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ABSTRACT: In this work, the electrical properties of different T N
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triple-cation compositions with the formula CsyosFA;_yMAPb- e ) A %) I R N
(I,_xBry); have been analyzed using electrochemical impedance 3 N SN NE 1o \‘\'\_\ AN
spectroscopy. The perovskite solar cells were subjected to ambient ° e J T !\,\1\\
conditions to compare their results in terms of ambient q> 0 \\\k

: : ; ; 10! MG N
degradation. Their morphology, optical properties, and photo- ~
voltaic performance were characterized. We analyzed the causes R Tt A

and effects of ambient degradation mechanisms on the devices.
Electrochemical processes such as ion movement, a combination of
radiative recombination and nonradiative recombination, and
charge transport were detected. The MA percentage decrease in the composition of triple-cation perovskites, APbX; produces an
improvement in the stability and durability of perovskite solar cells. This enhancement is due to the reduction of the amount of ion
vacancies helping to reduce the degradation in the device by avoiding the accumulation of defects.
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B INTRODUCTION

Perovskite solar cells (PSCs) have been the main focus of
attention for photovoltaic materials in the last decade. This is
due to their excellent optoelectronic properties and high
efficiencies. These properties include high absorption over the
visible spectrum,’ low exciton binding energy,” balanced
charge transport properties with long diffusion lengths,>* and
a tunable band gap from 1.1 to 2.3 eV by interchanging
cations,” metals,® and/or halides.” In just 12 years, PSCs have

active film, and this is affected by thermal and humid stability
conditions."” ™" In recent years, research has been led to find
the best combination of elements to obtain highly efficient and
stable PVSKs."> For the A cation, MA, FA, Cs, Rb, or K is
used,”*~** while in the B metal position, Pb or Sn is commonly
used.”® In the case of the halide component, iodide, bromide,
or chloride is used.”**” Saliba et al. incorporated Cs into the
FAMAPDI,_yxBry PVSK, and this multication approach has
been extensively used for its good efficiency and stability,”**’
thus creating the so-called triple-cation PVSK (CsFAMAP-
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improved from 3.8%° (2009) of power conversion efficiency
(PCE) to over 25%° (2021).

Halide perovskites (PVSKs) in solar cells have a general
structure of ABX;, where A represents an organic or inorganic
monovalent cation such as cesium (Cs"), methylammonium
(MA*), or formamidinium (FA*); B is a divalent metal such as
Pb** or Sn®*; and X is a halide such as I, Br~, or CI7.'*!110!
CH,;NH,Pbl; (MAPI) is the most studied PVSK compound
for being one of the first to be used in sensitized solar cells,®
later introduced in single-junction solar cells by Snaith et al."”
Being a hybrid material (organic—inorganic), the principal
problem in these solar cells has been the stability by
degradation.'”'* MAPI is a hybrid material that has a
structural phase transition at 55 °C.° MAPI stability is limited
and affected by different parameters such as humidity,
temperature, and UV light.">~"*

For this reason, new PVSK compounds are studied to
increase the photoconversion efficiency, reproducibility, and
stability.">'® The stability is related to the degradation of the
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bI,_yBry).”" This resulted in a significant improvement in the
stability of the PVSK without compromising too much of its
efficiency. As a result, this type of PVSK has become a standard
for the manufacturing of PSCs.’”’' Triple-cation PVSKs,
however, are still not stable enough to withstand adverse
environmental conditions; therefore, stability continues to be
the main problem of PSCs.

Electrochemical impedance spectroscopy (EIS) is a well-
known technique for characterizing electrochemical processes
in different types of solar cell technologies.'#**~>* EIS captures
the current response to small amplitude modulating the voltage
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Figure 1. SEM images of the CsyosFA;_xMAPb(I,_xBry); perovskite thin films varying the FAPI concentration at (a) 100%, (b) 91.5%, (c) 83%,

and (d) 74.5%.

stimulus. To interpret the data generated by this method, an
equivalent circuit comprising resistive and capacitive response
elements is used for fitting. For a correct interpretation,
different elements of the circuit have to be correlated with the
physical mechanisms of the device.”””> With the correct
interpretation, representing physical processes into circuit
elements, we can have a better understanding of the causes and
effects of both degradation mechanisms and physical processes
occurring in the PSC.*>

