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The electronic processes occurring within the perovskite solar cells (PSCs) are strongly
influenced by the nature of the organic A-cations present within the inorganic framework. In
the present study, we investigated the impact of FA (CH(NH2)2") and Cs* cations on the
intrinsic and interfacial properties in the FAPbBrs and CsPbBrs PSCs. The analysis of current
density (Jsc) and photovoltage (Voc) as a function of illumination intensity establishes that
the interfacial charge transport is more rapid in FAPbBrs devices. Small perturbation
measurements, including intensity modulated photocurrent and photovoltage spectroscopy
were applied to explore the resistive and capacitive elements. Furthermore, electrochemical
impedance spectroscopy measurements were found to correlate well with the photovoltaic
characteristics of FAPbBrs and CsPbBrs PSCs. Overall, the in-depth analysis of various

phenomena occurring within the bromide PSCs allowed us to underline the working principle
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which provides a key to optimize the device performance. The present protocol is not only
valid for PSCs but can also be extended to devices based on alternative light harvesters.

1. Introduction

Among next generation photovoltaic (PV) technologies, perovskite solar cells (PSCs) have
become a center of interest due to the low-cost solution processability.[* A typical perovskite
PV light harvester, achieving high power conversion efficiency (PCE), contains organic
cations, like methylamonium (MA = CH3NHzs") and formamidinium (FA= CH(NH2)2") within
the lead halide inorganic framework.[?l Despite the remarkable advancement, combatting
stability issues particularly in humid and hot conditions has remained a challenge.®! In
addition to organic part, above mentioned stability issues are also associated with the

inorganic framework.

Both inherent issues could be addressed by using a combination of lead bromide
framework and less polar or spherical cations, such as CH(NH2)2*(FA) or cesium (Cs™).
FAPDBrs and CsPbBrs exhibit, respectively, band gap of 2.27 and 2.35 eV, which are desired
to obtain high Voc. [ Along with higher stability, bromide based PSCs also possess a high
open circuit voltage (Voc) of >1.3 V, enabling them to be directly applicable for photo-
catalytic water splitting and to harvest high energy of the solar spectrum in a tandem
configuration with the matured PV technologies.* 31 From these reports, the difference in the
photovoltaic characteristics seems to be associated with the nature of cations. However, there
is a scarcity of reports in the literature discussing the role of organic cations on the intrinsic
and interfacial dynamics of PSC. In this work, we analyzed the PSCs based on FAPbBrs and
CsPbBrs to understand the recombination losses, capacitive characteristics, and charge
transport and extraction within the absorber layer and across various interfaces. We studied
current density (Jsc), and open-circuit voltage (Voc) as a function of illumination to explore

the charge transport and dominant recombination mechanism within the devices. The intensity
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modulated photocurrent and photovoltage spectroscopy (IMPS/IMVS) and electrochemical
impedance spectroscopy (EIS) were further exploited to identify the dominant recombination
process and transport limiting factors. Detailed analysis of the physical phenomena occurring

in the FAPbBr3 and CsPbBrs PSCs allowed us to underline the working principle.

2. Results and Discussions

The current density versus voltage (J-V) characteristic measured under AM1.5G (light
intensity of 100 mW/cm?) at 25 °C for CsPbBrs (device A) is shown in Figure 1la. Power
conversion efficiency (PCE) of 2.0% with an open circuit voltage (Voc) of 1.22 V, fill factor
(FF) of 65% and short circuit current density (Jsc) of 2.42 mA/cm? is recorded for the
CsPbBrsdevice. The replacement of Cs with FA in the lattice (device B) resulted in a notable
difference in the values of PCE (6.19%), Voc (1.45 V), Jsc (5.97 mA/cm?) and FF (70%). The
increase in PCE is mainly due to higher FF and Voc, which could arise from the reduction of
electron and hole transport resistances, higher shunt resistance and less non-radiative
recombination. However, in the present case, the electron and hole transport layer i.e. TiO2
and spiro-OMeTAD are deposited under similar experimental conditions. Thus, the
improvement in the charge transport and decrease in the trap-assisted recombination could be
associated with the absorber material. The semi-logarithmic plots of dark J-V characteristics
shown in Figure 1b for both devices exhibit two distinguishable bias dependent regions. In
case of device B, the low forward bias region is dominated by higher shunt resistance which
reflects the formation of a better rectification junction with a low leakage current between the
selective contacts and absorber layer.®! In the high forward bias region at V >0.8 V, for both
devices, the net current plots are almost parallel and follow an exponential behavior due to the
diode and recombination characteristics. The main difference lies in the lower order

