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In our study, we show that compositional engineering of the “A” site cation of ABX3 perovskite structure formed
by a mix of organic and inorganic cations is an effective route to improve the thermal stability of perovskite solar
cells (PSCs). In this work, mixed-cation mixed-halide PSCs have been fabricated and characterized with tem-
perature, from 253 up to 333 K. The active layer based on CSRbFAMAPDb(IBr); results in a more stable device
compared to standard MAPDI3 devices. Electrical characterization reveals a decrease of the solar cell parameters
with temperature. Using Impedance Spectroscopy (IS) characterization, we have estimated an activation energy
for the halide ion migration of 0.63 + 0.08 eV, an ion diffusion coefficient of 10~1* cm? s 7!, and a defect density
of 7.27-10'5 ecm™3. To our knowledge, this is the first time that these parameters have been calculated in
CsRbFAMAPbD(IBr)3 based devices, resulting in improved values compared to MAPbI3 devices. The worsening of
device performance for temperatures above 300 K is attributed to a decrease of the spiro-OMeTAD conductivity
and the degradation of the perovskite/spiro-OMeTAD interface. It is shown that for low temperatures (from 253
to 323 K), Shockley-Red-Hall (SRH) recombination in the bulk governs, while for temperatures above 323 K the

increase in surface recombination becomes dominant due to the presence of non-selective contacts.
Numerical simulations using SILVACO ATLAS corroborate the role of SRH in the perovskite active layer for
low and medium temperatures, and the crucial influence of spiro-OMeTAD transport properties in the device

performance parameters.

1. Introduction

Since 2009 [1], PSCs have experienced a significant increase in their
performance, making them one of the most promising technologies for
use in both terrestrial and space applications [2]. Currently, the power
conversion efficiency (PCE) record is set to 25.7%, competing with
crystalline silicon, cadmium telluride and other stablished
high-performance solar cells [3]. The reasons for this success are found
in their excellent optoelectronic properties such as tuneable direct
bandgap [4], high absorption coefficient [5], high carrier mobilities [6],
long diffusion lengths [7], and high defect tolerance [8,9]. Moreover,
their lightness, semitransparency, flexibility, and low-cost fabrication
techniques are additional features that make PSCs a potential attractive
and sustainable alternative to traditional silicon solar cells [10]. How-
ever, despite the great progress in device performance, the stability of
PSCs remains a key factor for the ultimate success of commercial
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applications [11-13]. It is well known that exposure to moisture [14],
oxygen [15-17], UV light [17-20], radiation [21], and elevated tem-
peratures [22-24] results in a significant performance and/or durability
decrease [25].

For terrestrial applications, solar cells suffer substantial temperature
variations during day and night as well as during winter and summer or
geographical position, which can influence the properties of the mate-
rials employed in an electronic device [26]. For outdoor terrestrial
photovoltaic applications, the typical operating temperature range is
approximately —20 °C to 85 °C [27]. To date, apart from widely adopted
characterizations at room-temperature (RT), temperature dependent
studies of PSCs have been very scarce [28-31]. Furthermore, it is
important to note that there have been substantial advances regarding
material synthesis and device engineering, but there are not many
studies focused on characterizing the solar cell performance as function
of temperature [2].
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Improved device stability is directly related to ABX3 perovskite
structures, where A and B are cations, with A being of larger size than B,
and X is an anion [32]. As an ionic material, perovskite has low for-
mation and migration activation energies of ionic species. For this
reason, a large number of ions are mobile in the presence of an applied
voltage. Mobiles ions can migrate towards and into the adjacent contact
layers, resulting in a degradation of their charge extracting/transporting
functionality with significant negative consequences on the long-term
stability of PSCs [33]. Many different options have been studied to
improve the stability of PSCs, both alone and combining different cat-
ions in the so-called mixed-cation perovskites. The most common A
cations are organic methyl-ammonium (CHsNH3, MA™), for-
mamidinium (CH(NH,)3, FA™), or inorganic rubidium (Rb*) or cesium
(Cs™). The B site is occupied by a divalent inorganic cation, with lead
(Pb%H) being the most common choice. Finally, X is a halide anion such
as iodine (I"), bromine (Br ), chorine (Cl") or fluorine (F) [34,35].
Pure MAPbX3 and FAPbX3 perovskites degrade easily mainly due to
thermal or structural instabilities [36-39]. The partial substitution of
MA™ by FA" significantly enhances the performance and stability of
perovskite material. However, even for these double cation perovskites,
the presence of detrimental, photoinactive § phase (“yellow phase”,
non-perovskite phase) impurities remains being the main cause of
long-term instability. To date, compositional engineering of both cation
and halide has been used to improve the structural and thermal stability
of perovskites [40]. In general, increasing the perovskite complexity by
adding more inorganic elements raises the entropy of the mix, and it can
improve the morphology of the perovskite films. The undesirable § and
PbI, phases are transformed into a phase (“black phase”, perovskite
phase), and the formation of impurities is avoided [41,42]. Several
research groups have worked on the addition of small amounts of
inorganic cations (Cs' and Rb") with the aim of improving thermal
stability. This resulted in an improved perovskite morphology with
larger grains and smaller surface roughness [34,40-45]. Saliba et al.
showed that mixing organic cation such as MA™ or FA™ with small
amounts of Cs* or Rb' cations can facilitate the stabilization of the
photoactive perovskite phase over a wide temperature range, resulting
in stable devices at 85 °C for 500 h under continuous illumination and
maximum power tracking [41]. Hu et al. demonstrated that the incor-
poration of Gs™ significantly reduces the number and depth of traps
which boost both the fill factor (FF) and the open circuit voltage (Voc),
as well as decreases the second-order recombination rate of free mobile
charges in the active layer. On the other hand, Rb™-addition reduces
current-voltage hysteresis and increases carrier mobility [45].

