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ABSTRACT

Despite the high power conversion efficiency, the severe performance degradation of
organic-inorganic lead halide perovskite solar cells caused by moisture and thermal
phase transition is an obstacle to commercialization of the perovskite solar cells. We
propose the theoretical lifetime extraction of perovskite solar cells with a
mixed-cations lead halide perovskite absorber containing CHsNHs*, CH3(NH2)2" and
Cs™. The estimated mean time to failure (MTTF) of the triple cation perovskite solar
cells is up to 180 days in ambient. Compared with the perovskite solar cells based on
CHsNHsPbl3z, the triple-cation perovskite solar cells, whose power conversion
efficiency reaches 18.2% in this study, have a much better performance in terms of
thermal stability and humidity stability. Improvements of both performance and
stability pave the way for commercialization of perovskite solar cells.

Keywords:

triple-cation; perovskite solar cells; humidity stability; thermal stability; reliability



1. Introduction

The increasing energy demand and environmental concerns have led to renewed
interest in recent years because of the rapid development of economy and industry.
Solar energy is one of the most promising alternatives to fossil fuels because it is an
abundant, clean, cheap and renewable energy source [1-7]. Among various types of
photovoltaic devices, organic-inorganic lead halide perovskite solar cells have
attracted much attention because of their excellent photo-voltaic performance and low
cost in fabrication [8-14]. The power conversion efficiency (PCE) of perovskite solar
cells (PSCs) has increased from 3.8% [15] to the current world record of 21.1% [16]
from 2009 to 2016. Apart from PCE, stability is another important technical
figure-of-merit of PSCs. In recent years, research reports keep delivering new record
PCE of PSCs, but research about stability is lagging behind. The stability problem has
become a bottleneck restricting the development of PSCs. If the instability matters
can’t be settled, the goal for high reproducibility and low cost won’t be reached easily.

The archetypal compound for PSCs is methylammonium (MA) lead triiodide
CHsNHsPblz (MAPDI3) [17-19]. But MA degrades easily when contacting with
moisture and oxygen or at 55 °C [20-22]. By using black polymorph
formamidinium (FA) lead triiodide CH3(NH2)2Pbls (FAPbI3) in mesoscopic structure,
the PCE of PSCs achieved 16.01% [23]. However, pure FAPDI3 is not stable even at
room temperature as it can crystallize into two phases: one is hexagonal 5-phase
(yellow color), and another is trigonal a-phase (black color) [24], which is sensitive to

solvents or humidity [25]. Recently what caught the scientists’ eyes in mixed cation



perovskites is the inorganic cesium (Cs) [26]. Park and co-workers demonstrated that
a partial substitution of FA™ by Cs* in FAPbIs perovskite can substantially enhance
thermal and moisture stability [27], as shown in Table 1. Yi et al. showed that Cs is
effective in “pushing” FA into the beneficial black perovskite phase due to entropic
stabilization [28]. Gratzel and co-workers demonstrated a stabilized PCE over 18% up
to 250 hours by using multiple A-cation formulations with incorporating Cs into
FA/MA perovskites, but the specific improvement on stability was not described in
detail [16].

Reliability evaluation based on degradation models is widely applied in highly
reliable products as a cost effective way of evaluating their reliability [29]. By
employing reliability analysis method, we can further analyze the mean time to failure,
thus estimating the lifetime of the products [30]. This method is currently widely used
in many industrial areas, used to estimate the product lifetime. And it is also widely
used in scientific research. Vazquez and co-workers [31] tried to establish a frame of
reference for the reliability of I11-V concentrator cells, and they demonstrated that it is
possible to achieve I11-V high-concentration solar cells with operational lifetimes of
more than 100000 h. Han et al. [32] established a large Dye-sensitized solar cell
module, and the 85 °C life of the module was more than 500 h.

