroborates the effect of the dielectric
polarization on the photovoltage response. These results also
suggest that the magnitude of the dielectric polarization is
sensitive to the PS crystal growth procedure. Although this
work is not focused on unravelling the crystallographic
properties of PS, we hypothesize that this phenomenon could
be ascribed to the formation of different crystal morphologies
depending on the deposition methodology. In principle, a fast
recombination kinetics should induce more efficient losses in
the charge collection, thus contributing to a detrimental effect
on the efficiency. As remarked before, our results show that
devices with very differentiated photovoltage decay times afford
comparable efficiencies; in fact, the sample Seq-FA/I showed
the fastest decay times but contrarily yielded the highest V.
Consequently, TPD measurements do not unambiguously yield
the electron lifetime in solid-state PS devices.

The time constant obtained by TPD or IS (closed- to open-
circuit conditions) should be equivalent because both methods
measure the small perturbation of the Fermi level at the
contact. This is confirmed by the expected agreement of the
two measurements in Figure 2b. The problem that we face here
is the interpretation of the measured response time, which has
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the structure 7 = RC. We have shown above that the
capacitance C(w) has a complex frequency-dependent
structure, so that it may be formed by a combination of
chemical and polarization capacitances. Thus, the response time
cannot be generally interpreted as a recombination lifetime (eq
1) because other types of relaxation behavior influence the
decay of the photovoltage. In order to separate the different
effects, it is necessary to develop a full impedance model that
takes into account the different phenomena and provides the
relevant parameters. This work is out of the scope of this Letter
and is currently in progress.

From a general point of view, the low-frequency relaxation
phenomenon seems to play a significant role on a wide number
of photoelectrochemical processes that take place in the solar
cells. One prominent example of irregular behavior of slow
dynamics in the PSCs cells is the hysteresis of the current—
voltage curve, which is a significant effect in that the solar cell
efficiency depends dramatically on the sense of measurement in
the voltage axis and on the velocity of the voltage scan. Many
groups worldwide have noted the existence, and it has also been
reported in papers.lg’32 However, no conclusive outcomes
about the origin of this capacitive effect were provided. Instead,
it was suggested that this phenomenon must obey an intrinsic
property of the PSCs because PS was the common
denominator for samples experiencing hysteresis.'® In addition,
Snaith and co-workers observed that the magnitude of this
effect increased while the scan rate was reduced.'® On the
contrary, Dualeh et al. reported an opposite dependence of the
hysteresis with the scan rate.*>

Here, we report on the presence of the same hysteresis effect
in the J/V curve, as can be observed in Figure S. To quantify
the hysteresis effect, we have defined an adimensional hysteric
index (HI) as

I, (Voc/ 2) -

scan— scan+

]scan—(‘loc/z) (2)

where J.,._(V,./2) is the photocurrent at V,./2 bias for the
scan—, while J,,.,(V,./2) is the photocurrent for the scan+. A
HI of 0 corresponds to a cell without significant hysteresis,
while a HI of 1 corresponds to a system in which the hysteresis
is as high as the photocurrent. HIs obtained for the analyzed
samples at different scan rates, s, are listed in Table 2.

In our case, a general trend was observed concerning the
influence of the scan rate on the hysteresis; see Table 2.
Specifically, our results show that the hysteresis is enhanced at
high sweep rates, and it is also enhanced under illumination; see
Figure S3, Supporting Information. Furthermore, the magni-
tude of the hysteresis event is clearly sensitive to the conditions

(Voe/2)
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Table 2. Hysteresis Factor Extracted from Data in Figure $
Using the Definition Provided in Equation 2 for Different
Scan Rates, s

s (V™) Sing-MA/I-Cl Seq-FA/1 Seqg-MA/1
0.05 0.04 0.08 0.16
0.1 0.08 0.11 0.22
0.3 0.16 0.18 0.39
0.5 0.16 0.22 0.44
1 0.16 0.30 0.44

and/or precursors utilized for the PS growth. On one hand, the
sample prepared with a single step and using a Cl precursor,
Sing-MA/I-Cl, presents the lowest HI. On the other hand,
comparing samples prepared by the same experimental
procedure, using sequential deposition, Seq-FA/I showed
lower hysteresis compared to that of devices with the MA
precursor.