In this work, the effects of ambient degradation exposure on
triple-cation PSCs are analyzed. PSCs with the configuration
Cs0sFA|_xMAPb(I,_yBry); were fabricated varying the
FAPbI; (FAPI) molar concentration at values of 100, 91.5,
83, and 74.5%. For simple labeling, we will refer to each
combination by the amount of FAPI in the triple-cation
perovskite, having 100, 91.5, 83, and 74.5% of FAPI in the
PVSK film. The maximum PCE obtained before degradation
was 18.55%, observed in the samples with 83% of FAPL After
the PSCs were stored at a relative humidity of about 50%, in
the dark and at ambient temperature fluctuating between 20
and 40 °C during 90 days, the PSCs with 91.5% of FAPI
content showed the best performance (PCE of 14%). The EIS
results indicate a reduction in the recombination processes
with an increase in the FAPI concentration. The ideality factor
“m” and R, suggest that the reduction in the FAPI content
promotes the creation of recombination paths. Meanwhile, the
Ry, resistance indicates that an increase in recombination paths
is due to an increase in the formation of ion vacancies as the
FAPI concentration is reduced.

B EXPERIMENTAL SECTION

Materials. Patterned fluorine tin oxide (FTO)-coated glass
substrates, lead iodide (Pbl,, TCI, 99.99%), lead bromide (PbBr,,
TCL, 99.99%), formamidinium iodide (FAIL Dyenamo, >99%),
methylammonium iodide (MAI, Dyenamo, >98%), and cesium
iodide (CsI, Aldrich, 99.9%) were used as purchased. In addition,
spiro-MeOTAD (Lumtec, LT-S922, 99%), N,N-dimethylformamide
(DMF, Aldrich, anhydrous 99.8%), dimethyl sulfoxide (DMSO,
Aldrich, 99.9%), isopropanol (IPA, Aldrich, anhydrous 99.5%),

lithium salt (LiTFSI, Aldrich, 99.95%), acetone, acetonitrile, ethanol,
and acetylacetone (CH;COCH,COCH;, Honeywell, >99.5%) were
also used as purchased.

Device Fabrication. FTO-coated glass substrates were sequen-
tially cleaned in detergent, deionized water, acetone, and IPA. The
first deposition was a compact TiO, film, deposited by spray pyrolysis.
Then, a mesoporous TiO, film was deposited by spin coating at 2000
rpm for 10 s and annealed at 450 °C for 2 h. Passivation with lithium
salt was done with LiTFSI dissolved in acetonitrile 10 mg mL™", spin
coated at 1000 rpm for 10 s, and heat-treated similarly to mesoporous
TiO,. A DMF/DMSO (4:1, V:V) solvent was used to dissolve Pbl,
and PbBr, in 1.5 M concentration, to be added onto FAI and MABr at
1.24 M concentration, respectively. CsI was used as a dopant
dissolved in DMSO at 1.5 M concentration. Mixed perovskites were
prepared according to the experiments. Then, spiro-MeOTAD was
spin coated at 1800 rpm for 30 s. Finally, an 80 nm gold film was
thermally evaporated as a metal electrode.

Characterization. Current Density—Voltage (J—V) Curves. The
J—V curves of the PSCs were recorded using a Wavelabs Sinus-70
LED class AAA solar simulator in air. The light intensity was
calibrated with a silicon reference cell from Fraunhofer ISE. J—V scans
were performed with a Keithley 2400 SMU, controlled by a
measurement control program written in LabView. A voltage step
of 10 mV with an integration time of S0 ms per point and settling
time of 50 ms after voltage application was used. This corresponds to
a scan rate of 100 mV s~'. The active area of the device is 0.16 cm?

Scanning Electron Microscopy (SEM). SEM images were recorded
with a Hitachi S-4100 at an accelerating voltage of 5 kV.

Electrochemical Impedance Spectroscopy (EIS). EIS measure-
ments were performed under different light irradiances fixing a DC
voltage equal to V. at the chosen irradiance and applying AC
perturbations of 10 mV with a frequency scan from 10° to 10! Hz.

