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Abstract

In this work, to increase the optical and thermal stability of perovskite solar cells, the composition
of the perovskite layer is engineered by adding azobenzene (AZO) as a photoswitchable organic
molecule. In this regard, solar cells with the FTO/b-TiO2/m-TiO2/CH3NH3Pbls/HTM/Au structure
are fabricated using spiro-OMETAD hole transporting layer. Remarkably, an improvement of the
optical, thermal, and structural stability of the devices comprising 5, 10, and 20% AZO is observed.
Through the solid-solid phase-change mechanism of AZO, harmful UV radiation is absorbed and
leads to photoisomerization between the trans and cis isomers, thus aiding in the management of
thermal stresses on the device. Devices with pure perovskite absorber layer and perovskite

absorber layer containing 10wt% AZO retained 43% and 70% of their initial performances,
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respectively, after 70 min of exposure to sunlight. Furthermore, after 1440 h of storage in ambient
conditions (25°C and 42% relative humidity), the reference device maintains 35% of its initial
performance while the device containing 10 wt% AZO retains 89% of its initial performance. In
the case of thermal stability, the device containing 10% AZO shows superior thermal stability by
keeping about 55% of its initial efficiency after exposure to a temperature of 85°C and one sun
illumination, simultaneously, for 60 minutes, compared to the reference device which retains only

35% of its performance under the same condition.
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Introduction

Among three different generations of solar cells, the last generation, the low-cost perovskite sloar
cells (PSCs) are of great interest, since their power conversion efficiencies show promise towards
commercialization. These devices have been widely researched after the perovskite (PSK)
absorber layer was firstly utilized by Kojima, et al. in 2009[1]. PSK materials can provide solar
cells with an excellent optical to electrical energy conversion, demonstrated by the recently
reported power conversion efficiencies (PCEs) of 25.6%. In addition, they possess other beneficial
characteristics, such as suitable and tunable bandgap, strong optical absorption, long carrier
diffusion length, and high extinction coefficients [2]. Furthermore, they offer easy and cost-
effective implementation methods which are vital for industrialization. The common drawback of
these devices, which still impedes commercialization, is the natural instability of PSK material
caused by internal and external factors[3]. Considering external stimuli, the main factors that
initiate and accelerate the decomposition process are temperature (direct heating or heating during
the operation) [4], oxygen [5-7], humidity [4, 8], ultraviolet (UV) irradiation, and illumination[9].
Many efforts have been made to mitigate and overcome the degradation process, including
compositional engineering via using multi halides or/and cations such as Cs2FAPbzI7 , using low
dimensional or 2D/3D multidimensional PSK structures[10-15]. Engineering of the deposition
methods or growth strategies is another proposed alternative, for instance, applying seed—assisted
sequential deposition strategy for obtaining micron-scale perovskite grains [16] or using vacuum-
assisted methods [17]. Additive engineering has been employed for reducing the defect states and
lifetime insufficiency by incorporation of different additives e.g. a mixture of PVP/PEG[18],
poly(ethylene glycol) tridecyl ether polymer[19], ammonium benzenesulfonate[20] into PSK

precursor. Furthermore, interfacial and surface modifications[14, 21, 22], employing different



charge transports and contacts materials [23], and encapsulation using different polymers, such as
epoxy resin[24] and polydimethylsiloxane (PDMS) have proved to be effective for stability
improvement[25].