The mixed-cations Pb halide perovskite containing cesium has been reported in
papers. And many articles also discuss the stability of the devices. However, a very
limited study has been reported on detailed reliability analysis for PSCs. Previous

studies of triple cation PSCs were devoted to improving the PCE or stability testing



[33,34] rather than reliability analysis and simulation of MTTF for PSCs. In this paper,
for the first time, detailed reliability analysis of PSCs is presented. And we further
estimated the value of MTTF by simulation. Here, both humidity and thermal stability
are systematically investigated for triple cation perovskite solar cells. For comparison,
two different types of solar cells have been prepared: one is the single MA cation
PSCs based on MAPbDIs, and the other is triple cation solar cells with a mixture of a
triple Cs/MAJ/FA cation and Br/I halide. The mean time to failure (MTTF) of the triple
cation perovskite solar cells is estimated over 180 days in ambient, representing an
8-fold enhancement in stability over conventional MA cation PSCs. The maximum
PCE of the triple cation PSCs and MA cation PSCs are 18.2% and 16.2%, respectively.
The triple cation PSCs can be very stable in harsh environment of high-moisture
(25-35%) and elevated temperature (>100 °C).
2. Experimental

FTO glasses were cleaned in the ultrasonic bath followed by drying with a N2
flow. Then, a TiO2 compact layer (c-TiO2) was deposited on FTO by spray pyrolysis
at 500 °C. A mesoporous TiO2 (m-TiOz) layer was deposited by spin coating. After
going through a series of sintering steps, Li-doping of m-TiO; is accomplished by
spin coating a 0.1 M solution of Li-TFSI in acetonitrile. To preparation two kinds of
PSCs, MA cation perovskite solution or MA/FA/Cs cation perovskite solution was
prepared respectively. The completely dissolved solution was spin-coated on the
m-TiOz layer. Then the film was heated at heating platform in order to obtain a dense

perovskite film. After the perovskite was annealed, the substrates were cooled down



for a few minutes. Then the spiro-OMeTAD solution was spin-coated at 4000 rpm for
30 s to get the hole transport layer (HTL). Finally, an ~80 nm of gold top electrode
was deposited using thermal evaporation on the HTL. Detailed fabrication steps are
presented in the Experimental section of the Supplementary Material.

3. Results and discussion

The stability problem of PSCs is caused by the chemical changes of the
perovskite materials under certain environmental conditions. Different environmental
conditions lead to different chemical stability problems. To address such
environmental instabilities, triple cation PSCs are presented as follows.

Like conventional MA cation PSCs, the triple cation PSCs consist of a cathode,
an electron transport layer (ETL), a perovskite light absorption layer, a hole transport
layer (HTL), and an anode [35], as shown in Figure 1(a). The energy diagram of PSCs
are shown in the Figure 1(b). A TiO. compact layer is used to transfer electrons
generated in the conduction band of perovskite to the FTO conductive glass [36]. The
TiO2 compact layer not only transports electrons, but also acts as a barrier layer
against the injection of holes, which suppresses the recombination of electron-hole
pairs at the interface of FTO conductive substrate and improves the PCE of the solar
cells [37]. At the same time, an HTL(sprio-OMeTAD) hole transport layer is used to
achieve electron-hole pair separation. In Figure 1(c) and 1(d), we show the
cross-sectional SEM images. The solar cell architecture is a stack of
glass/FTO/compact TiO2/Li- doped mesoporous TiO2/perovskite/spiro-OMeTAD/gold.

The environmental conditions such as water and oxygen can directly influence



the stability of relevant components of perovskite materials, either during the material
preparation or device operation. For example, as shown in the eq 1-3, MAPDI3 is very

sensitive to water [38].

CH,NH,Pbl ,(s) <2 Pbl ,(s) + CH,NH, I (aq) 1)
CH;NH.I(aqg) <> CH;NH,(aq) + Hl (aq) 2
4HI1(aq)+0,(g) — 21,(s)+H,O(l) (3)

There always exists a reaction of eq 1 if the CH3NH3sPblz film contacts with
humid air. When there is CHsNHzsl in the perovskite film, a reaction of eq 2 always
exists. When reacting with oxygen, HI is decomposed into I and H2O. The reduction
of HI can facilitate the reaction of eq 2 towards the right, resulting in further
decomposition of CH3NHzl. As a result, it will further facilitate decomposition of
CH3sNHsPblz as in eq 1. How to suppress or eliminate these reactions is the key for
achieving stabled PSCs.