magnitude of net current in device B arising from the better interfacial junction and absorber
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quality. Figure 2a shows the linear dependence of Jsc on the incident light intensity, with a fit
to a power law (I o Jo-%), resulting in the value of & # 1 for both devices. [l To draw the
conclusion about a dominant recombination mechanism, knowledge about the upper limit of
Fermi level splitting is required as this will allow us to distinguish between charge separation
and charge storage dynamics. An independent illustration of dominant recombination can be
drawn from Voc vs illumination intensity plot; an alternative way to obtain Fermi level

splitting.
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Figure 1. Photovoltaic characteristics of CsPbBrs (device A) and FAPDbBrs (device B)
perovskite solar cells. (a) Current density versus voltage characteristics of CsPbBrs (device A)
and FAPDbBrs (device B) devices recorded under full sun illumination at a scan speed of 0.01
Vs in the backward direction, (b) Current density versus voltage characteristics of CsPbBrs
(device A) and FAPDBTr3 (device B) devices recorded in the dark.

Figure 2b shows the semi-logarithmic plot of Voc vs illumination intensity for both

devices and a straight line fit using the expression V. o m;—rlcrgm I, where q is the electric

charge, n is the ideality factor, k is the Boltzmann’s constant and T is the temperature. The

deviation of the slopes from ZkEqu illustrates the dominance of monomolecular

recombination close to the Voc of devices. Relatively lower ideality factor of 1.7 in the case

of device B (1.9 in the case of device A) indicates a reduced trap-assisted recombination
4



WILEY-VCH

which could be related to quality of the absorber layer and interfaces of the device.[®l Hence,
the findings of Jsc and Voc vs intensity suggest that the performance of device A is limited by
the recombination mechanism. In addition to the recombination process, it is important to

evaluate the transport characteristics under operating conditions.
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Figure 2. The dependence of (a) Jsc and (b) Voc on the incident light intensity in case of
CsPbBr3 (device A) and FAPbBTr3 (device B) solar cells. The plot of —dV/dJ vs exp (-qV/nkT)
was used to extract the values of Rs and Jo, here V is applied voltage corrected for IRs losses
for (c) CsPbBrs (device A), and (d) FAPbBr3 (device B) solar cells under illumination.

Figure 2c and d illustrate the plot of the measured —dV/dJ close to the open circuit

voltage (Voc) under full-sun illumination for the device A and B, respectively. The obtained

nkT

_(avy
A { fnkf-} where, J; represents the
o

plot is fitted using the expression dvfdj= R: +

reverse saturation current. The intercept of straight line and the slope, yield Rs and J,
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respectively. The value of n obtained from the Voc vs illumination intensity plot (Figure 2b) is
used as an input parameter in the above expression. Rs of 14.5 and 7.5 Q were obtained under
illumination, respectively, for the device A and B. Relatively lower Rs obtained in case of
device B relates to the specific conductivity of FAPbBrs semiconductor or more favorable
band alignment of the absorber with the electron and hole transport layers.[® Furthermore, we
studied the charge transport and recombination time for both devices using small perturbation
techniques, i.e., IMPS, IMVS and EIS, which have been widely used for characterizing dye-
sensitized and silicon solar cells, and recently for PSCs. Nevertheless, there is still dearth of
reports demonstrating their application in the bromide PSCs. As bromide based PSCs possess
different electrical and optical characteristics than the conventional iodide based PSCs, it
would be interesting to study their transport and recombination characteristics using such
techniques.