While almost all researchers agree on the destructive effects of rising temperature and humidity,
there have been contrasting ideas about UV exposure. The primary question under debate is to
identify which layer is most affected by UV. For instance, considering mesoporous TiO2 (m-TiOz)
material as the hot spot of UV-related degradation, numerous research groups have proposed
additive engineering, bilayer engineering, interlayer engineering, and/or replacing m-TiO2 with
another electron transporting layer (ETL). It was reported that UV illumination has a catalytic
effect on the oxidation of I" ions in CH3NH3Pbls to be converted to 1> and thus accelerates the
charge recombination[26, 27]. Therefore, introducing an interlayer or an isolating interface is a
noteworthy idea to tackle the effect of UV on both the ETL and PSK layer. In this regard,
Sonmezoglu et al. introduced a 2-methylbenzimidazole (MBIm) molecule and formed an
interlayer to modify the PSK and ETL interface [28]. Similarly, Guo et al. improved the lifetime
of PSCs by applying mesoporous Sc*" doped brookite TiO2 scaffold onto a SnO2 block layer and
achieved better UV stability [29]. Furthermore, Hu et al. inhibited photocatalytic activity of TiO2
using fluorination of low-temperature solution-processed TiO:2 nanocrystals [30]. Reports
indicated that although replacing m-TiO2 with other materials such as SnO2, Sn203, Sn304, and
ZnTiOs desirably improved the stability of the PSCs under low and moderate UV irradiation, the
lack of long-term photostability, still, remains a critical issue [31-34]. Thereby, Wang et al.
introduced carbon nanodots (CND) to the SnO2 ETL layer for enhancing the performance and
stability of the SnO2 based devices. Devices with over 20% PCE were achieved due to the lower

electron resistivity of the CND doped SnO2 ETL [33-36]. Regarding the PSK materials, Lee et al



confirmed the degradation of the PSK lattice after placing the MAPbIz(MAPI)-based PSK thin

film under UV exposure in controlled conditions (inert gas at <0.5 ppm humidity without
encapsulation) for 1000 h. It was shown that the degradation mechanism was related to the
structural change of the perovskite layer, UV irradiation causing the creation of trap states in the
CH3NH3Pbls and decomposing the perovskite to its Pblz precursor[37]. Furthermore, Ouafi et al.
showcased the destructive effect of UV exposure on PSK structure when observed the superior
UV stability after incorporation of Br ions into the PSK matrix. They concluded that, on the
molecular level, the degradation of the MAPI layer could be attributed to the structural degradation
under UV irradiation, whereas the MAPbBr3, which had a denser cubic morphology, turned out to
be more UV-stable[38]. Following the same approach, Deng et al. improved the UV stability of
the PSCs via introducing 6-chloro-1-hydroxybenzotriazole into the perovskite layer [39].
Contradictory to these reports, a facile optical method based on the high power UV-irradiation was
presented for the recovery of the degraded PSCs[40, 41].

Solid-liquid phase change materials (S-L PCMs) have shown promising results for neutralizing
the destructive effect of temperature fluctuation, thanks to their ability to store and release energy.
In this regard, efforts have been made to introduce them to the structure of the PSCs. For instance,
Fumani et al. reported that using an S-L PCM inside a resin shell not only blocked the moisture
diffusion as an encapsulation system but also cooled the PSC device under operation. As a result,
a two-year stable device was achieved while the controlled device lost 50% of its performance
after only 10 days [24]. Thus far, the use of S-L PCMs has not been reported inside the structure
of solar cells. The reason is, upon its phase change from solid to liquid, the PCM might leak to the
structure of the PSC device and consequently damage the device performance. Therefore, using a

Solid-Solid PCM (S-S PCM) could be a useful way to reduce the effect of both temperature and



UV on PSC. In this regard, azobenzene (AZO) molecule as a photoswitchable S-S PCM [42] can
positively contribute to the stability improvement of the PSCs. Trans-cis isomerization of AZO
molecule occurs upon UV irradiation. The absorption band of the trans-form is observed around
A=300-400nm [43]. Fortunately, the photoisomerization is reversible and the visible light with
A=425-500nm or heat can trigger the return of the cis to its trans isomer [43-47].
Thermodynamically, the cis isomer is 42-55 kJ/mol less stable than the trans-form [44]. Thus, it
can moderate the damaging effects of light, UV radiation, and heat in its phase change cycle.
Owing to its photoactivity, this substance has been used in medical, thermal, optical, and electrical
applications. For instance, azobenzene-modified reduced graphene oxide@multiwall carbon
nanotubes (Az-rGO@CNTs) have been applied onto a glassy carbon and used as a sensor for
sensing curcumin for biomedical applications [48]. Sasai et al. confirmed that adding AZO
derivatives can be optical photoluminescence (PL) controller in perovskite materials [46].
Moreover, a microstructure silicone surface was modified by azobenzene-calixarene [4].
[llumination of UV light could affect the macroscopic directional motion of a water droplet on the
modified surface by changing the contact angle [49]. Additionally, a photoresponsive switchable
pressure-sensitive adhesive was fabricated using an azopolymer which can switch the surface
energy and modulus through frans-cis photoisomerization. It was used as a carrier for arraying
mini-LEDs [50].