FAPDI3 has a bandgap of 1.48 eV, which is smaller than that of MAPbI3 [25]. This
reduced bandgap may result in a broader absorption spectrum. In addition, FAPbIs has
better thermal stability than MAPDbIs due to the stronger internal interactions [39].
However, pure FAPDbIs is not stable because the black perovskite a-phase was
observed to turn into yellow FAPDI3 §-phase in an ambient humid atmosphere even at
room temperature [24]. The incorporation of MAPbBr3 into FAPbIs can stabilize the
perovskite phase of FAPDbIz [25]. But the formation of film dependent on processing
conditions in the glove box closely. Meanwhile, the incorporation of MA may affect

the thermal stability. The addition of Cs can not only inhibit the formation of yellow



phase in MA / FA perovskite, but also contribute to the temperature stability and
reduce the environmental requirements of the film formation [16].

According to previous work, the ionic radius of MA*, FA*, Cs*, Pb?*, I', and Br-
are 2.17, 2.53, 1.67, 1.19, 2.20, and 1.96 A, respectively [40,41]. Partial replacement
of MA cation with slightly larger FA cation can increase the PCE of PSCs, but the
stability of the devices will be reduced (Figure S4(b)). Goldschmidt tolerance factor (t)
can predict stable crystal structures of perovskite materials, which can be calculated
from the ionic radius of the atoms [42]. Non-perovskite structure is formed when the
tolerance factor is higher than 1 or lower than 0.71. In the ABX3 structure, if the size
of A-ion decreases, or the size of B-ion increases, the t decreases [43]. A t value
between 0.8 and 1.0 is favorable for a stable perovskite structure [44]. Cs* is smaller
than FA* or MA*. The incorporation of Cs* leads to the reducing of effective cation
radius of triple-cation perovskite compound. The combination of Cs*, FA* and MA*
can adjust t to the range in which the cubic lattice structure that matches the stable
perovskite phase can be formed. Cs* can be thought of as a “stabilizer” of the
perovskite phase [42]. It can stabilize the photoactive black phase and suppress the
transition of the hexagonal yellow phase of FA perovskite, which is in agreement with
the reports of Lee et al. [27] Yi et al. demonstrated that the incorporation of Cs in
PSCs can exhibit negligible hysteresis and excellent long term stability in ambient air
[28]. They illustrated this remarkable behavior with the first principle computations
and showed that the perovskite phase is significantly stabilized by mixing the

A-cations stems from entropic gains and the small internal energy input required for



the formation of their solid solution. And Li et al. also observed that if the
concentration of Cs is too high, the phase separation will be caused due to the large
gap between the ion radius [42]. The mixture of the three kinds of cation can avoid
this phenomenon. So the stability of the triple cation perovskite materials can be
increased.

In order to compare the overall performance of the devices based on the two
kinds of materials, we have fabricated solar cells based on each type of perovskites
(see Supplementary Material). It is observed that the devices based on three cations
achieved an average PCE of 16.84% and a maximum PCE of 18.2%, which is
significantly improved compared to the MA cation devices with an average PCE of
only 14.0%, and a maximum PCE of 16.2%. Figure 2(a) shows the J-V curves of the
best-performed PSCs based on triple cation perovskite and MA cation perovskite. All
device parameters and the standard deviation are listed in Table 2. The average open
circuit voltage (Voc), fill factor (FF), and short circuit current density (Jsc) of triple
cation PSCs are 1.09 V, 22.98mA/cm?, and 67.1%, respectively. The average Voc, FF
and Jsc of the MA cation PSCs are 1.01 V, 21.50mA/cm?, and 64.4%, respectively.
The higher Jsc of triple cation perovskite film is related to the higher light absorption.

In Figure 2(b), we depict the UV-visible absorption spectra of the two types of
perovskite films. As is seen from the figure, the absorption intensity of the triple
cation perovskite film is higher than that of the MA cation perovskite film. This may
be related to a higher thickness of the triple cation perovskite film which can be seen

in the Figure 1(c) and 1(d). It is worth noting that the thicknesses of the two films



have already been optimized to obtain the optimum device performance.