Regardless the device architecture, PSCs are constituted by different
layers, both organic and inorganic (multilayer structure). Therefore, the
temperature dependence of a PSC performance can be influenced not
only by the behaviour of the perovskite active layer, but also by the
buffer layers and interfaces. For example, the thermal degradation
associated with the most common material for the Hole Transport Layer
(HTL), 2,2,7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobi-
fluorene (spiro-OMeTAD), is related to the additives used to enhance its
electrical conductivity. Glass transition temperature (Tg) of pure spiro-
OMeTAD layer is 124 °C, but the cosolvent 4-tert-butylpyridine (tBP),
which is added to increase the solubility of the dopant bis(tri-
fluoromethylsulfonyl)imide lithium salt (Li-TFSI), reduces the T, of
spiro-OMeTAD to 72 °C [46]. Furthermore, the LiTFSI dopants are
highly hygroscopic. Therefore, the performance of these devices can be
reduced even at temperatures of 50 °C due to changes in the transport
properties of the spiro-OMeTAD [47-49]. On the other hand, Domanski
et al. have shown that exposing PSCs to 70 °C is enough to induce gold
migration from the top electrode through the spiro-OMeTAD layer into
the perovskite layer [50]. One alternative to spiro-OMeTAD is the
polymer poly[bis(4-phenyl)-(2,4,6-trimethylphenyl)amine] (PTAA)
with a Tg (94 °C) lower than that of spiro-OMeTAD. However, PTAA
requires a smaller amount of Li-TFSI and therefore less tBP is needed
[46].
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Despite the remarkable progress that has been made in material and
layer structure engineering, previous studies of thermal induced
degradation are still very limited. Therefore, understanding the tem-
perature behaviour of PSCs and how it affects the recombination pro-
cesses is essential to fully comprehend the physical mechanisms taking
place in these devices, and to provide a direction to develop effective
strategies to further improve their performance and stability.

In this work, we have fabricated mixed-cation mixed-halide PSCs
based on (Csg.05Rbo.05(FA0.83MAg.17)0.9Pb(I0.83Br0.17)3, hereinafter
referred to as CSRbFAMA, in a n-i-p solar cell with mesoscopic structure
FTO/c-TiOx/m-TiOy/perovskite/spiro-OMeTAD/Au and analysed the
temperature dependence performance. We have measured the current
density-voltage (J-V) and obtained the temperature dependence of the
solar cell parameters from 253 K up to 333 K. Moreover, we have
characterized the cells using IS and the Cole-Cole spectra have been
fitted using the Matryoshka circuit. We have quantified, for the first
time, the activation energy for the halide ion migration, ion diffusion
coefficient and the defect density in CSRbFAMA using Mott Schottky
analysis. This quantification provides a better understanding of ion
migration, which is essential for the stability of perovskite solar cells.

In addition, 2D numerical simulation using SILVACO ATLAS TCAD
were performed for different illumination intensities, as a function of
temperature. Electron, hole, and ion densities were calculated using the
drift-diffusion transport model and solving the carrier/ion continuity
equations, which includes trap-assisted (SRH), radiative recombination
within the perovskite active layer, and surface recombination in the
perovskite/HTL interface. Results have shown that device behaviour is
dominated by SRH recombination at low temperature, in good agree-
ment with experimental trends.

In summary, this paper contributes to improve the understanding of,
on one hand, the high stable configuration of quadruple cation mixed
halide perovskite solar cells, and, on the other hand, the dominant
recombination process and the effect of temperature on the device
performance.