Herein we report the introduction of an S-S PCM based on a photoswitchable molecule into the
PSK absorber layer of the PSC to retard the decomposition process following the heat, UV, and
visible light exposure. The effect of using AZO on thermal stability, photostability (under visible
light), UV durability, long-term functionality, and PCE are investigated by optical, electrical,

morphological, and topological analysis. It is shown that the addition of the photoswitchable



molecule to the PSK layer improves the stability of the devices significantly as compared to

conventional reference devices.

Experimental section

For solar cell fabrication, firstly, fluorine-doped tin oxide (FTO) substrates are etched using an
HCl solution (2 M in deionized water) and Zn powder. The etched substrates are washed and ultra-
sonicated in a detergent, deionized water, acetone, ethanol, and isopropanol, for 10 min, dried at
100 °C, and then treated by UV-ozone for 15 min. A compact layer of TiO: is deposited by spin
coating of an acidic solution of tetraisopropyl orthotitanate in ethanol (2000 RPM for 30s) onto
the cleaned FTO substrates, annealing at 500°C for 30min and then treating with a 0.02 M TiCl4
solution in deionized water at 70 °C for 30 min. After that, the substrates are washed with deionized
water and then again annealed at 500°C for 30min. To deposit the mesoporous TiO2 layer, the TiO2
paste containing 20-nm-sized TiO2 nanoparticles is diluted with ethanol (2:7 weight ratio). The
resulted solution is spin-coated (5000 RPM, 30s) on top of the compact TiO:2 layer and
subsequently heated at 70°C for 30 min. The procedure after deposition of the mesoporous layer
is the same as the one carried out for the compact layer. For the deposition of the MAPI layer, first
Pbl2 (IM) is dissolved in anhydrous DMF, and then trans AZO powder is added to the Pblz
precursor in 5%wt, 10%wt, and 20% wt amounts. The precursors with and without AZO are spin-
coated on the TiO2 mesoporous layers using a two-step spin-coating procedure: 1) 3000 RPM, 5s;
2) 6500 RPM, 5s. Subsequently, the samples are heated in a two-step process including heating at
40°C for 3min and 100°C for Smin. CH3NH3I precursor is made by dissolving CH3NHsI powder
in anhydrous isopropanol alcohol (40mg/ml). Further, to form the PSK matrix, CH3NH;sl
precursor is spin-coated on top of the Pbl. with or without AZO layers using a two-step spin-

coating procedure (1: ORPM, 20s, 2: 4000RPM, 20s). The PSK layer is completely formed after



heating at 100°C for Smin. To prepare the HTL solution, spiro-OMeTAD (72.3 mg) is dissolved
in 1 mL chlorobenzene, followed by adding 28.8 puL of 4-tert-butyl pyridine and 17.5 pL of lithium
bis-(trifluoromethanesulfonyl)imide (Li-TFSI) stock solution (520 mg Li-TSFI in 1 mL
acetonitrile). The solution is spin-coated on the PSK layer (4000 RPM, 30s). Finally, the Au
cathode is deposited through physical vapor deposition (PVD) using a shadow mask with a 0.09
cm? area (Nanostructured Coatings Co, Iran). It should be noted that all fabrication steps except
Au deposition are carried out in the ambient condition with 42% relative humidity (out of
glovebox).

