RESEARCH ARTICLE

W) Check for updates

Energy Technology

ion, Conversion, Storage, Distribution

www.entechnol.de

In the Quest of Low-Frequency Impedance Spectra of

Efficient Perovskite Solar Cells

Daniel Prochowicz, Suverna Trivedi, Nishi Parikh, Michael Saliba, Abul Kalam,

Mohammad Mahdi Tavakoli,* and Pankaj Yadav*

Measurement and understanding of electrochemical impedance spectroscopy of
perovskite solar cells (PSCs) are nontrivial, as perovskite absorbers are a mixed
conductor exhibiting both ionic and electronic motion. Moreover, the interpre-
tation of the low-frequency spectra especially low-frequency resistance (R.¢) is
ambiguous. Some reports suggest that R, is related to ionic transport resistance,
whereas others attribute it with the recombination processes. Herein, more light
is put on the quest of low-frequency impedance spectra of efficient PSCs. It is
found that high- and low-frequency resistances (Ryr and R.¢) follow a similar
dependence on the applied bias and illumination with a comparable slope. These
resistances are associated with the recombination processes in PSCs. The
relation between low-frequency spectra of PSCs and the physical parameters
such as the role of the interface, grains’ sizes, and perovskite composition is
studied. It is found that the low-frequency spectra of PSCs mainly depend on the
grains’ sizes and shift toward the high frequency, i.e., toward faster time con-
stants with increasing the grain size. It is observed that these devices exhibit the
lower recombination and higher open-circuit voltage. A convenient way for the
in-depth analysis of PSCs, which will be crucial for designing better-performing
PSCs, is provided.

1. Introduction

The field of photovoltaics has witnessed a
tremendous success of organic—inorganic
halide perovskites (OIHPs) over the past
10 years."?! This wide ranging family of
semiconductors has propelled the power
conversion efficiencies (PCEs) for solar
cells to the current record of 25.5%! due
to its high absorption coefficient, long
carrier diffusion length, high charge carrier
mobilities, and a suitable bandgap.[*”
However, there is still a room for perov-
skite solar cells (PSCs) to achieve PCEs over
30% by increasing the open-circuit voltage
(Voc).®! For that, many studies have been
devoted for a deeper understanding of
the prevailing nonradiative recombination
mechanisms, which is a key factor respon-
sible for the reduction of Voc.”!

The source of nonradiative recombina-
tion loses in perovskite cells still remains
a hot topic of debate. With the help of
electroluminescence spectroscopy, Gritzel
and coworkers attributed the decrease in
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Voc to the nonradiative surface recombination because of
nonselective contacts.'” The investigations by other measuring
techniques such as time-resolved photoluminescence (TRPL)
and transient absorption (TA) spectroscopy revealed that radia-
tive recombination of free electrons and holes is a dominant
for PL processes.'"! A model involving surface photogenerated
carriers for the recombination kinetics in PSCs was proposed
by Zarazua et al.'” The authors concluded that surface recom-
bination is the dominant process, which governs the reduction of
both short-circuit current and Vg, and the nonradiative recom-
bination occurs mainly at the vicinity of the contacts. Contrary to
this, in another report, the nature of recombination was studied
using a combination of impedance spectroscopy experiments
and voltage-illumination measurements under different condi-
tions of temperature, excitation wavelength, and illumination
directions.[**! This study shows that the prevailing recombination
mechanism arises from the bulk of the perovskite. Afterward,
Tress et al. measured the temperature-dependent ideality factor
and activation energy to better understand the mechanism, sour-
ces, and location of recombination. The detailed investigations
carried out on devices with different architectures using light-
intensity-dependent Voc measurement revealed that 1) recombi-
nation is not much affected by the n-type contact in both planar
and mesoporous architectures; 2) surface recombination is
mainly dominated in devices without hole transport layer; and
3) bulk of the perovskite is generally responsible for recombina-
tion in case of the optimized device. Thus, the origin and mecha-
nism of the recombination processes in PSCs requires further
deeper understanding to ensure future advances.