2. Experimental methods
2.1. Device fabrication

Solar cells were fabricated on fluorine-doped tin oxide (FTO) coated
glass substrates with a sheet resistance of 12-14 Q/square. Prior to
fabrication, patterned glass/FTO substrates were brushed with 2%
Hellmanex water solution and rinsed with deionized water. After that,
they were sequentially cleaned in consecutive ultrasonic baths for 15
min with Hellmanex solution, deionized water, isopropanol, and
acetone, followed by UV-ozone treatment for 15 min. Next, a compact
layer of TiO3 (c-TiO2) was deposited on FTO via spray pyrolysis at 450 °C
from a precursor solution of titanium diisopropoxide bis(acetylaceto-
nate) in absolute ethanol using oxygen as carrier gas. After the spraying,
the substrates were kept at 450 °C for 30 min and cooled down to RT.
The mesoporous solution (m-TiO3) was prepared using a commercial
TiOy paste (Sigma-Aldrich, 18NRT) diluted in absolute ethanol and
deposited on ¢-TiO; samples by spin coating 100 pL for 10 s at 4000 rpm
with a ramp speed of 2000 rpm/s. After spin coating, the substrates were
immediately dried at 125 °C for 10 min and then heated following a
temperature ramp up to 450 °C. Both ¢-TiOz and m-TiOy form the
Electron Transport Layer (ETL). To deposit the remaining layers, the
samples were transferred to a nitrogen glovebox (O3 and Hy0 levels
below 1 ppm). The perovskite films were deposited from a precursor
solution containing FAPbI, and MAPbBr; both in 4:1 %V DMF:DMSO
(N,N-dimethylformamide:dimethyl sulphoxide) to which 5 %V of CsI
solution in DMSO and 5 %V of RbI solution in 4:1 %V DMF:DMSO were
added. The perovskite solution was spin coated in a two-step method: 1)
1000 and 6000 rpm for 10 and 20 s, respectively. During the second step,
200 pL of chlorobenzene were added as antisolvent on the spinning
substrate 5 s before the sample stopped. The substrates were then



M.C. Lopez-Gonzalez et al.

annealed on a hot plate at 100 °C for 60 min. To deposit the HTL a spiro-
OMeTAD (Ossila) solution in chlorobenzene was used. The solution was
doped with Li-TFSI, tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-co-
balt(III) tris(bis(trifluoromethylsulfonyl)imide) (FK209) and tBP, with
molar ratio of 0.5, 0.03 and 3.3, respectively. Finally, a layer of gold
(Au) deposited by thermal evaporation under high vacuum was used as
top electrode.
The layer structure is shown in Fig. 1.

2.2. Device characterization

Electrical measurements were carried out using an Autolab poten-
tiostat/galvanostat model PGSTAT204 (Eco-Chemie), equipped with the
FRA32 M impedance module and the Metrohm Autolab optical bench.
The instrument was controlled by the NOVA 2.1.4 software. J-V char-
acteristics were performed under 1000 W m~2 illumination (equivalent
to 1-sun) with an AM1.5G spectrum using an LED-based Solar Simulator
(model Newport Oriel Verasol-2 class AAA). Device area is 0.3 cmz, and
they were characterized using a 0.13 cm? shadow mask.

Reverse and forward J-V curves recorded using a voltage scan rate of
20 mV/s showed no hysteresis behaviour. For this reason, the charac-
teristic parameters (Vo¢, short-circuit current density, Jsc, FF and PCE)
have been extracted from J-V curves measured in reverse direction (from
Voc to Jsc) using this scan rate.

Temperature-dependent solar cell characterization was performed in
nitrogen (N3) atmosphere (to avoid condensed water at low tempera-
tures), transferring the sample into a customized-built chamber. Due to
absorption and reflection losses of the double quartz window, there was
a drop in light intensity that reaches the sample from 1-sun to approx-
imately 0.85 suns. The temperature was controlled using a Peltier plate
placed at the base of the chamber and a INSTEC mK2000 temperature
controller. All samples were first measured at RT (298 K), and next the
temperature was swept from 253 K to the 333 Kin 10 K or 20 K steps and
finally back to RT.

J-V characterization in a broad range of light intensities (0.25, 0.5,
0.75 and 1-sun) was carried out using the solar simulator. To evaluate
the dominant recombination mechanism in the device, the ideality
factor (n) was extracted from these DC measurements. Furthermore, IS
characterization was carried out in dark in a DC bias voltage range of
0-1 V and under 1-sun illumination at Vo at different temperatures.
Frequency ranged between 1 MHz and 0.1 Hz, applying sinusoidal signal
of 20 mV amplitude. Experimental data were fitted using Scribner’s
ZView software. From these measurements, the activation energy for
halide ion migration, diffusion coefficient, and defect density in the
active layer were estimated.