Figure 3 shows the IMPS and IMVS response of both devices in the frequency range
of 100 kHz to 1 Hz at a perturbation current of 15 mA. At a fixed illumination, the IMPS
response of the devices features a Warburg element in the low and mid frequency region
followed by a straight line in the high frequency region. A distinct feature in the low and mid
frequency is ascribed to two different transport processes running in parallel within the device.
Giordano et al. and Guillen et al. observed a similar IMPS features for lithium treated and
untreated TiO2 photoanodes and concluded that the low and mid frequency features are
associated with the charge transport processes in the TiO2 and perovskite layer,

respectively.l’) The transport time can be obtained directly from the minimum frequency

(fmin) point of the complex Nyquist spectra by using the expression t,, = 1f2;-zf . T, values

of 5 and 0.8 ms were obtained, respectively, for the device A and B. A faster time response in
device B than device A signifies better charge transport Kinetics at the TiO2/perovskite

interface. The Nyquist IMPS spectra recorded under different illuminations for both devices
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are shown in Figure S1. With an increase in the illumination, the mid and low frequency
spectra merge, and a complex spectrum at the low frequency followed by the Warburg
element and a high frequency line appeared. The appearance of the Warburg element in the
bromide based PSC signifies the combined influence of the electron transport in TiO2 and the

recombination within the active layer.
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Figure 3. IMPS response of (a) CsPbBrs (device A) and (b) FAPbBrs (device B) solar cells,
and IMVS response of (c) CsPbBrs (device A) and (d) FAPbBrs (device B) solar cells
recorded in the frequency range of 100 kHz to 1 Hz.

To get further insight into the effective charge transport in the devices, current-time
(J-t) measurements under illumination and short circuit conditions were measured (SI, Figure
S7). A fast decay of non-steady state photocurrent observed in device B confirms the efficient
charge transport across the device. The characteristics of electron-hole recombination in both

devices were obtained from IMVS plot (Figure 3c and d). The values of low and high
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frequency responses as a function of illumination for device A are in the order of 15 and 0.10
ms, respectively. Whereas for device B, the low frequency response time of 15 ms with no
significant high frequency response is observed.
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Figure 4. The EIS response measured at (a) 0 V, and (b) at 1.2 V in dark and under
illumination for CsPbBrs (device A) solar cell, and EIS response measured at (¢) 0 V and (d)

1.3 V in dark and under illumination for FAPbBrs3 (device B) solar cell.

Detailed insight into the interfacial processes occurring in the devices based on different
absorbers is further gained by EIS (Figure 4 and Figure S2). The EIS spectra were measured
in the frequency range of 100 kHz to 1 Hz with a perturbation voltage of 10 mV in the
forward bias range of 0 to 1.4 V with a step of 50 mV. EIS spectra for device A and B,
recorded in dark and under illumination exhibit two clear features: semicircle in the high
frequency region followed by an incomplete semicircle arc in the low frequency region. EIS
spectra with two or more distinguishable features have also been observed for iodide based

8
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PSCs.[*] The EIS spectra corresponding to CsPbBrs recorded at zero bias (Figure 4a) exhibit
a maximum value of resistance in the low and high frequency region. With a progressive
increase in the applied bias towards the knee voltage (0.9 V for CsPbBrs), the value of
resistance decreased but the values of capacitance increased concurrently. A similar behavior
of resistance and capacitance is also observed for the device B shown in Figure 4c and d. The
capacitance of the PSCs at low frequency has been assigned to the ion migration or dielectric
relaxation phenomenon. The properties, like giant dielectric constant or change in the
magnitude of capacitance with illumination and applied bias are characteristics of perovskite
semiconductor mostly reported for iodide based solar cells.*?l We also observed a similar low
frequency capacitance in the bromide based PSCs. This infers that the FAPbBrs and CsPbBrs
systems possess characteristics, which are inherently associated with the absorber layer. The
decrease in the low frequency resistance with an increase in the applied bias or illumination
for both devices can be explained in the following manner: In the absence of light and bias,
TiO2 and perovskite interface exhibits a large electrostatic field of the order of 106 V/m. The
illumination of device causes a significant increase in the majority charge carriers in the
absorber layer which leads to the existence of high number of free charge carriers and the
interfacial electric field opposing the large electrostatic field. This could explain a decrease in
the values of recombination resistance with an increase in the applied bias. Apart from the
discussion on the role of illumination and bias on the device characteristics, the above
mentioned conclusions also support the assignment of the low frequency arc to the
recombination or charge accumulation process. By comparing the low frequency spectra of
both devices, a lower magnitude of real complex impedance spectrum in case of device A
shows a higher recombination rate. Consequently, with an increase in the applied bias from
knee voltage to Voc of a solar cell (Figure 4b and Figure SI), magnitude of the low frequency
spectrum decreases considerably. Similarly, for device B, the real magnitude of the low