Electrochemical impedance spectroscopy (EIS) has been
proven to be a powerful tool to understand the kinetic processes
occurring within an electrochemical system.) However, the
interpretation of EIS spectra is a complex process, as the perov-
skite material is a mixed conductor exhibiting both ionic and
electronic transports. In general, the EIS of the PSCs features
two arcs associated with the low and high frequencies. It was
demonstrated that the ideality factor (recombination resistance)
and the other electrical properties can be solely calculated from
the high-frequency response.l"**# In contrast, the low-frequency
components, resistance (Ryg) and capacitance (Cig), arise from
the charging and discharging of the Debye layers because of
the ion vacancy motion." Thus, the Cyr is mainly interpreted
as the accumulation or apparent capacitance.'*?! However,
the interpretation of Ry is ambiguous. Some reports suggest
that Ryr is related to ionic transport resistance,?!! whereas in
another report, Rjy was associated with recombination process
as the behavior is the same as for the high-frequency resistance
(Rur).*”! Hence, because of this ambiguity, the question arises
whether the R;r is associated with the recombination process
and/or ionic transport.

Here, we experimentally shed more light on the quest of low-
frequency impedance spectra in efficient PSCs. We confirm that
high- and low-frequency resistances (Ryr and Ryr) follow a simi-
lar dependence on the applied bias and illumination with a com-
parable slope. We correlate both the resistances to be associated
with the recombination process in PSCs. Moreover, we also con-
firm that the low-frequency capacitance (Cyg) and Ryr exhibit the
similar slope but with the opposite dependence on the applied
bias and illumination in line with the previous study by
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Zarazua et al.,?% which signifies the electrical components are
related to each other. These observations establish the fact that
recombination in PSCs is mainly defined by the resistive ele-
ments, Ryr and Ry, obtained from EIS spectra. In the next step,
we rigorously analyze the EIS spectra to establish the dependence
of low-frequency spectra of PSCs on the physical parameters
such as the role of interface, grains’ sizes, and perovskite com-
positions. To the best of our knowledge, the dependence of low-
frequency impedance on these parameters is rarely discussed in
the literature.>?*) We find that the low-frequency spectra of
PSCs mainly depend on the grain size and devices with larger
grain size exhibit lower recombination and higher open-circuit
voltage. We found that an increase in grains’ sizes shifts the
low-frequency peak toward the higher frequency, i.e., toward
faster time constant. This study provides a convenient way for
in-depth analysis of PSCs, which will be crucial for designing
better-performing PSCs.

2. Results and Discussion
2.1. Origin of the Low-Frequency Arc of EIS in PSC

In this section, a device with a planar configuration of
fluorine-doped  tin  oxide  (FTO)/TiO,/perovskite/spiro-
OMeTAD/Au was fabricated and investigated. The perovskite
layer has a composition of Css(MAg 17FA¢83)osPb(lo.83Br0.17)3
and was deposited by one-step solution processing as recently
reported.”*! (For detailed experimental procedure refer the study
by Yadav et al.**)) Figure 1a shows the current-voltage charac-
teristic (J-V) of the champion device measured under AM 1.5
illumination. The measured device yields an open-circuit voltage
(Voc) of 1.16 V, short-circuit current (Js) of 23.2 mA cm™2, fill
factor (FF) of 71% and PCE of 19.1% which is close to the
highest-performing PSCs.**?% Figure 1b shows the EIS of
the device measured as a function of illumination intensity,
which are similar with the recent studies.['*"'®! The key EIS fea-
tures that are commonly observed in PSCs are as follows:
1) under illumination two distinct semicircle arcs in the fre-
quency range of 0.1-10Hz (low-frequency spectra) and
10°-10° Hz (high-frequency spectra) are observed; 2) the time
response of low-frequency spectrum is found to be illumination
independent and bias dependent; 3) the rate of change in the
resistive part of low- and high-frequency spectra is almost same
under illumination. Figure 1c shows the electrical equivalent cir-
cuit used to fit the obtained EIS spectra. Figure S1, Supporting
Information, shows the fitting of the obtained EIS spectra using
an electrical equivalent circuit. The electrical equivalent circuit
consists of R, which accounts the series resistance of connect-
ing wire and ohmic resistance of PSCs. Apart from the R, this
circuit also contains the resistance from the low- (R g) and high-
(Rup) frequency spectra. In the literature, it is frequently
reported that Ry is physically related to the recombination pro-
cesses in PSCs.l””?® The value of ideality factor (which defines
the recombination) of PSCs can be obtained by plotting the value
of Ry as a function of applied bias or illumination.*? At the
same time, the detailed physical interpretation of Ry is still a
topic of debate in literature. It was claimed that R is due to
the ionic transport resistance as its value changes according
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Figure 1. a) J-V characteristic of the best-performing device measured with a scan rate of 150 mV's

lllumination (mWcm2)