2.3. Thin film characterization

Scanning electron spectroscopy (SEM) images were obtained using a
high-resolution Nova Nano SEM230 microscope. Absorption spectra
were acquired on a Cary 5000 UV-Vis-NIR spectrophotometer. The
measurement was performed in transmission mode on a thin layer of
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Fig. 1. Schematic representation of the device architecture of the PSCs.
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perovskite. The measured active area corresponds with a spot with
diameter of 1.6 cm. External Quantum Efficiency (EQE) was obtained
using the LED-based Solar Simulator (model Newport Oriel Verasol-2
class AAA) which has 19 LEDs at different wavelengths from 420 to
1050 nm.

3. Results and discussion

Fig. 2 shows a cross-sectional SEM image of the device with a
continuous and uniform c-TiO3 layer of 45 nm, a m-TiO3 layer of 180 nm
with homogeneous nanoparticles as scaffolds filled with the active layer,
and a 460 nm perovskite layer composed of large crystals without the
presence of pinholes. A 190 nm layer of spiro-OMeTAD is deposited on
top of the perovskite layer, and finally, a gold top electrode of around
70-90 nm is thermally evaporated to contact the device. The glass
substrate with a 400-450 nm layer of FTO conforms the frontal contact.
The PCE of our champion device with this architecture is 15.54%.

The average solar cell parameters of the 32 measured cells, at room
temperature, are Voc = 1.08 £ 0.03 V, aJs¢c = 17.41 + 0.59 mA/cmz, a
FF =0.75 £ 0.03, and a PCE = 14.1 + 0.9%. Fig. 3 shows the parameters
and the J-V curve of the champion device, measured at AM1.5G.

CsRbFAMA-based solar cells are temperature sensitive, as other
photovoltaic technologies. Fig. 4 summarizes the temperature depen-
dence of the solar cell parameters. As it was previously mentioned, due
to absorption and reflection losses from the double quartz window of the
temperature chamber, there was a drop in intensity of the incident light
onto the solar cell. For this reason, in the temperature measurements,
the PCE value is underestimated.

Overall, in the temperature range of 253 K-333 K, the PCE drops due
to a reduction in Vg¢, Jsc and FF. Looking closely, the PCE remains
almost unaffected up to 300 K, varying from 12.4% to 11.6%, and then it
decreases down to 8.4% when the temperature increases up to 333 K.
The reasons for the decrease in the power conversion efficiency will be
analysed in the following sections.

The physical interpretation of Vp¢ can be expressed as a result of the
balance between generation and recombination of carriers, since no net
current flows through the external contacts. Vo¢ is the most sensitive
parameter to temperature variations in PSCs. The decrease of Vo is
linear with increasing temperature, leading to a negative temperature
coefficient as occurs in other solar cell technologies [51]. According to
Dupré et al., the temperature coefficient correlates the decrease in Vo¢
when temperature increases, and it can be approximated by the

e
Spiro-MeOTAD

Perovskite

Fig. 2. Cross-sectional SEM image of the device.
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and T¢ is the temperature of the solar cell. The best way to understand
the general dependences of V¢ with temperature is to make use of the p-
n junction equations:

1 = \/NpNye Fs/ %7 &)
1 D 1 /D
Jo=n’qA — 2+ /= 3
0 =n;q. <ND Z, +NA . 3)
kgT J,
Vuc:n 5 ln<£+l> @
q Jo

where n; is the intrinsic carrier concentration, Np and N are donor and
acceptor density of states, respectively, E, is the bandgap, kg is Boltz-
mann’s constant, T is temperature, Jy is the dark saturation current, q is
elementary charge, A is area, D, and D, are hole and electron diffusion
coefficients, respectively, 7, and 7, are hole and electron carrier life-
times, respectively, and n is the ideality factor. With regard to these
equations and according to Green et al., the decrease of Vpc with
increasing temperature is predominantly due to a continuous increase in
the dark saturation current [53]. It is well known that Jy rises with
temperature as a result of the increase of the intrinsic carrier concen-
tration leading to larger rates of recombination.

To determine the dominant recombination pathways, the tempera-
ture dependence of V¢ is used to evaluate the activation energy (E,) of
the dominant recombination mechanism by extrapolating the data to T
= 0 K. The extrapolated line intersects the Vo axis at 1.49 eV (inset in
Fig. 4.b), giving a value lower than the perovskite bandgap, set in E; =
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Fig. 4. Evolution of the solar cell parameters with temperature. The mean and the standard deviation are shown for a batch of 32 devices. Inset in Fig. 4b shows the

extrapolation of Vp¢ at 0 K.
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1.60 eV, which was extracted from the Tauc plot of absorption (Fig. 5).
According to Tress et al., E; < Eg is commonly attributed to carrier
recombination at heterojunction interfaces or surfaces. Moreover, tail
states and non-selective contacts can lead to a reduced E, [54].