The crystalline structure of the layers is investigated using X-ray diffraction (XRD, Cu ka
radiation, A = 1.5406 A, Bruker, AXS). The morphology and surface roughness of the deposited
films are examined by a field emission scanning electron microscope (FESEM, FEI Nova
NanoSEM 4500) and an atomic force microscope (AFM, Veeco). Furthermore, the absorption
spectra of the PSK layers are recorded by an Avantes UV—Visible spectrophotometer (AvaSpec
2048 model). To measure the photoluminescence intensity of the samples, they are excited using
a light source with the wavelength of 400nm and the emission spectra are recorded by Avantes
spectrophotometer. For UV treatment of samples, each sample is placed under high-power UV
irradiance with a wavelength of 300 nm( more details in the supporting information).

The current density-voltage (J-V) characteristic of the fabricated devices based on the
CH3NH3Pbls absorber layer with or without AZO is measured using an Ivium Stat potentiostat
(model: XRE, Netherlands) under a calibrated AM 1.5 solar simulator with a light intensity of 100
mW/cm? (Sharif Solar 10-2, Iran). Furthermore, the thermal behavior of the PSK with and without
AZO is analyzed by differential scanning calorimetry (DSC) (NETZSCH 200F).

Results and discussion



Figure 1a shows the FESEM images of the PSK layer containing various amounts of AZO S-S
PCM. As observed, there is no significant difference between the morphology of the pristine PSK
layer and the layer containing 5% AZO. The top-view FESEM images of the PSK layers containing
10 and 20% of AZO show a distinguishable change in their surface structure in the presence of
AZO. While continuous surface morphology is observed for the PSK with 10%wt AZO, adding
20wt% AZO causes the formation of obvious pinholes through the entire MAPI PSK, which can
influence the performance of the PSCs. According to the results of AFM analysis ( Figure 1b), the
root mean square (RMS) of the PSK layers decreases from 72.88 nm for pristine MAPI to 57.30nm,
52.84nm, and 63.28nm for S5wt%, 10wt%, and 20wt% AZO containing PSKs, respectively. AFM
results are consistent with the FESEM ones, corroborating a smoother surface in the case of the
5% and 10wt% AZO added PSK films compared to the layer containing 20wt% AZO and the
reference layer without added AZO. Considering the vast majority of the AZO in the trans-state,
it can be concluded that the high share of planar trans-AZO can reduce the roughness of the PSK
layer. Additionally, AZO as a small photoswitchable organic molecule can also help the layer
uniformity and filling pores. However, once the concentration of AZO is increased over a certain
threshold, there is also a possibility of partial crystallization of the AZO as macrophase-separated
domains. This could be one of the reasons for observing a higher roughness in the case of the

sample containing 20% AZO.
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Figure 1 a) FESEM and b) AFM images of MAPI films with different percentages of AZO

deposited on a glass substrate

To verify the effect of photoswitchable AZO molecules on the photophysical properties of the PSK
layer, the UV-visible absorption measurements (Figure 2a) are carried out. The Tauc’s equation
(Equation 1) is used for determining the optical bandgap of the samples:

ahv=A(hv — Eg)*/? Equation 1
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where h is Planck’s constant, hv is the incident photon energy, and A is an energy-independent
constant. Then, the bandgap of the layers is determined based on the extrapolated linear regression
of (ahv)? — hv curves (Figure 2b). The values obtained for the bandgap are listed in Table 1.

In the UV-visible absorption spectrum of pure AZO, two absorption peaks are observed, one in
the UV region and the other in the visible region [51]. The intensity of absorption in these two
areas depends on the photostationary state of AZO molecules in the structure [44]. As depicted in
Figure 2a, the addition of AZO to the PSK layer enhances absorption in the UV region.
Furthermore, according to Table 1, after the introduction of AZO to the PSK structure, a
descending trend in the bandgap value is observed. On the molecular level, the bandgap reduction
can be attributed to two interconnected factors, namely pressure and phase transition. Pressure can
change (distorting, titling, or rotation) lattice structure and induce complex phase transitions [52].
So, increasing the pressure on the perovskite lattice by the addition of AZO is one of the probable
reasons for the observed bandgap redshift. This pressure-driven bandgap reduction is mainly a
result of lattice shrinkage[53]. Additionally, this bandgap decrement is analogous to the results of
Baikie et al., who observed that the bandgap of the cubic phase of MAPI is lower than that of the

tetragonal phase [54].
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Figure 2 a) Absorbance spectra of MAPI PSK layers with different percentages of AZO S-S
PCM, b) Tauc plot of MAPI PSK layers with different percentages of AZO S-S PCM, c¢) PL

spectra of MAPI PSK layers with different percentages of AZO S-S PCM

Table 1 Bandgap value of MAPI PSK active layers with different percentages of AZO S-S PCM