~1 (reverse scan); b) EIS of device as a function of

illumination; c) electrical equivalent circuit; d) resistance plot of low (blue) and high frequency (black) as a function of illumination at Voc; €) capacitance
plot extracted from the low-frequency spectra as a function of illumination at Voc; and f) band bending in PSCs at open circuit.

to the diffusion and concentration of mobile ions. Moreover, R; g
can be also ascribed to the recombination process in PSCs, as it
behaves the same as Ry under bias and illumination.?®! In
other works, Ry was attributed to ionically modulated recombi-
nation, where recombination is induced and lead by ions motion
and position.***Y The shown capacitance in the electrical equiv-
alent circuit has been interpreted as follows: the high-frequency
capacitance Cyp (in the frequency range of >10° Hz) is defined
as a geometrical capacitance, the dielectric of perovskite
absorber layer defines this capacitance as Cyp = €,¢/d, where
€, is the permittivity of free space, ¢ and d is dielectric and thick-
ness of perovskite absorber layer, respectively. The capacitance
Cir associated with the low frequency (=10~ Hz) is associated
with the ionic phenomena. Cyr is also known as interface accu-
mulation capacitance, which is found to be ionic under dark con-
dition and electronic under illumination."? To study the
relation between the electrical equivalent circuit components,
EIS spectra as a function of illumination are fitted with the elec-
trical equivalent circuit shown in Figure 1c. Figure 1d shows the
variation of Ryr and R;r as a function of illumination, which
shows similar dependence on illumination with an almost simi-
lar slope. This suggests that both the resistances are from the
same physical phenomena, as already proposed in previous
studies.'*'® The significant reduction in value is observed
for Ryp, as it reduces from 180 Q at low illumination to 30 Q
at 1 sun illumination, whereas R decreases from 100 to 10 Q.

Recent studies have shown that both the resistances (low and
high frequencies) describe the process related to electron and
hole recombinations.?”) Tt was also found that these resistances
have a strong voltage and illumination dependence, as charge
carrier density changes linearly with the change in illumination.
A similar observation is also illustrated by work of Zarazua
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et al.,, in which two resistances (low and high frequencies)
exhibit extremely similar behavior (decreasing) as a function
of light intensity and photovoltage, suggesting a common origin
for both the resistances."?) However, Riquelme et al. have shown
that the Ryr (not Ryg) can be considered as a true recombination
resistance as both the resistances have different biases and illumi-
nation dependences.'” Moreover, a similar slope, but with the
opposite trend, is observed between Ry and Cyr here, which indi-
cates the same physical origin among them, but not with Ryg.
Based on our results and studies from the other authors following
points are drawn: 1) Ry and Ryy follow a similar dependence on
the applied bias and illumination with a comparable slope. This
signifies that both the resistances stem from the same physical
origin, which is associated with the recombination in PSCs;
2) Crr and Ryr exhibit a similar slope but with the opposite depen-
dence on the applied bias and illumination, which signifies the
same physical process. The low-frequency capacitance is associ-
ated with accumulation of electronic charge carriers (see the next
section for a more detailed discussion) and therefore one can
relate the R;r to the recombination of accumulated electronic
charges; 3) The recombination in PSCs is mainly defined by
the resistive elements Ryp and R;p, which are found to be
connected with the Cig

An illumination-independent behavior of Cyg with an approx-
imate value of 5-10pF is shown in Figure S2, Supporting
Information. In contrast, the value of C; increases with increas-
ing the illumination, as shown in Figure le. Recently, Cir was
interpreted as a purely ionic in nature, which forms an ionic

Debye length in perovskite absorber layer as Lp, = g/s}i,vqT , Where

g is the permittivity of the perovskite absorber layer, N, is the
density of ion vacancies, Vr is the thermal voltage, and g is the
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electronic charge.*??3 Considering only the ionic charge stored
in the Debye layer, the resultant capacitance is limited by the
Helmholtz capacitance, which in practice cannot be considerably
higher than pF cm ™2 In such a case, under illumination, the
obtained value of Ci is not only lead by the ionic accumulation
but also involves the electronic charge accumulation.?” In this
situation, the expression for Debye length is modified as