To discern the charge transport characteristics of PSCs, electrochemical
impedance spectroscopy (EIS) analysis was conducted. Figure 2(c) shows the Nyquist
curves of MA cation and Cs/FA/MA cation devices under 1 sun illumination. A
suitable equivalent electronic circuit model [45] (the inset of figure 2(c) ) was used to
fit the EIS data. Two arcs were obtained in the Nyquist plots, where the first arc in the
high frequency range is related to the transport and extraction in the cathode and the
second arc is related to recombination resistance. Obviously, the Nyquist plots show
that transport resistance of triple cation devices is smaller than MA cation devices. A
smaller transport resistance in the triple cation device confirms the superior charge
transport property, and it also consistent with the smaller series resistance (Rs) value
from the light J-V curve.

Besides a high PCE, another major concern is whether PSCs are durable in
practical applications. We investigated solar cells under constant humidity of
25%-35% in dark condition (T=25 °C) without encapsulation (the devices were
exposed directly to the ambient environment, without any cover). To ensure the result
accuracy, eight devices were tested for each kind of samples. As is seen in Figure 3(a),
devices employing Cs/FA/MA cations show clearly better stability than the pristine
MAPDI3 based devices. In terms of PCE of the Cs/[FA/MA based devices, the
performance of the majority devices was retained for 15 days and shows marginal 1%
degradation after 4 days. Whereas the pristine MAPbI3 devices degraded dramatically,

its PEC degraded by 10% after 4 days and 30% after 15 days. The key photo-voltaic



parameters including Voc, FF, Jsc and PCE of devices before and after the aging test
in dark condition after 15 days are summarized in Figure S1(a)-(d). And we further
tested the stability of the device under high humidity conditions (humidity=60~80 %)
[33]. Triple cation perovskite devices still show better stability than MA cation
perovskite devices at high humidity environments, as shown in figure 3(c). Enhanced
stability of triple cation perovskite solar cells in ambient condition is attributed to
better material stability against humidity. The 6 phases of FAPbl; and CsPbls differ
significantly in their atomic structure and the volume per stoichiometric unit, but the a.
and B phase are very similar to the two systems [28]. For the perovskite phases, either
the o and B types, the sum of the energetic and mixing entropy contributions to the
free energy is favorable, resulting in a stabilization of the mixed phases. The 6—a or
B transition temperature is reduced by ~200-300 K when going from the pure FAPbIs
to the mixed CsxFA1xPblz system.

Reliability is the ability of a system or device to perform work under certain
conditions within a certain amount of time [46]. So the reliability can be evaluated by
defining the function of the system or device. For PSCs, the function can be set to
photoelectric power conversion. The normalized conversion efficiency we set is
relative to the initial efficiency. If the cell efficiency is greater than the prefined
value(Piimit, here it can be set to 70% of the initial efficiency) in a given time t, it is
considered to be operational, otherwise it is considered to be failed. The PCE of the
solar cells is normalized to its initial value.

For a large number of devices, efficiency is subject to normal distribution. The



power probability density function can be written as:

1 _1(PO-u)
p(P’t)_\/Za(t)eXp[ 2[ a(t) ” @

Where P(t) is the PCE of PSCs, u(t) is its average value and o(t) is standard deviation
[29]. Both p(t) and o(t) can be obtained experimentally. The average PCE, pn(t),
generally decreases exponentially, and thus can be described as
#(t) = Aexp(-at)+ Y, (5)
The parameters in the equation were fitted by the nonlinear least squares method, as
shown in Table 3. The experimental points and the fitting curve are shown in Figure 4.
The standard deviation o(t) increases linearly with time, and it would be described as
o(t)=0,+Bt (6)
c0=0 because oo is the standard deviation of the p(t) at t= 0. The parameter B was
fitted by the least squares method, as shown in Table 3. The experimental points and
the fitting curve are shown in Figure 4.
The reliability R(t) is a function of time. The reliability can give a probability that
the PCE of the device in all the number of PSCs is higher than the predetermined PCE
(Pimit) after a certain period of time. So R(t) can be calculated by the power

probability density function, as follows:

R(t)=f: D(P,t)szl—q)[_Rimi(;;[;I(t)] @)

where @ is the cumulative probability function for the Gaussian distribution [46].