To gain insight into the recombination mechanisms, the ideality
factor is determined by evaluating the slope of the plot Vo¢ vs. loga-
rithmic irradiation light intensity, In(I;;n,), at different temperatures, see
Fig. 6. The slope of V¢ with light intensity is constant and leads to a n
~1.5 and 1.2 for 263 K and 298 K respectively, suggesting that SRH
governs the recombination [54], and indicating that as the temperature
increases SRH recombination is governed by the interface. Furthermore,
at even higher temperatures (above 323 K), Vo saturates at high light
intensity. This results in two different V¢ slopes that give rise to two
different ideality factors, N ~1.2 in the low intensity region, and n < 1 at
higher intensities. It is well known that V¢ is limited by the built-in
potential (V3;, defined as the difference of the electrodes work func-
tions) and in the presence of non-selective contacts it saturates with light
intensity as it approaches Vp;. According to Tress et al., in this scenario
(n < 1 and non-selective contacts), surface recombination is the domi-
nant recombination mechanism. A low ideality factor is not necessarily
beneficial for the device performance and can lead to a lower V¢
compared to the case where n > 1 and V¢ is limited by SRH recombi-
nation in the bulk [54]. Thus, this decrease of the ideality factor below
one at high temperatures is an indicative that thermal degradation is
taken place at one device interface. This hypothesis will be further
discussed.

Regarding Jgc, it is generally controlled by the band gap energy, the
absorption coefficient, and the charge extraction efficiency. The un-
derlying physical mechanisms explaining the decrease of Jsc with tem-
perature in perovskite solar cells still remain unclear. An increase of Eg
causes a reduction in the spectral absorption range, while the collected
fraction of incident photons increases typically with temperature [55].
Therefore, the Jg¢ behaviour with temperature depends on which of
these two mechanisms dominates. Temperature-dependent EQE spectra
were recorded and E; was extracted using an estimation of external
radiative efficiency (ERE) proposed by Green [56]. As shown in Fig. 7,
the change in EQE onsets leads to a shift in Eg, which slightly increases
with temperature (inset in Fig. 7). This behaviour of E; with temperature
is opposite to inorganic semiconductors and it has been previously re-
ported in literature [26,27,52,57]. However, the 11.7% decrease in Jg¢
cannot be explained solely by such a small increase in E,. The observa-
tion that EQE barely changes with temperature, while Jg¢c decreases with
it, is attributed to the fact that the measurements were performed at very
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Fig. 5. Absorption spectrum at room temperature. Inset shows the Tauc plot
and the extracted Ej.
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Fig. 7. Evolution of external quantum efficiency with temperature. Inset shows
the calculated E, with temperature obtained from the EQE.

different light intensities regimes. It is worth noticing that EQE was
measured at low illumination levels, and therefore it is not limited by
interface recombination. Therefore, we can infer that the change in Js¢ is
not governed by a decrease in the absorption properties of the perov-
skite, but more likely by recombination losses or inefficient charge
extraction.

Fig. 4c shows a decrease of the FF with temperature which is
commonly attributed to an increase of the overall device resistance (Ry).
At high temperatures, the Ry increases, worsening the conductivity and
strongly deteriorating the charge extraction. We suspect that this in-
crease in Ry is due to a degradation of the spiro-OMeTAD layer with
temperature. Previous studies reported that the conductivity and hole
collection ability of spiro-OMeTAD decreases at high temperature [49,
58]. According to Kim et al., at elevated temperatures the oxidation of
spiro-OMeTAD is reduced and, consequently, so it is its electrical con-
ductivity, due to the diffusion of the iodide ions from the perovskite. In
addition, Jena et al. attributed the decrease in PSCs performance to
morphological changes (generation of voids) caused by the crystalliza-
tion and photo-oxidation of spiro-OMeTAD at high temperature, which
in turn results in a decrease of the hole mobility. Therefore, as we will
confirm later with impedance measurements, the worsening in
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performance of these devices at high temperature is not attributed to the
degradation of the perovskite layer CSRbFAMA itself, but it is likely due
to the modification of the spiro-OMeTAD conduction ability and the
deterioration of the perovskite/spiro-OMeTAD interface. It should be
noted that, the absorption of active layer and spiro-OMeTAD layer does
not change with temperature. This is in good agreement with the pre-
vious hypothesis of the surface recombination being the dominant
recombination mechanism at high temperatures since the ETL synthe-
sizes at 450 °C and it is not affected by experimental temperature
changes.