In general, in a solar cell, we may distinguish the capacitive
and noncapacitive current. The latter is the only one pertinent
to steady-state performance because solar cells operate at steady
state. Extraction of photogenerated charge and recombination
are normally noncapacitive and produce the diode curve
response characteristic of all solar cells. Noncapacitive currents
depend on the given value of the voltage and hence have the
same value independent of the variation rate of the voltage. On
the other hand, for a capacitive current, the situation is very
different. According to the formula known from cyclic
voltammetry measurements, the capacitive current depends

on the voltage sweep direction and rate as>®
dQ AV
]capacitive - E - CE =Gs (3)

where Q is charge, C is capacitance, and s is the scan rate. Note
that the capacitive current is reversed when the sign of the
voltage step AV is exchanged in a scan+ and scan— sweeps.
Furthermore, when the time step At, used in the measurement
of the J/V curve, is shorter, the asymmetrical capacitive current
increases. These considerations explain well the observations
reported in Table 2, with increasing hysteresis at larger scan
rates. We note that this type of feature has been widely
recognized in liquid electrolyte DSCs, which share the feature
of a large (chemical) capacitance.*® However, in PSC, the large
low-frequency capacitance associated with dielectric relaxation
makes the hysteretic feature even larger. It is important to point
out that this is a transient effect that according to eq 3 can be
practically eliminated by performing a rather slow measure-

ment. The truly significant efficiency for solar energy
conversion is the steady-state efficiency. Adequate measure-
ment protocols that take into account the large intrinsic
capacitance may be developed. Of course, the larger the
capacitance, the more time-consuming will be the procedure to
obtain the J/V curve with high accuracy.

These facts point to a relationship between slow dynamic
processes previously discussed in this work and the hysteresis
effect. Slow dynamics is connected, as mentioned before, to a
large capacitance at low frequency that is furthermore enhanced
by illumination. Hysteresis then depends on both growth
conditions and the type of PS, indicating an intrinsic effect
governed by the grain size and organic cation nature. Previous
works in the literature indicate that the organic cation, that is,
MA or FA, seems to play a significant role in the cell
performance.'' Because the FA cation has a significant lower
dipole moment,” this would be in agreement with the lower
hysteresis observed for Seq-FA/L In addition, PS growth with
Cl precursors produces large crystal grains*® affecting also the
polarization effects; see Figure 2b. Therefore, our results
suggest that the dielectric polarization is the main reason for
the J/V hysteresis.

It is tempting to attribute a direct role of the electrical field in
the changing behavior of the J/V curve depending on the scan
rate. It must be noted however that the PSCs show a rather
long diffusion length; therefore, the role of electrical field in
charge collection may not necessarily be predominant. In
addition, it has been recently shown that a large photovoltage in
PSC is determined by the separation of Fermi levels in the
absorber, not by the contact materials.'”*' Therefore, the
significance of a built-in field in charge separation is not
established yet. As stated above, the main factor controlling the
transient J/V hysteresis is the large capacitance induced by
dielectric relaxation, although additional contributions may not
be excluded.

Furthermore, it is important to point out that eq 3 is a simple
illustration of the concept of capacitive current, but it may not
totally describe the hysteresis behavior of PSCs. Indeed, the
instant value of the capacitive current is | = C(V,f)f, where V is
the voltage and f is the measuring frequency. As we have shown
in Figure 4b, the capacitance of the PSC is strongly frequency
dependent, and it increases rapidly at decreasing frequency,
which should be taken into account in detailed modeling and
may give rise to a variety of behaviors.