The accumulated operation time extrapolated at room temperature and the cell

failures can be statistically described by the Weibull distribution. At a given time, if



PCE is lower than Piimit, the solar cell is considered to be failed. In this test, failure of
a single solar cell was defined as a power loss of 30% or more with respect to the
initial value. In this case the reliability as a function of time is expressed by eq 8,
where B is the shape parameter and n is the scale factor of the Weibull distribution.
The reliability data is obtained by using the method above. In this study, B and n are
obtained by the fitting the failure probability curves. From the values of  and n, the
MTTF can be estimated with eq 9, where I" is Euler’s Gamma function [47], as shown
in Table 4. There is a big difference in the calculated value of the MTTF for PSCs
based on triple cation and that based on MA cation. The MTTF is 4425.8 h for PSCs
based on triple cation and 516 h for that based on MA cation, thus demonstrating
a >8-fold enhancement of the cell lifetime. If Piimit is 0.8Po or 0.9Po, the MTTF is
1704.9 h and 293.3 h respectively for PSCs based on triple cation, and it is only 238.1
h and 93.6 h for PSCs based on MA cation, as shown in Table 4. In Figure 3(b) the
plot of the reliability functions of PSCs as a function of aging time is presented,
taking into account the Weibull parameters of Table 4. The MTTF and the

corresponding parameters of the devices in high humidity environment are shown in

5
R(t) = exp! (lj ] (8)
n
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Table 5.

In the application of solar cells, the temperature of device will rise under the light

conditions. Therefore, we need to detect the PCE stability of the device under heating



conditions. According to other group’s study, 56 °C is the transition temperature of
MAPDI3 from tetragonal to cubic crystal [48]. In general, the standard temperature for
thermal stability testing of commercial applications for solar cells is 85 °C [49]. We
tested the normalized PCE changes of two different kinds of devices under heating
conditions at 85 °C as a function of time, as shown in Figure 3(e). After a period of
time, the color of devices based on MA cation perovskite began to change from the
dark brown to yellow. This change in color is related to the generation of Pbl, which
is related to the decomposition of MAPDIz [50]. As shown in the figure, the PCE of
the device based on MA cation has decreased dramatically to 20% of the original PCE
after heating at 85 °C for 200 min, but the PCE of the device based on triple cation
perovskite has maintained almost 80% of the original PCE. Similar to the reliability
analysis for PSCs tested under high humidity, the MTTF of the PSCs tested at 85 °C
is calculated and shown in Table 6. There is also a big difference in the most likely
value of the MTTF for PSCs based on triple cation and that based on MA cation. The
MTTF is 1682.7 min for PSCs based on triple cation and only 57.4 min for that based
on MA cation, when Pjimit=0.7Po. The MTTF is also listed in the Table 6 if Pimit is
0.8Pg or 0.9Po. The estimated reliability functions are shown in Figure 3(f), which use
the Weibull parameters listed in Table 6. Experiments show that the triple cation
perovskite materials do promote thermal stability of the solar cells and a 30-fold
enhancement(Piimit=0.7Po) in MTTF is estimated for cesium-containing tri-cation
perovskite solar cells operating at elevated temperatures.

In order to further analyze the oxygen and moisture stability, we show X-ray



diffraction (XRD) patterns of the two types of perovskite films in Figure 6(a). All
as-prepared films exhibit an obvious perovskite peak at 14.2° in the XRD patterns of
both MA cation perovskite film and triple cation perovskite film. However, in the
XRD patterns of the samples placed under constant humidity of 25%-35% in dark
condition (T=25 °C) for 4 days, we can clearly note a new diffraction peak at 12.7°
for MA cation perovskite film, corresponding to the (001) diffraction peak of cubic
Pbl> which is often observed as the final product from degraded lead iodide based
perovskites [51]. There is no obvious change in the triple cation perovskite film,
suggesting the addition of FA and Cs increases the moisture stability of the perovskite
material [52,53]. In order to further analyze the temperature stability, we heat the two
types of perovskite films at 130 °C for 3 hours. The XRD patterns of perovskite films
before and after the thermal treatment are shown in Figure 6(b). This heating process
results in rapid degradation of MAPbIs, which was characterized by a change in color
from dark brown to yellow. We can clearly find that the MA cation perovskite
material decomposed and generated Pbl, after heating for 3 hours, leading to a distinct
change in perovskite diffraction peak. However, the color of triple cation materials did
not obviously change after heating for 3 hours and the peak value of perovskite
diffraction did not change much for the same heating time.