In order to obtain a deeper insight into the dynamical mechanisms
taking place in the device, samples were characterized using IS in a
temperature range of 263-313 K. IS is a frequency characterization
technique which allows decoupling physical responses with different
characteristic times [59-62]. Fig. 8 shows the Nyquist plots obtained as
a function of temperature at open circuit under 1-sun illumination. Two
semi-circular features, that are typical for any PSC device [63-65], with
two relaxation processes are clearly observed, at high and low frequency
respectively. The high frequency semi-circle is usually attributed to
charge recombination, while the one in the low-frequency region has
been previously attributed to ionic diffusion and, eventually, ionic
accumulation at the interfaces of the perovskite and the selective contact
[66]. The Nyquist plot can be modelled with the circuit shown in the
inset of Fig. 8, known as Matryoshka configuration [65]. The circuit is a
combination of the external series resistance (Rs), two resistive elements
(Rur, Rip) and two non-ideal capacitive elements named constant-phase
element (CPEyy, CPELp). The impedance of a CPE is given by Zcpg = 1/
[Q(jw)*] [67]1, where Q is a parameter with units F-(Hz)'™%. Cyr is an
effective capacitance defined as Cyr = (Q’RHF)I/ “.Ryr~' and represents
the geometrical capacitance, associated with the dielectric constant of

the perovskite layer. Cyp, defined as Cip = (Q-RLF)I/ “.Ryr !, has been
related to ion diffusion and, eventually, ionic accumulation at the in-
terfaces between the perovskite and the selective contact [66]. More-
over, the resistance Rg models ohmic contribution of the contacts and
wires, Ryp is associated to carrier recombination, and Ryr has been
previously associated with several processes such as carrier accumula-
tion resistance at the interfaces, surface resistance, and slow processes,
such as ion diffusion and trap-mediated charge recombination in the
bulk [68-70].

Since one of the objectives of this work is to obtain information about
the behaviour of ions, we have focused on the low frequency region. The
circuital model fits the low frequency semicircle well enough, and the
resulting parameters are shown in Fig. 9. As we can see, Ry remains
practically constant with increasing temperature while Cr decreases. At
high frequency, the fit could be improved with a more complex circuit.

T T T T T T T T T
20 .
o 263K Rg Ryp Rip
215K —
16 298 K — i
A 313K CPEy CPE,;
Fit
¢ 2} .
% £
8 v 4
4+ A 4
0 i 1 1

Z'(Q)

Fig. 8. Nyquist plot as a function of temperature. Experimental measurements
(symbols), circuital fit (solid line). Equivalent circuital model used to fit
experimental IS.
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Fig. 9. Evolution with temperature of Low Frequency parameters extracted
from IS.

Nevertheless, we can state that the extracted parameters would remain
almost constant in this temperature range with values around Ryp ~ 4 Q
cm? and Cp ~ 322 nF/cm>

As the low frequency arc is associated to ion diffusion, we have used
the temperature dependence of the low frequency time constant to es-
timate the activation energy of the halide ion migration. Fig. 10 shows
the Arrhenius plot of the low frequency time constant, defined as 7z =
R;r-Crr, obtained from the fit of the impedance spectra at different
temperatures using the circuit of the inset in Fig. 8. The activation en-
ergy for ion migration (Ejop) is related to 7;r and to the temperature by
the following equation [71]:

_Eipn

1
— =Be W4 C ©)

TLF

where B is the Arrhenius prefactor, kg is the Boltzmann constant, T is the
temperature, and C is a constant.

Using Eq. (5) we calculated an ion activation energy of Ej,;, = 0.63 +
0.08 eV for the iodide ions. It is widely accepted that iodide ions (I") are
mobile in archetypal MAPDI3. Previous works [72-76] indicate that
MAPbI; is a mixed ionic-electronic conductor and iodide ion transport

w
T
’
7
1

N
T
’
’
1

In(1/7; )

3.1 3.2 33 34 35 3.6 3.7 3.8 3.9
1000/T

Fig. 10. Arrhenius plot In(1/7;r) versus 1000/T. The symbols are the experi-
mental data, and the solid line is the least-square fit.
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(mediated by vacancy defects) is responsible of the J-V curve hysteresis,
with no significant long-rate transport of Pb%" or MA™ cations. Ac-
cording to literature, the activation energy for I in the standard MAPbI3
based solar cells is 0.29-0.38 eV [64,71,77,78]. Comparing these results
with those obtained for CsRbFAMA solar cells, the quadruple-cation
perovskite is characterized by larger iodide ion activation energy
which results into a lower ionic conductivity that has a positive effect on
device stability. The cations size mismatch of the mixed “A” leads to a
steric effect that hampers the migration pathways of iodide ions,
increasing the activation energy, and reducing iodide ion migration [74,
79]. The origin of the performance improvements has been identified as
several factors. On one hand, the addition of smaller inorganic cations
produces a contraction of the unit cell volume whose origin is associated
with the tilting of the Pblg octahedra in the structure. Furthermore, the
oscillation of this octahedra is reduced resulting in a “locked” Pblg
octahedral framework. On the other hand, the organic FA™ or MA™
molecular ions in A-site undergo rotational motion inside the inorganic
Pblg octahedral cage. The incorporation of smaller cations reduces this
oscillation and, therefore, the lattice dynamics, which may confer
greater structural stability [74]. Consequently, the mixed composition
devices exhibit significantly improved thermal stability. To our knowl-
edge, this is the first time that iodide ion activation energy has been
calculated in CsSRbFAMA based devices, quantifying iodide ion migra-
tion, and explaining the more stable lattice configuration.