frequency spectra decreases by ~100 times (Figure 4c) in the corresponding bias range.
9
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Moreover, at a bias close to the Voc (device A), the low frequency spectrum merges with the
high frequency one, whereas at the same time two distinct features of the low and high
frequency are still observed for device B (Figure 4d). This signifies the consequence of higher
recombination due to photogenerated and bias dependent accumulation of charge carriers in
the device A. Between zero to knee voltage for both devices, the high frequency spectra didn’t
show a significant change in their magnitude. However, a higher absolute value of magnitude
at low and high frequency in case of device B further confirms that along with higher

recombination, the performance of device A is also limited by the low shunt path.
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Figure 5. Extracted values from the (a) high and (b) low frequency resistive components of
CsPbBrs (device A) and FAPbBrs (device B) solar cells as a function of applied bias in the
range of knee voltage to Voc of corresponding devices, (c) Capacitance versus frequency plot
of CsPbBrs3 (device A) and FAPbBrs (device B) solar cells measured at a 10 kHz oscillation
frequency and (D) Mott-Schottky plot of CsPbBrs (device A) and FAPbBr3 (device B).
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Figure 5a and b illustrates the extracted values of the high and low frequency resistive
components for both devices in a bias range between knee voltage to open circuit voltage. The
EIS spectra were fitted by an equivalent circuit of Rs - RufChr - RuCLs in which Rs is the series
resistance, Ruf, Rir are the high and low frequency resistive elements, respectively. The Ryt
and Rucsfor both devices follow the same bias dependence with somewhat difference in their
absolute values. The high frequency Rws is due to the selective contact and is related to the
charge transport resistance of holes at perovskite/HTM interface and transport resistance in
HTM. A lower values of Rus for device B explains the higher FF because Ry also acts as a
series resistance for charge transport.[*!4l Nevertheless, another parameter that explains the
low FF and Voc in device A is the lower order of Rit as shown in Figure 5b, where the

symbols represents Rir extracted by fitting the EIS spectra and line shows the linear fit
according to the expression R, ; = R exp [— qvﬂfnkT]. Here, R, is the pre-exponential factor,

(11 where straight line fit results in the value of n as 2.0 and 1.88 for device A and B,
respectively.

Figure 5c shows the plot of capacitance as a function of applied bias for both devices
under illumination. In the low forward bias i.e. between 0 to knee voltage, the values of
capacitance remain almost constant with a magnitude of ~0.2 uF for both devices. However,
in the high forward bias region the capacitance plots exhibit an exponential behavior. Various
descriptions have been proposed in literature for the exponential behavior, for e.g. Fermi level
modulation of the minority charge carriers in the case of chemical capacitance and charge
accumulation capacity of TiO2/perovskite interface. The fit to the exponential capacitance plot
provides an ideality factor which is about 12-15% lower as compared to the values obtained
from the plots shown in Figure 5c. Lower ideality factor from the capacitance-bias plot
signifies the different rate of change in capacitance and resistance, or the charge

blocking/accumulation nature of the interfacial region. The capacitance as a function of
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applied bias and frequency are represented by a Mott-Schottky plot for both devices (Figure
5d and SI). The slope and intercept provide the values of donor concentration (Na) and built-in
potential Vi, respectively. The average value of Vbi and Na are obtained as 1.27 V & 1.4 V,

and 1.4x10'® & 2.3x10% cm? for device A and B, respectively.[**]

3. Conclusions

Using a combination of techniques, we have successfully unraveled the fundamental
electronic processes occurring in the lead bromide based PSCs, which are strongly influenced
by the nature of cations present within the inorganic framework. Investigation of the
photovoltaic characteristics revealed that the charge transport and interfacial properties are
more favorable in FAPbBrs devices as compared to CsPbBrs ones. The small perturbation
measurements established that the more rapid charge transport and higher resistive
recombination resistance in a relatively more efficient device (FAPbBTr3) could be ascribed to
a decrease in non-radiative recombination. Furthermore, in-depth analysis together with the
physical phenomena occurring in the devices allowed us to underline the working principle

which will pave a way to further improve the performance of PSCs.