UV—Vis Spectroscopy. Light transmittance of the samples was
performed with a Perkin Elmer LAMBDA 1050 UV/VIS
spectrometer. Samples for the UV—Vis measurements were prepared
using a stack consisting of FTO/compact TiO,/mesoporous TiO,/
perovskite.

B RESULTS AND DISCUSSION

Morphology Characterization. Figure 1 shows SEM
images of the CsgosFA,_yMA4Pb(I,_;Bry); perovskite thin
films varying the FAPI concentration at 100, 91.5, 83, and
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74.5%. The sample with 100% of FAPI shows a homogeneous
film (Figure la) without pinholes, with regular interfaces
between grains, and an average grain size of about 315 + 5.2
nm (see Figure S1). The reduction of FAPI (91.5%) and the
introduction of 8.5% MAPbBr; (MAPBr) produce a somewhat
less homogeneous film (Figure 1b) with a reduced average
grain size (223 + 11.3 nm), the smallest gain size of all four
PVSKs studied. In the case of the sample with 83% of FAPI,
they produce a homogeneous film (Figure 1c) with a decreased
grain boundary interface area due to the larger grain size. The
average grain size of this sample is about 236 + 6.7 nm. Finally,
the perovskite film with 74.5% of FAPI (Figure 1d) shows a
homogeneous film, also without pinholes, and an average grain
size of 312 + 6.6 nm.

Optical Properties. Figure 2 shows the absorption spectra
of the CsyosFA;_yMA,Pb(I,_yBry); perovskite thin films of
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Figure 2. Absorption spectra of the CsgosFA;_xMAyPb(I,_Bry),
perovskite thin films varying the FAPI concentration at 100, 91.5, 83,
and 74.5%.

the samples under study. In the sample with 100% FAPI, the
absorption begins to rise near 850 nm, indicating a band gap of
about 1.53 eV (Figure S2). When the amount of FAPI is
reduced to 91.5%, a general reduction of the absorbance is
obtained; this could be indicating that there will be a reduction
in the photogeneration process.”® At the same time, the
absorption range is reduced from 800 to 780 nm, indicating an
increase of the band gap to 1.58 eV, which is an expected
consequence of the partial substitution of FAPI by MAPBr.”
This trend, with reductions of both absorbance intensity and
absorption range, is followed by the samples with a lower
amount of FAPI, resulting in band gaps of 1.63 and 1.68 eV for
the samples with 83 and 74.5%, respectively.

Photovoltaic Characterization. Figure 3 shows the J-V
curves of the best fresh samples for each FAPI concentration.
Figure 4 shows the statistical values of the photovoltaic
parameters of 15 samples for each FAPI concentration. The
corresponding statistical value for each parameter is shown in
Table S1. The PSCs with an FAPI concentration of 100% have
an average short-circuit current density (J,.) of 21.2 + 0.6 mA
cm™, an open-circuit voltage (V) of 0.941 + 0.012V, and a
fill factor (FF) of 72.8 + 4.1%, resulting in a PCE of 14.7 +
0.7%. When the FAPI concentration is reduced to 91.5%, J. is
reduced to 21.0 + 0.2 mA cm™? and the FF increases to 76.3 +
2.4%. Meanwhile, the V. increases almost linearly with the
reduction of FAPI, resulting in an enhanced PCE of 162 +
0.6%. The ], trend is consistent with the observed reduction in
the light absorption in the absorption spectra (Figure 2). The
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Figure 3. J-V curves of fresh samples of CsyoFA,_xMAyPb-
(I,_xBrx); perovskite thin films varying the FAPI concentration at
100, 91.5, 83, and 74.5%.