A higher Ej,, leads to a lower diffusion coefficient (D), according to
the equation:

A _Eiy
D= VOTe’W ®)

where vy is the attempt-to escape frequency of an ionic jump and d is the
jump distance [80]. The attempt frequency is assumed to be in the order
of 102571 [81] and a jump distance of 4.49 A was used [82]. At 300 K,
we obtain a diffusion coefficient of the order of D = 107'* em? s for
iodine ions in CSRbFAMA, which is five orders of magnitude lower that
the diffusion coefficient D = 10~° em? s ! previously reported for iodine
ions in MAPbI3 [77,78].

In view of the results, we can corroborate that CSRbFAMA based
solar cells present a higher stability than MAPbI3 due to a reduction of
the halide ion migration, even at high temperatures.

On the other hand, temperature measurements of IS in dark for
CsRbMAFA based solar cells have been carried out. The chosen fre-
quency regime ensures that the measured capacitance is not affected by
capacitance attributed to ion diffusion through the transport layers
(Fig. 11.a). At low frequencies, results show a constant plateau where
the capacitance is dominated by the depletion capacitance. At very high
frequencies, the capacitance is limited by the series resistance of the
device.

We have carried out a Mott-Schottky analysis using the capacitance
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at 10 kHz, at the plateau of the capacitance in Fig. 11.a, to ensure that
the capacitance corresponds to the geometric capacitance and the effect
of series resistance can be neglected. Fig. 11.b shows C~2 as a function of
voltage, and it reveals a plateau at low voltages, indicating a full
depletion under low applied bias. Although the curves follow the same
trend for all temperatures, we have selected 263 K to minimize any ionic
capacitance contribution. In the case of full depletion, the geometrical
capacitance can be related to the perovskite permittivity (¢) by Cgo =
eeoA/t, where ¢ is the vacuum permittivity, t is the thickness of the
active layer and A is the area of the active layer. The obtained ¢ is 32.7
for the perovskite layer permittivity in agreement with literature
[83-85].

In dark conditions at low forward bias, the depletion capacitance as a
function of applied voltage can be approximated by the Mott-Schottky
relation as:

qeoeN,
Ca=¢|=+— 7
dl 1/2(‘/“ v )]

where q is the elementary charge, Ny the doping density, and Vj; the
built-in potential. From the C2vs. V plot (Fig. 11.b) we have obtained a
Vi = 0.86 V and a doping density Ny = 7.27-10" cm 2. This value of Ny
is significantly lower than Ny = 107 ¢m™3 reported for MAPDI3 [86].
Previous theoretical calculations predict that the p-type doping of
MAPbI; originates from negatively charged Pb?" and MA™ vacancies
while positively charged I vacancies may result in n-type doping [87].
In our devices, the low value of N4 leads us to conclude that CSRbFAMA
based solar cells present a more stable cation structure, at least at room
temperature or below. It is worth mentioning that although it would be
desirable to estimate N, at high temperatures, the Mott-Schottky anal-
ysis is only meaningful when the depletion capacitance can be clearly
identified, and at high temperatures the capacitance attributed to ion
migration may not be neglected.

3.1. Numerical simulations

To obtain further validation of our hypotheses, we have performed
2D numerical simulations employing the software SILVACO TCAD
ATLAS and using the layer structure FTO/TiOy/perovskite/spiro-OMe-
TAD/Au. Electrical and optical parameters for all layers are shown in
Table S1 of Supplementary Information and in the literature [88-91].
Layer doping and thicknesses correspond to experimental data.

First, J-V curves have been simulated under different illuminations
levels using AM1.5G spectrum, with intensities from 0.01 to 1-sun.
Device temperature has been varied from 240 to 360 K. Ideality factor
as a function of device temperature has been calculated from the
dependence of V¢ with light intensity, as depicted previously. Simu-
lations include the three main minority carrier recombination pathways:
radiative (band-to-band) processes, SRH recombination in the bulk, and

80|
~ 60 T
£ g
R % -«
= 40+ AN
c) - 263 K g,
9] 298 K 9
\ o
20 313K
0 ‘ : S : : : 100
10° 10 10° 10¢ 0.2 0.4 0.6 0.8
f (Hz) V(V)

Fig. 11. a) Impedance spectroscopy measured in the dark at 0 V with an AC perturbation of 20 mV. b) Mott-Schottky characteristics measured at 263 K with an AC

perturbation of 20 mV at 10 kHz.
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interfacial recombination at the perovskite/HTL interface. To reproduce
more accurately the experimental device parameters, a bulk SRH mi-
nority carrier lifetime of 107 s has been used. Regarding the surface
recombination velocities (SRV) in the perovskite/HTL interface, a value
of 108 em/s has been selected.