After storing the materials in dark environment with constant humidity of
25%-35% and constant temperature (T=25 °C) for 20 days, we can clearly find that
the absorption of the two materials in the UV-visible range is very different (Figure

6(c) and 6(d)). The difference locates mainly in the range of 550-750 nm. In Figure



S3(a), we depict the normalized absorption variation with time at 630 nm. Due to the
decomposition of CH3NHz3Pbls, the absorption in the UV-visible range is reduced. The
triple cation perovskite film shows excellent humidity stability, and no obvious
absorption change can be observed. We characterize the thermal stability of the two
types of materials further by assessing their absorption. In Figure 6(e) and 6(f), we
depict the UV-visible absorption spectra of MA cation perovskite and triple cation
perovskite films before and after being kept at 130 °C for 300 min in dry air. It is
evident that the perovskite film based on MA cation begins to bleach after the
aggressive thermal stress test, which is confirmed by the reduced absorption
spectroscopy. On the other hand, triple cation perovskite film remains dark black and
does not bleach obviously. The absorption baseline of both two kinds of films in the
wavelength range above 800 nm in the absorption spectrums are obviously increased
because of the enhanced scattering effect induced by the rougher surface of the films
after heating at high temperature. Although some degradation is visible, it is not as
significant as the MA cation film. Figure S3(b) shows normalized absorption changes
at 630 nm as a function of time. As shown in the Figure S3(b), there is more severe
degradation at 630nm (16%) for MA cation than degradation of triple cation
perovskite (4%) after heating for 300 min. The poor temperature stability of MAPbI;
is due to accelerated dissociation of MA cation perovskite. The triple cation
perovskite is expected to be more stable because the incorporation of Cs can prevent
the phase transition of perovskite and also suppress the decomposition of MAPDI3 as

evidenced by XRD in Figure 6(b).



4. Conclusion

In summary, highly efficient triple cation PSCs were successfully fabricated by
the combinations of three kinds of cations (CHsNHs*, CH3(NH2).*, Cs*). By using
MTTF method, we systematically investigated the reliability of both the triple cation
PSCs and MA cation PSCs under constant humidity and high temperature condition.
Detailed reliability analysis revealed that significant lifetime enhancement can be
achieved for cesium-containing tri-cation perovskite solar cells operating at both high
humidity and high temperature conditions. In addition, the maximum PCE of triple
cation PSCs is achieved 18.2%, and that of devices based on MA cation is only 16.2%.
The average efficiency of triple cation PSCs reached 16.84%, and that of devices
based on MA cation is only 14.0%.
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Figures and Tables

Fig. 1. (a) Schematic illustration of the device structure of mesoporous PSCs. (b)
Energy band diagram of the PSCs. Cross-sectional SEM images of (¢) MA-based

PSCs and (d) the triple-cation (Cs/[FA/MA) PSCs.
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Fig. 2. (a) J-V curves of the best-performance PSCs based on MA cation perovskite
and triple cation (Cs/[FA/MA) perovskite. (b) Comparison of UV-visible absorption
spectra of the two kinds of perovskite film. (c) Nyquist plot of the PSCs based on MA

cation perovskite and triple cation (Cs/[FA/MA) perovskite.
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Fig. 3. (a) Normalized PCE of the PSCs treated in an ambient environment (humidity
25%- 35%, T=25 °C) , (c) in high humidity environment (humidity 60%- 80%,
T=25 °C) and (e) annealed at 85 °C. (b) The estimated reliability functions at room

temperature, (d) at high humidity and (f) at 85 °C.
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Fig. 4. The p(t) of (a) triple cation PSCs and (b) MA cation PSCs at room temperature.
The o(t) of (c) triple cation PSCs and (d) MA cation PSCs at room temperature. The
u(t) of (e) triple cation PSCs and (f) MA cation PSCs at high humidity. The o(t) of (g)
triple cation PSCs and (h) MA cation PSCs at high humidity.The u(t) of (i) triple
cation PSCs and (j) MA cation PSCs at 85 °C. The o(t) of (k) triple cation PSCs and (l)