V. . . .
Ip = ‘; qT, where p, majority hole concentration. The bias
o

dependence of accumulated majority charge carriers and corre-
sponding capacitance is given as p,. = p,Lpv/2¢1"/%*T and
Cacc :%&)exp(%). From this expression, an exponential
dependence of capacitance on the applied potential or illumina-
tion with a slope of ﬁ is expected. Using the expression of
capacitance and obtained plot of C; with change in illumination
level, a positive slope is obtained. Importantly, it should be noted
here that the extent of accumulation of charge carriers under illu-
mination is kinetically control by the ion distribution inside the
perovskite layer. Figure 1f shows the band bending of PSCs
at 1 sun illumination in Vpc condition; the figure is drawn
based on the various simulation studies by other authors.'%2°
The total potential drop across the perovskite absorber layer
is simply defined as the total potential drop across device
minus drop across the Debye layers. This is represented

(Vi =Viapp) =0 —v_
t

as Epyux = , where Vy; is built in potential, V

app
applied potential across the device, v, potential drop across hole
transporting layer (HTL)/perovskite interface, v_ potential drop
across electron transporting layer (ETL)/perovskite interface,
and t thickness of perovskite absorber layer. Considering the oper-
ation of PSC above the flat band condition, i.e., beyond Vy; in this

situation, the net electric field across the perovskite absorber layer

www.entechnol.de

is negative and causes the positive and negative ions move toward
the ETL/perovskite and HTL/perovskite interfaces."” In this sce-
nario, the formation of Cir (if only ions are considered) is limited
by the Helmholtz with a maximum limits in pF cm ™% The obtained
experimental Cp (Figure 1e) value in the order of mF cm™? is sup-
ported by the accumulation of electronic charge carrier. The elec-
tronic accumulation is mainly associated with holes, which cause
a upward band bending at ETL/perovskite interface (Figure 1f).
The physical phenomena of the increase in the accumulation of
electronic charges at interface, i.e., Cyy is related to the recombina-
tion at interface, as Ryp and Ryr are linked inversely with the Cig.
Thus, EIS of PSC mainly depicts the information of recombination
and charge accumulation via Ryr, Ry and Cip, respectively. In the
further sections, the dependence of low-frequency spectra of PSCs
on the physical parameters such as role of interface, grain bound-
aries, and perovskite composition will be discussed.

2.2. Effect of ETL/Perovskite Interface Engineering on the
Low-Frequency Arc in EIS of PSC

In general, the ETL/perovskite interface mainly dominates the
charge accumulation and capacitance, as HTL/perovskite interface
is ohmic in nature.”® To study the role of the interface on the
low-frequency parameters (Rpp, Crr) and associated time con-
stants, we modified the ETL/perovskite interface by depositing
a thin layer of ZnO and SnO, over TiO, ETL. (For detailed experi-
mental procedure, refer the studies by Yadav and coworkers.?*3*)
The results of the devices studied here are from the same batch as
in the studies by Yadav and coworkers.****)) The modification of
ETL led to an increase in Vo and FF of the devices, as reported in
our previous studies.****! The EIS of the devices were measured
at bias above the V;; of PSCs, as in this region, the net response of
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Figure 2. a) —Im(Z) versus frequency plot, b) capacitance versus frequency plot, c) Nyquist plot for TiO, and TiO,/ZnO PSCs. d) -Im(Z) versus frequency
plot, e) capacitance versus frequency plot, and f) Nyquist plot for TiO, and TiO,/SnO, PSCs.
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the device is mainly because of recombination rather than charge
injection. Figure 2a—c shows the Im(Z) versus frequency, capaci-
tance versus frequency, and EIS response of pristine TiO, and
TiO,/ZnO ETL-based PSCs, respectively. In Figure 2a, both the
devices show the low- and high-frequency peaks with a similar
frequency range. The low-frequency peak in the frequency range
of ~1-10 Hz is observed in both the devices. The time response
associated with the low-frequency peak is calculated as
71 = RipCrg, or by taking the inverse of frequency peaks in
Im|Z| versus frequency plots, which is found to be close to 1s
in both the devices. The capacitance response of both the devices
also illustrates the similar response to frequency, which signifies
that the accumulations of charges are almost similar in both the
devices, or similar amount of charges are available at the interface
for recombination (Figure 2b). However, looking at the net resis-
tance of PSCs in Figure 2c (without series resistance), a higher value
of Ryr and Ry is obtained for TiO,/ZnO ETL-based device, sug-
gesting lower recombination. The observed lower recombination in
TiO, surface-treated devices leads to a higher value of photovoltage.