V,. increases with the reduction of the FAPI concentration to
83%. V. is 1.108 + 0.024 V and the best PCE is 17.6 + 0.7%.
Finally, in the samples with an FAPI concentration of 74.5%,
Ji is reduced to 18.1 + 0.5 mA cm™2, V,_is 1.134 + 0.028 V,
and the FF is 73.8 + 5.5%, obtaining an average PCE of 15.1 +
1.2%. As expected from the progressive increase in band gap
(Ey), Jic decreases as the content of MA increases, see Figure 4.
V,. follows an inverse trend with a clear increase as the FAPI
concentration decreases. Note that the increase in V. is higher
than the increase in the perovskite E, see Table S2. For
example, for the sample with the FAPI concentration of 74.5%,
the increment of E; with respect to the FAPI concentration of
100% is 0.15 eV, while the increment in average V. is 0.193 V,
see Table S2. This difference can be attributed to a decrease of
the nonradiative recombination as the MA content in fresh
samples increases.

PSCs after 90 Days from Device Fabrication. The PSCs
were stored away in the dark, at ambient temperature
fluctuating between 20 and 40 °C, and at a relative humidity
of about 50%, for 90 days after device fabrication. The samples
were kept at these ambient conditions without encapsulation
or sealing. The PCE of the devices was affected after
degradation according to the ratio of FAPI to MAPBr in the
perovskite film.

Figure 5 shows the J—V curves of the samples after 90 days
of device fabrication and stored under ambient conditions. The
samples with 100% of FAPI did not show photovoltaic
behavior after 90 days from device fabrication. The solar cell
parameters of the degraded devices are collected in Table S3.
Here, it can be seen that the rest of the samples have, on
average, short-circuit currents greater than 15.5 mA cm™? and
voltages greater than 1 V. It can be observed in the curves that
the sample with 91.5% of FAPI content is the one with the best
performance, mainly for having higher ], in comparison to
other samples. However, the samples with 91.5% of FAPI have
an average PCE value 27% lower than the initial average PCE
value. Reducing the FAPI content to 83% produces a
significant reduction in average PCE of 43% with respect to
the PCE value for fresh samples. In addition, the average FF
decreases considerably for this FAPI concentration, see Table
S3. This fact can be due to three causes: (1) Increase in load
leakage processes. (2) Resistance to transport of charge
carriers. At first glance, there seems to be a change in the
series resistance; however, additional analysis is required to
evaluate this fact. (3) Ideality factor, related to the type of
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Figure 4. Statistical values of the photovoltaic parameters of 15 samples for CsgosFA;_yMAyPb(I;_yBry); perovskite thin films varying the FAPI

concentration at 100, 91.5, 83, and 74.5%.
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Figure 5. J=V curves after 90 days from device fabrication of
CsgosFA;_xMAPb(I,_Bry); perovskite thin films varying the FAPI
concentration at 91.5, 83, and 74.5%.

recombination, is one of the issues that are expected to change
during degradation. Each one of these parameters can be
evaluated with an electrochemical impedance spectroscopy
study.

Electrochemical Impedance Spectroscopy (EIS). To
clarify how the working mechanisms of the cells were affected
by the degradation processes, EIS measurements at open-
circuit conditions and different irradiances were perform-
ed.**Figure 6a shows the Nyquist plot for the sample with
91.5% of FAPIL For samples with 83 and 74.5% of FAPI,
Nyquist plots are illustrated in Figure S3. Here, it is observed
that all impedance spectra have two well-defined arcs that
exponentially decrease with the irradiance. All of the studied
samples show similar impedance trends. The semicircles are
usually stated as high- (left ones) and low-frequency (right
ones) arcs. The total contribution of both arcs (the addition of
the diameters) has been related to the recombination
resistance, R, of the PSC,***>*" considering that the

transport resistance is negligible. The impedance of PSC is
strongly affected by ion motion mostly in the low frequency
range.