The previous findings suggest a new picture for the dynamic
behavior of PSCs, which ultimately exerts the great impact of
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Figure 6. (a) Steady-state PL spectra of the three PS-based devices using a 532 nm laser diode as an excitation source. (b) PL intensity evolution of

the PS devices along the irradiation time.
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the photovoltaic performance. While most solar cells are
affected by generation recombination of electronic carriers in a
stable structural environment, usually affected also by series
transport and charge transfer at interfaces, the ionic and polar
framework produces an integral part of the dynamic response of
the PSC. Hence, the two aspects shown in Figure 3 reciprocally
interact in a nontrivial fashion. It is suggested therefore that
slow relaxation constitutes a determinant phenomenon for the
rate of electronic processes. As a final demonstration of this
contention, we take advantage of the outstanding luminescent
properties of the lead halide PS materials. Photoluminescence
(PL) is obviously due to the radiative recombination of
electrons and holes. While not all recombination need to be
radiative, a significant fraction is in the PSCs. Therefore, time
evolution of PL provides an additional signature of the coupling
of structural relaxation and carrier recombination.

Figure 6a shows the steady-state PL spectra of the three
devices studied. Although the absorbances of the samples were
relatively comparable (Figure S1, Supporting Information), the
intensity of the emission spectra was corrected by the different
absorption at the excitation wavelength (1. = 532 nm). As can
be seen, both MA-based devices showed the emission maxima
centered at 772 nm, while the PL of the FA-based PS is
centered at 810 nm, which is in agreement with previous results
in the literature."" Additionally, we registered a sequence of PL
spectra throughout the irradiation time under continuous
excitation (4, = 532 nm), and we observed an unprecedented
evolution of the emission intensity over time, Figure 6b. In
particular, we observed a strong PL intensity lessening for the
sample Sing-MA/I-Cl, while the Seq-MA/I only experienced a
slight decrease. On the contrary, for sample Seq-FA/I, the PL
intensity was slightly enhanced. Reduction of PL is a reversible
process; see Figure S4, Supporting Information. PL is recovered
after removal of illumination, keeping the sample in the dark for
20 s. At present, the specific origin of the transient behaviors
cannot be unambiguously determined, and more studies will be
needed. The PL intensity drop could be associated with an
increase of the nonradiative losses upon polarization by
increased phonon density due to crystal vibrations, thus
reducing the radiative recombination, or simply to an increase
of charge separation rate toward regions as grain boundaries
where radiative emission is reduced. Additionally, the PL
decrease could be ascribed to an abrupt change in the
absorption spectrum of the PS upon illumination as a
consequence of the dielectric polarization. Last but not least,
the PL decrease could arise from an anisotropic absorption of
the different light polarization angles upon reaching the
dielectric polarization of the device. Because the PL spectra
were registered by using an elliptically polarized laser light
source (532 nm), the PS samples prepared by the different
methodologies could present different crystal orientations and
morphologies, which could induce a preferential photon
absorption depending on the polarization angle of light. This
hypothesis would be compatible with the slight PL enhance-
ment for the Seq-FA/I sample. Nevertheless, further studies
involving the variation of the linearly polarized angles and the
use of circularly polarized light are required to clarify this
phenomenon.

In summary, we report the observation of slow dynamic
processes in PSCs. The characteristic time of this process has
been measured with TPD and IS, obtaining good agreement.
The values obtained depend strongly on the PS growth process
and on the organic cation, MA or FA. These times are
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commonly related with the lifetime in other photovoltaic
devices, but in PSCs, we have demonstrated that they do not
correlate exclusively with recombination processes. An addi-
tional slow rearrangement process has been observed for PSCs.
We suggest that it could be related to the polarizability of PS,
and it is influenced by the PS grain size and the nature of the
organic cation. We have observed also a correlation of this slow
dynamic process with J/V hysteresis and slow processes
detected in PL. Further research is needed to establish the
exact mechanisms and how it affects cell performance.
However, in any case, a slow dynamic process in PSCs could
have enormous implications in the development of PSCs and in
the design of novel hybrid PS-based devices.
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