MA cation PSCs at 85 °C.
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Fig. 5. Schemes of aging for the MA cation perovskite film and Cs/FA/MA cation
perovskite film. The yellow spot in the scheme of the MA cation sample symbolizes

the formation of Pbl,.
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Fig. 6. (a) XRD spectra of the two kinds of perovskite film treated in an ambient
environment (humidity 25%-35%, T = 25 °C) after 4 days and (b) annealed at 130 °C
for 3 hours in dry air. (¢) UV-visible absorption spectra of MA cation perovskite film
and (d) triple cation perovskite film treated in an ambient environment (humidity
25%-35%, T = 25 °C) for 20 days. (e) UV-visible absorption spectra of MA cation

perovskite film and (f) triple cation perovskite film annealed at 130 °C for 300 min in

dry air.
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Table 1 Summary of the comparison between my work and that of others, showing

the improved method, maximum PCE and stability.

Maximum
Perovskite film Stability
PCE

PCE was retained 88% after being treated
Our work Cs/IFA/MAPH(I/Br)3 18.2%
in an ambient environment for 15 days

Choi and PCE was retained 10% after 40 hours
Cs/MAPbDI3 7.68%
co-workers [27] under ambient conditions

PCE was retained 20% after 60 min under
Park and
Cs/FAPDI3 19.0% continuous white light illumination in
co-workers [28]
ambient condition

Snaith and PCE was retained about 50% after 50 min
MAPbI?,-xCIx'I'CSBr 163%
co-workers [29] upon UV irradiation

PCE was retained 86.7% after being
Qidong Tai and
MAPDI3.x(SCN)x 15.12% stored in open air with the average RH
co-workers [30]
level above 70% for over 500 h.




Table 2 Summary of results from J-V characteristics of devices included in the study,
showing average values and the standard deviation (with best device data in

parenthesis).

Voc(V) Jsc(MA/cm?) FF(%) PCE(%)

CS/IFAIMA  1.09+0.03(1.14) 22.98+0.2(23.3) 67.1+1.5(69.78) 16.84+0.5(18.2)

MA  1.01:0.03(1.04) 215+0.8(23.18) 64.4+2.1(68)  14.00.8(16.2)

Table 3 The parameters in the p(t) function and o(t) function.

A a(/h) Yo B(/h)
CsIFA/MA (at 25 °C) 0.19 4x10°8 0.8097  2.47x10%
MA (at 25 °C) 0.48 3x10°8 0.53 2.33x10"

CSIFA/MA (RH=60~80 %)  0.1928  5.68x10%  0.8072  2.42x10%
MA (RH=60~80 %) 0.54 4.36x10°% 0.47 3.46x10"
CsIFA/MA (at 85 °C) 02197  1.075x102  0.7836  3.348x10%

MA (at 85 °C) 0.973 6.875x10° 2.691x10%  6.026x10™



Table 4 Estimated MTTF at room temperature when the relative humidity is 25 ~

35%.
Plimit n(h) p MTTF(h)
0.7Po 3974 0.82 4425.8
Cs/IFAIMA 0.8Po 1518 0.81 1704.9
0.9Po 313.7 1.23 293.3
0.7Po 511 0.98 516
MA 0.8Po 248.2 1.12 238.1
0.9Po 99.48 1.2 93.6

Table 5 Estimated MTTF at room temperature when the relative humidity is 60 ~

80%.

Plimit n(h) B MTTF(h)

0.7Po 3383 0.89 3581

Cs/FAIMA 0.8Po 1301 0.92 1353

0.9Po 218 1.09 211

0.7Po 339.7 1.07 330.9

MA 0.8Po 137.7 1.22 129.0

0.9Po 59.6 1.37 54.5




Table 6 Estimated MTTF at 85 °C.

Plimit n(min) B MTTF(min)
0.7Po 1671 0.9839 1682.7
Cs/IFAIMA 0.8Po 479 0.99 479.7
0.9Po 76.9 1.30 71
0.7Pg 62.51 1.338 o57.4
MA 0.8Po 39.19 1.35 35.94
0.9Pg 17.43 1.45 15.80