To analyze the impedance pattern, we used the equivalent
circuit formalism fitting the experimental results with the
equivalent circuit plotted in Figure 6b. This circuit is one of the
most extended models and provides results that can be
correlated with other models including the circuit with
elements arranged in series’** or as an alternative model to
a circuit using transistors.”> In this circuit, R, stands for the
series resistance, and it is related to the FTO and the resistance
of the wire connections. C, is the geometric capacitance
(associated with the dielectric properties of the perovskite).
R, is the resistance determined by the sum of the arc
diameters. Ry, and C, are dielectric relaxation (dr)-like
resistance and capacitance of the perovskite, respectively.
These circuit elements have not been completely related to a
single physical process but influenced by several ones. Ry, is
associated with the recombination mechanism and influenced
by electron diffusion and ion vacancies."” Meanwhile, C,, has
been previously studied and associated with the charge
accumulation at the interfaces, being the principal cause of
J—V PSC hysteresis,” although different ion parameters affect
its value."’Figure 6¢c shows R, values obtained from
impedance fitting for the degraded samples under different
illuminations at V. conditions as a function of E/q — V,,
where q is the electron charge. This representation allows us to
compare R, removing the effect of the different band gaps.*'
It can be observed that, on one hand, the sample with 74.5%
has a lower R, value than the other samples. The R, values of
samples with different concentrations get closer in the high V.
region. This fact explains the lower V,_ observed for the 74.5%
sample as a consequence of the higher recombination rate in
this sample. On the other hand, all of these samples show
different slopes in Figure 6¢. The slope of R is determined by
the ideality factor “m,” which is closely related to this kind of
recombination process,**™*" following the general expression
ineql
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Figure 6. (a) Nyquist plot of the impedances for the sample with 91.5% of FAPI measured under open-circuit conditions at several irradiances. (b)
Circuit used to fit the impedance spectra.®® (c) Recombination resistance vs open-circuit voltage corrected by the optical band gap.*' (d)
Recombination resistance at V = 0. (e) Ideality factor “m.” (f) J=V curves of the 91.5% of FAPI sample at several irradiances showing the pseudo J—

V curve (Ps J—V). (g) Dielectric relaxation resistance.

Table 1. Calculated Values of R,.., m, R, and Ry,

EIS pseudo J-V -V Voo
FAPI (%) Ro(Q cm?) m Ry(Q cm?) m R(Q cm?) Ry(Q cm?) m m
91.5 2.15 X 10*? 1.52 1.55 X 10*2 1.52 7 1.17 x 10* 5.68 1.54
83.0 8.49 x 10® 227 3.87 x 10° 2.33 10 3.07 x 10° 7.53 2.58
74.5 1.72 X 10° 3.98 2.16 x 10° 3.77 13 2.92 x 10° 7.52 5.54
R = Roe_qv/ mkyT (1) Eventually, “m” can also be obtained from the J—V curve
rec

where R, is the recombination resistance at V = 0, kg is the
Boltzmann constant, and T is the temperature. Note that in the
case of PSCs, this ideality factor is also affected by the ionic
movement. For the sake of clarity, we differentiate this ideality
factor from other solar cells, where it is just determined by
electron dynamics. Hereafter, we will call “m” the apparent
ideality factor of PSCs.*”*®** The ideality factor can be related
to the recombination mechanism.’® Also, it has been recently
used to track the performance of PSCs outdoors."”

Beyond the interpretation of the apparent ideality factor,
which we will discuss later, this parameter can be obtained
independently through different measurements. Consequently,
it is a good parameter to evaluate the consistency of electrical
characterization. For instance, “m” can be calculated from eq 1
considering the R, obtained by EIS, as well as Ry, see Table 1
and Figure 6d,e. In addition, the apparent ideality factor can be
easily obtained from the dependence of V,_ with light intensity,
following the general expression in eq 2

mkgT ]Ph
=——1In

q Jo ()

oc

where ], is the photogenerated current at the chosen light
intensity and J, the reverse saturation current.
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using the diode equation, following the general expression in
eq3

mkgT m
]:]SC _ B (qu/ kT l)
R, (3)

From Table 1, it can be appreciated that there is a good
agreement between “m” values calculated with eqs 1 and 2,
while there is a clear discrepancy with “m” values calculated
from the J—V curve using eq 3. This discrepancy is due to the
effect of shunt and series resistance in the J—V curve that
affects the J—V pattern. If =V is recalculated, removing the
effect of these resistances, a pseudo J—V curve can be obtained,
see Figure 6f. The pseudo J—V curves were constructed by

applying eq 4°**

(o}
]vucqn - ]scdm.m[l - [0) ] 4)

where @ is the irradiance and @, corresponds to the
irradiance at AMI. Standard (100 mW cm™) J.q,_ is the

short-circuit current density measured at 1 sun. Ji, ¢ and V.o

are the current density and voltage couple calculated for each
irradiance, respectively. The resulting points (black circles in
Figure 6f) correspond to the response of the cell without the
series resistance, as in open-circuit conditions, no current is
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flowing in the devices and only recombination and photo-
generation processes are reflected.”’>>