To further confirm these results, TiO, ETL was modified with
a thin layer of SnO,. In Figure 2d, both devices show a similar
dependence on the change in frequency, but with a difference in
magnitude. From Figure 2a,d, it is concluded that the treatment
of the ETL layer has the least impact on the position of the
low- and high-frequency peaks in —Im(Z) versus frequency plots.
Interestingly, the treatment of TiO, ETL with SnO, layer leads to
a decrease in the value of capacitance (Figure 2e). The reduction
in the capacitance values was previously observed after Li™ treat-
ment of the TiO, layer.”* The authors found that the presence of
Li" at ETL/perovskite interface could reduce the accumulation of
the intrinsic ions, and especially avoid the interactions at ETL
surface by reducing the density of holes.*®

In line with the results shown in Figure 2d, a higher value of
Ryr and Ryr in TiO,/SnO, PSC is obtained as compared with
that of the reference device, which suggests lower recombination
and higher value of Vo (Figure 2f). In the case of TiO,/SnO,
PSC, lower recombination is expected as charge accumulation at
interface, i.e., Cip is lower than that found in TiO, PSC
(Figure 2e). From the aforementioned analysis, it is clear that
interpreting capacitance or resistance alone will not provide
the exact information on the device physics. We note that
obtained EIS spectra of TiO, PSCs in Figure 2¢f are different
from each other. The plausible reasons for this are 1) the
PCEs for both the cells are different; 2) as mentioned previously,
the spectra are taken at knee voltage, the value of which is dif-
ferent in both the samples of TiO, PSCs. Hence, a difference in
the EIS responses can be expected. However, more importantly,
the interpretations of time constants from both the high- and
low-frequency spectra are same. The reproducibility of photovol-
taic parameters in their respective batches can be found in our
previous work.[343°] Looking at the values of Ryr and Ryp of
TiO,/Sn0O, and TiO,/ZnO PSCs, lower recombination and
higher Voc are expected for TiO,/SnO, PSCs. Although the
ZnO ETL has higher electron mobility, the remaining hydroxide
(OH™) surface ions on ZnO ETL can induce the degradation of
perovskite absorber layer.?”*®) In contrast, SnO, improves the
band energy and band alignment because of the deep conduction
band at the ETL/perovskite interface as reported in previous
studies.***!
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2.3. Effect of Grain Size and Boundaries in Perovskite Layer on
the Low-Frequency Arc in EIS of PSC

Next, we have investigated the role of grain size and boundaries
on the Rig, Cip, and associated time constants. To modify the
grain size of the perovskite absorber layer, we have applied
two different protocols. The first method involves the use of dif-
ferent antisolvents, isopropanol (IPA) and chlorobenzene (CB), to
change the crystallization kinetics, which leads to distinct differ-
ence in the morphology. In another approach, we added CsCl to
the perovskite precursors solution, as the beneficial role of chlo-
rine on the morphology of perovskite is well reported.[*'*? A
detail of both the approaches and their effect on the photovoltaic
parameters of PSCs are discussed in our previous works.[**%
Specifically, we demonstrated that the [PA-treated perovskite
films have a more uniform, pin-hole-free surface morphology,
and exhibits a larger grain size as compared with
CB-treated thin films.*! Moreover, from atomic force microscopy
(AFM) images, we found that root-mean-square (RMS) surface
roughness of CB- and IPA-treated films are 33 and 18 nm, respec-
tively.*!! Figure 3a shows the plot of -Im(Z) versus frequency plot
of IPA- and CB-PSCs. Both the PSCs illustrate the similar trends
in the low- and high-frequency regions. However, a difference in
magnitude of —-Im(Z) is observed, which mainly originates from
the difference in the magnitude of capacitance. A slight shift of
the low-frequency peak toward higher values of frequency is
observed in IPA- compared with CB-treated PSCs. Recent studies
by Alvarez et al., have shown that the faster time response or
kinetics lead to a behavior dominated by ionic diffusion.?® In
the present case, faster ionic diffusion is expected in IPA-PSCs
because of larger grains’ sizes. This result signifies that the sizes
of the grains affect the impedance response of PSCs. The capaci-
tance spectra shown in Figure 3b exhibit an almost comparable
value of capacitance in the high-frequency range for both the devi-
ces. Focusing on the low-frequency spectra (<10 Hz), a higher
value of Cir is obtained for the IPA-treated PSC (Figure 3b).
In our previous work, we have shown that a significant difference
in the value of Cir is obtained with increasing the bias toward the
Voc of PSCs, which signifies the difference in the charge accu-
mulation.*!! While looking at the Nyquist spectra of both the devi-
ces, a mix response is obtained as IPA-treated PSC exhibits a
higher value of Ryr and lower value of Riy as compared with
CB-treated PSCs (Figure 3c). As we observed in the previous sec-
tion, both the resistances are associated with the same physical
phenomena, i.e., recombination and both the resistances are con-
nected in series with each other. It is more reasonable in practice
to consider the recombination resistance of PSCs as
Riec = Ryrp + R Moreover, with the increase in the bias
toward Voc of PSCs, the R;p of CB-treated device decreases at
a higher rate and shows a comparable value as compared with
IPA-treated PSC. Full detail description of the EIS spectra is dis-
cussed in our previous report.*’! We note that lower recombina-
tion in devices exhibiting higher grain size of perovskite absorber
layer perovskite is already well established in the literature.*>**