4. Experimental Section

Preparation of TiO2 Photoanode. Fluorine-doped tin oxide (FTO) glass substrates
(TCO glass, NSG 10, Nippon sheet glass, Japan) were cleaned by ultrasonication in diluted
Hellmanex (2%, in deionized water). The substrates were then rinsed thoroughly with
deionized water and ethanol followed by UV/ozone treatment for 15 minutes. A 30 nm
compact layer of titanium dioxide (TiO2) was deposited onto the substrate from a precursor
solution of titanium diisopropoxide bis(acetylacetonate) solution (75% in 2- propanol, Sigma-
Aldrich) diluted in anhydrous ethanol (1:9 volume ratio) by spray pyrolysis at 450 "C using

oxygen as the carrying gas. A mesoporous TiO2 layer was then deposited onto the substrate

12
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by spin-coating a diluted paste (1:3.5 weight ratio, Dyesol 30NRD) at a speed of 5000 rpm for

30 s using an acceleration of 2000 rpm. This was followed by sintering the substrates at
450 °C for 30 min in dry air. For Li-treatment of mesoporous TiO2 photoanode, 200 uL of
freshly prepared bis(trifluoromethylsulfonyl)imide lithium salt (LiTFSI) solution in
acetonitrile (20 mg/mL) was spin-coated (3000 rpm, acceleration of 2000 rpm for 20 s) after
loading time of 10 s. The Li-doped substrates were sintered at 450 °C for 30 min and after
cooling down to 150 °C were transferred to a drybox with humidity less than 1%.

Device Fabrication. The FAPbBrs and CsPbBrs films were deposited using a two-step
sequential deposition method. 1.0 M PbBr2 (TCI 99%) precursor solution was prepared in
N,N-dimethylformamide (DMF, Acros Organics) and dimethyl sulfoxide (DMSO, Acros
Organics) by constant stirring at 60 °C for 30 min. PbBr2 (DMF+DMSO in a 1:1 volume
ratio) solution was spin-coated onto the mesoporous TiO2 films at 3000 rpm for 30 s. This
was followed by annealing the films at 80 °C for 15 min. Then the films were dipped in
formamidinium bromide solution (Dyesol, 50 mM) in isopropanol for 5 min at 60 °C, rinsed
with 2-propanol for 5 s, and dried at 80 °C for 30 min. For CsPbBrs films,1 M PbBr2 solution
in DMF, kept at 60 °C during deposition was spin-coated on substrates at 2500 rpm for 30 s
and annealed at 70 °C for 30 min. A solution of cesium bromide (CsBr) was prepared by
dissolving 15 mg CsBr in 1 mL methanol at 80 °C for 10 min under constant stirring. The
PbBr2 substrates were dipped into CsBr solution at 60 °C for 10 min, rinsed in isopropanol,
and dried at 250 °C for 10 min.

Deposition of Hole Transport Materials (HTM): 72.3 mg spiro- OMeTAD (2,2',7,7'-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene) was dissolved in 1 mL of
chlorobenzene, to which , 28.8 uL of 4-tert-butylpyridine 28.8 uL 17.5 uL of a stock solution
of 520 mg mL?! bis(trifluoromethylsulfonyl)imide lithium salt in acetonitrile, and 29 uL of a
stock solution of 300 mg mLt Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt-(l11)

bis(trifluoromethylsulfonyl)imide in acetonitrile were added. The device fabrication was
13
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carried out in dry air glove box with humidity <1%. Finally, device fabrication was completed
by thermally evaporating 70nm of gold layer as a back contact.

Device Characterization: The current-voltage (J-V) characteristics of the perovskite
devices were recorded with a digital source meter (Keithley model 2400, USA). A 450 W
xenon lamp (Oriel, USA) was used as the light source for photovoltaic (J-V) measurements.
The spectral output of the lamp was filtered using a Schott K113 Tempax sunlight filter
(Prézisions Glas & Optik GmbH, Germany) to reduce the mismatch between the simulated
and actual solar spectrum to less than 2%. The photo-active area of 0.16 cm? was defined
using a dark-coloured metal mask. AC measurements were performed using a potentiostat
Biologic SP300 equipped with a frequency response analyser. IS measurements were
performed in the DC bias range of O to open circuit voltage with an AC perturbation signal of

20 mV in the frequency range of 1 Hz t0100 kHz.
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