Note that “m” calculated from the pseudo J—V curve shows
a good agreement to the apparent ideality factor obtained from
egs 1 and 2, as it should be expected (see Table 1 and Figure
6e). This independent determination of “m” strengthens the
consistency of the electrical characterization. On one hand, this
calculation provides validity to the R, obtained and,
consequently, of the equivalent circuit used, see Figure 6b.
On the other hand, it stresses the fact that no significant
degradation occurred during electrical characterization.

Figure 6d,e shows R, and “m,” respectively, calculated from
eq 1, fitting the experimental results plotted in Figure 6c. The
evolution of these parameters with the FAPI content can be
clearly observed for the degraded samples. The sample with
91.5% of FAPI, the one that showed the smallest amount of
degradation, in comparison with fresh samples, has an “m”
value of 1.52. Values of an apparent ideality factor between 1
and 2 are commonly observed in PSCs. In the most general
case, this range indicates that the recombination is affected by
both Shockley—Reed—Hall recombination, through a sinsgle
state bulk recombination, and surface recombination.”*°
When the amount of FAPI is reduced to 83%, “m” increases
to 2.27, implying a predominant Shockley—Reed—Hall bulk
recombination process characterized by an apparent ideality
factor of 2. Finally, when the FAPI content is reduced to
74.5%, “m” increases to more than 3.9, indicating a much
complex recombination process through multiple energy levels,
indicating a massive formation of defects.** ™% Meanwhile,
the evolution of R, (see Figure 6d) exponentially decreases
with the amount of FAPI, indicating the apparition of parallel
current paths originated by defects, increasing the nonradiative
recombination processes and reducing the performance of the
solar cells.

To characterize the effect of degradation in the ionic
behavior, the Ry, resistances of different samples are compared
in Figure 6g. Note that Ry, decreases with the amount of FAPL
This is an indicator of higher density of ion vacancies and/or a
higher ion diffusion coefficient.”® In our case, it can be
associated with the higher density of ion vacancies as there is
also an increase in Cg, see Figure S5, while in the case of the
higher ion diffusion coeflicient, a decrease of Cg should be
expected.”” This result points out to the fact that the decrease
of the FAPI concentration makes the system more prone to
increase ion vacancies and, consequently, to increase the
density of defects and the degradation of the sample.

B CONCLUSIONS

We analyzed the effect of ambient degradation exposure of
triple-cation PSCs with different ratios of mixed cations and
halides. The maximum PCE obtained before the degradation
was at 18.55% with the configuration of FAPI at 83%. When
the PSCs were stored for 90 days at ambient conditions, it was
observed that the sample with the configuration
Csg0sFAg; sMAg Pb(I; _5sBrgss); showed the best PCE
performance (~16%). EIS was used to elucidate the causes
and effects of the degradation mechanisms in the solar cells.
Perovskites without MABr degrade much faster than those
containing this material. Therefore, we conclude that the
MABr content in perovskites has an stabilizing effect under
extreme degradation conditions. In addition, the EIS results
show higher recombination rates for samples with a lower
content of FAPL. The apparent ideality factor “m” and R,

indicate that the reduction in the FAPI content promotes the
formation of perovskite defects, increasing, in this way, the
nonradiative recombination processes and reducing the
performance of the solar cell. The Ry resistance indicates
that the defect density increases as the percentage of FAPI in
the samples decreases due to a more prominent increase in ion
vacancies during the degradation process. Determination of
“m,” with different independent measurements, allows us to
ensure the consistency of the model and of the experimental
characterization. Finally, EIS has provided important informa-
tion about the source of degradation while highlighting its
potential use for the understanding of the physical processes
occurring in perovskite solar cells.
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