Fig. 12 shows that the simulated ideality factor decreases steadily
with device temperature from 1.5 to 1.3 in the 240-300 K temperature
range, while from 300 K to 360 K the decrease is smoothed out and the n
values remain practically constant. These results reproduce fairly close
the experimental trends already shown in Fig. 6, and corroborate that for
low temperature, these devices are dominated by SRH recombination in
the bulk, while for higher temperatures the interfacial recombination at
the perovskite/spiro OMeTAD takes the leading role. In addition, radi-
ative recombination is negligible in all the temperature range in this
kind of devices.

Furthermore, Vo slope with temperature has been calculated from
simulated data. The extracted value of —1.48 mV/K (also shown in
Fig. 12) is quite close to the experimental value —1.63 mV/K. It is worth
mentioning that to model the perovskite active layer, a temperature-
dependent bandgap has been used, based on the universal energy
bandgap model (equation (8)), fitted to reproduce experimental values.
The model parameters are Egoo = 1.609 eV, Eg, = —4.73.107* eV/K
and Egg = 0K.

(3

300? T?
E,=Eg;0 + Ega < )

300+ Egy T+ Eg

Besides, in order to demonstrate the strong dependence of FF on the
HTL electrical conductivity, we have performed a different set of nu-
merical simulations at room temperature and 1-sun illumination, vary-
ing the spiro-OMeTAD carrier mobility, from 1-107® up to 1-107° em?/
(V-s). Fig. 13 shows that a small variation in this parameter can signif-
icantly affect the overall device performance. In particular, in our sim-
ulations, increasing the mobility from 1-107® up to 1.107° em?/V:s, it
results in an improvement of the FF from 0.67 to 0.81, while Js¢ and V¢
remain unchanged. A further increase in mobility does not imply a
significant increase in FF. Thus, our experimental reduction of about
10% in FF can easily be correlated with a decrease of the spiro-OMeTAD
mobility of less than one order of magnitude.

4. Conclusions

In this work, we have studied recombination mechanisms and ion
migration in  mixed-cation mixed-halide @PSC based on

1.6 T T T
=l 41.20
15} A
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3
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Fig. 12. Evolution of open circuit voltage (dash line) and ideality factor

(straight line) with temperature, obtained from numerical simulations with
SILVACO TCAD ATLAS.
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Fig. 13. Fill factor obtained from simulated devices at room temperature and
1-sun illumination, with different spiro-OMeTAD mobilities.

Csp.05Rbo.05(FA0.83MAg.17)0.9Pb(I 83Bro.17)3 by means of the tempera-
ture dependence of the J-V and IS measurements in the range of 253 K up
to 333 K. It is shown that for low temperatures (from 253 up to 323 K),
SRH recombination governs, while for temperatures above 323 K surface
recombination is the dominant recombination mechanism due to the
presence of non-selective contacts, leading to a worsening of device
performance. This worsening is attributed to the degradation of the
interface perovskite/spiro-OMeTAD and to the decrease of the conduc-
tion of the spiro-OMeTAD used as hole transport layer.

On the other hand, our devices show an increased ionic activation
energy (0.63 + 0.08 eV), a lower diffusion coefficient (of the order of
107 '* em?s™!) and a lower defect density in the active layer (7.27-10%°
cm™3) compared to conventional methylammonium lead iodide devices.
To our knowledge, this is the first time that these parameters have been
estimated in CSRbFAMA based solar cells. The incorporation of smaller
cations reduces the oscillation dynamics of the structure and, therefore,
the lattice dynamics, conferring greater structural stability. Conse-
quently, the mixed composition devices exhibit significantly improved
thermal stability.

Therefore, we can conclude that worsening in performance of these
devices at high temperature is not attributed to the degradation of the
perovskite layer CsSRbFAMA itself, but it is mainly due to the modifica-
tion of the spiro-OMeTAD conduction ability and the deterioration of the
perovskite/spiro-OMeTAD interface.

Finally, 2D numerical simulations performed with SILVACO ATLAS
TCAD corroborate the strong influence of the spiro-OMeTAD conduc-
tivity degradation in the device FF. Moreover, simulations have shown
that SRH recombination in the bulk is the dominating mechanism at low
temperature while as the temperature raises the ideality factor decreases
suggesting that SRH recombination is governed by the interface.
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