To further confirm the role of grain size on the low-frequency
spectra of EIS, PSCs based on the Csg,0FAggoPbl; perovskite
composition using CsI and CsCl are studied.?”) We found that
perovskite film of (Cs)o 20(FA)o.80PbI3-(Cl) using CsCl as a source

© 2021 Wiley-VCH GmbH
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Figure 3. a) —Im(Z) versus frequency plot; b) capacitance versus frequency plot; c) Nyquist plot for PSCs fabricated using IPA and CB; d) —Im(Z) versus
frequency plot; e) capacitance versus frequency plot; f) Nyquist plots for (Cs)o.20(FA)o.80Pbls-(I) and (Cs)o.20(FA)o.s0Pbls-(Cl) PSCs.

of cesium cation exhibits much larger grain size (up to ~1 um) as
compared with the perovskite film (Cs)g20(FA)o.80PbIs-(I) fabri-
cated from a spin coating of a solution containing FAI, Pbl,, and
Csl in a certain stoichiometry.*”! Figure 3d shows an almost sim-
ilar trend of —Im(Z) versus frequency plot for both the devices.
We note that a small peak is obtained for (Cs)g 20(FA)o.80PbI3-(Cl)
PSC at low-frequency area (<10 Hz) (Figure S3, Supporting
Information), whereas no detectable peak is observed for
(Cs)0.20(FA)0.80PbI5-(I) PSC. This result is consistent with the
findings of IPA- and CB-PSCs, where faster time response or
kinetics is obtained for absorber layer with larger grain size.
Figure 3e shows that the value of Cix is similar for both the devi-
ces.*s) However, the decrease in recombination is clearly visible
in the EIS spectra shown in Figure 3f, where significantly higher-
resistive values is obtained for the (Cs)g_(FA)o.goPbI3-(Cl) PSCs.
The (Cs)o.20(FA)o80PbI3-(Cl) device exhibits low-frequency EIS
arc, which is masked by the high-frequency arc in the case of
(C8)0.20(FA)o.80PbI3-(I) PSCs.

Riquelme et al. have simulated the low-frequency spectra peak
in Im|Z| versus frequency plots, and showed that this peak shifts
toward the high frequency as it is related to the high diffusion
coefficient of ions.!"”! The authors also stated that the associated
low-frequency resistance, i.e., Ry should be the function of ions
diffusion. Comparing the plots shown in Figure 2 and 3, it is
established that shift in low-frequency peak in Im|Z| versus fre-
quency plots and value of Rir and Cir has a no direct relation.
It is possible that the ion accumulation at interface under illumi-
nation increases recombination. At low frequency, ions at Debye
layer have sufficient time to adjust with the applied perturbation
and potential. Recognize that measured EIS spectra is obtained at
the photovoltage, i.e., close to Voc > Vi,; of PSC, this causes the
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motion of holes and positive ions at ETL/perovskite interface and
causes the energy levels uplift by creating the accumulated zone
(ETL/perovskite interface) (Figure 1f). The accumulated ions fur-
ther increase the potential of the Debye layer that causes the
development of electrostatic potential.’? In this situation, the
exact motion and accumulation of ions and charges and their
dependence on grain size or chemical composition of the perov-
skite absorber layer and the resulting effect on low-frequency Rir
and Cir are not yet clear. Various other measurements have also
demonstrated that the slow response in PSCs is due to the ions
but the kinetics of slow response on the charge accumulation and
recombination is not fully established yet. Further experiments
that will focus on understanding the slow response of ions along
with charge carrier phenomena is urgently needed.

2.4. Effect of Perovskite Composition on the Low-Frequency Arc
in EIS of PSC

In the next step, we discuss the role of A- and B-site cations in the
ABX; perovskite structure on the low-frequency arc of EIS in
PSCs. To study the role of A-site cation, we fabricated and
studied the devices based on mixed-cation formulation of
GUA,MA,_,Pbl; (GUA = guanidinium)."** (For detailed exper-
imental procedure, refer the study by Kubicki et al.**) Figure 4a
and Figure S4, Supporting Information, shows Im|Z| versus fre-
quency plots of MAPbI; and GUAg 10MA 9oPbl; (MAGUA) devi-
ces, respectively. We found that EIS spectra of both the devices
exhibit a low-frequency peak at 10 Hz. In a closer look, it was
observed that incorporation of GUA shifts the low-frequency
peak toward the higher frequency. Recent studies have reported
that GUA cation can form strong hydrogen bonds with the
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Figure 4. a) —Im(Z) versus frequency plot of MAGUA PSC; b) capacitance versus frequency plot for MAPbl; and MAGUA PSCs; c) Nyquist plot
for MAPbI; and MAGUA PSCs. d) —-Im(Z) versus frequency plot; e) capacitance versus frequency plot; and f) Nyquist plot for the CsMAFA and

Mg-containing PSCs.

halides that may passivate the defects and improve the device
performance.***”) The capacitance response of MAPbI; and
MAGUA devices depicts the similar frequency response in the
low- and high-frequency regions, but Cr increases significantly
as bias approaches to Voc for MAGUA PSC (see for more detail
in the study by Kubicki et al.**)). In line with the results on
IPA-treated PSCs, we also found that a higher value of Cif not
necessary leads to higher recombination. Exact information of
recombination can be deduced from the resistive values. A higher
value of Ryr and Ryf is obtained for MAGUA PSC as compared
with MAPDI; PSC signifying its lower recombination (Figure 4c).
The incorporation of GUA in MAPDI; not only increases the
recombination resistance but also reduces the series resistances.
It will be interesting for future studies to test the role of other
large cations on the low-frequency spectra of EIS.

Moreover, we have also studied the role of B-site cation on
the low-frequency spectra of EIS. Here as a reference,
we have wused triple A-site cation composition of
Css(MAg.17FA 83)95Pb(lo.83Br0.17)3 (CSMAFA) as a perovskite
absorber layer'®! and replaced Pb*" with 10% and 20% by
weight of Mg”". Figure 4d shows —Im|Z| versus frequency
plots of CsMAFA, Mgj,, and Mg,o PSCs. The obtained plot
of —-Im|Z| versus frequency for PSCs shows a similar trend
with the same peak position in the low- and high-frequency
regions. Focusing on the peak at the low frequency, it is stated
that B-site cation plays an insignificant role on the peak posi-
tion of the low-frequency spectra. Moreover, the incorporation
of Mg?* leads to an increase in Cif (Figure 4e) and decrease in
Ry (Figure 4f). This could be attributed to the fact that Mg**
can act as a defect site leading to higher charge accumulation
and recombination simultaneously.

Energy Technol. 2021, 9, 2100229

2100229 (7 of 9)

3. Conclusions

In summary, we have systematically probed the EIS of efficient
PSCs to address the ambiguous and most debateable nature of
low-frequency spectra of EIS. The presented results confirm the
claims in literature reported that low Ry is related to recombi-
nation process and not with the ionic transport resistance. We
further confirm that high- and low-frequency resistances (Ryr
and Ryy) follow a similar dependence on the applied bias and
illumination with a comparable slope. We associate both resis-
tances with the recombination process in PSCs. Moreover, this
study also establishes the relation between low-frequency EIS of
PSCs on the physical parameters such as the role of the interface,
grains’ sizes, and perovskite composition. We establish that the
low-frequency spectra of PSCs mainly depend on the grains’
sizes. The increase in grains’ size shifts the low-frequency peak
toward the high frequency, i.e., toward faster time constants. It
was observed that these devices exhibit the lower recombination
and higher open-circuit voltage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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