Sample Bandgap
MAPI 1.582eV
MAPI+5% AZO 1.575 eV

12



MAPI+10% AZO 1.572eV

MAPI+20% AZO 1.56eV

According to the PL spectra of the pure PSK film and films containing different amounts of AZO
(Figure 2c¢), the peak located around 790 nm is attributed to the radiative recombination [55] that
occurs in the MAPI PSK material. Interestingly, the addition of AZO has no significant undesirable
effect on the overall PL intensity of the PSK. This result demonstrates that the selected approach
does not induce further non-radiative defect states to the perovskite lattice. Furthermore, as
illustrated in Figure 2c, a slight red shift is observable in the PL spectra of the samples upon
addition of AZO, which further confirms the bandgap reduction. Crystalline phase change, which
will be discussed further, and the pressure inside the lattice domain are held responsible for the
bandgap reduction and the consequent slight redshift in the PL spectra. This result demonstrates
that the selected approach does not induce further non-radiative defect states impacting the

luminescent properties of the perovskite lattice[56].

Furthermore, to study the effect of incorporation of AZO into stability improvement of PSK
materials against UV light and heat, a comparison of the PL spectra of samples before and after
exposure to UV light at a temperature of 85°C for 20 min is presented in Figure S1. Astonishingly,
while the PL intensity of the MAPI sample decreases after UV irradiation and thermal stress due
to a combination of higher non-radiative loss and creation of Pb metallic clusters in perovskite
lattice [57], the PL of the AZO-containing samples remains nearly the same after the treatment.
This can further confirm the positive effect of AZO addition on improving the UV and heat

stability of the perovskite layers.
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In order to determine the crystalline structures of the perovskite layers, the X-ray diffraction
(XRD) patterns of MAPI PSK with different amounts of AZO molecule are shown in Figure 3.
The observed diffraction peaks at 14.21°, 20.09°, 23.56°, 24.59°, 28.54°, 31.94°, 35.04°, 38.68°,
40.66°, and 43.22° are assigned to the (110), (200), (211), (202), (004), (220), (310), (312), (224),
and (314) planes of the tetragonal PSK structure [2, 58, 59]. The unconverted Pbl, peak can also
be observed at 12.6° in the patterns which can desirably improve the performance of the devices
via passivating the grain boundary defects [60]. According to data extracted from Figure 3 and
summarized in Table 2, the results of XRD analysis of PSK thin films with various AZO PCM
contents indicate the structural changes in the presence of the AZO. The peak located at 23.5
corresponding to (211) plane is representitive of a tetragonal structure[58, 59]. The comparison of
peak intensity related to (211) and (202) planes is conducted to understand the process of phase

transferring from tetragonal towards semi-cubic phase (Table 2).

To showcase the phase transition, a comparison is made between the intensity of the peaks assigned
to (211) and (202) planes (see Table 2). It is observed that by adding 5%, 10%, and 20% of the
PCM, the intensity of the peak assigned to the (211) plane decreases in comparison with others.
As a result, the system experiences a closer phase structure to the cubic phase [54]. As reported in
the literature, during the deposition and formation of perovskite crystals, the cubic crystalline
phase appears when the layer is exposed to high temperatures. After cooling down the perovskite
layer to room temperature, the phase transition from cubic to tetragonal takes place [54]. It is
speculated that the presence of AZO hinders the cubic to the tetragonal phase transition.
Consequently, the initially formed cubic crystalline phase remains the same upon cooling to room
temperature because of both pressure and adhesion of the AZO to the crystal domain. Thus, the

created steric hindrance in the crystals domain acts as a great barrier toward the crystalline phase-
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change phenomenon [61]. Subsequently, since the Goldschmidt tolerance factor of the cubic
structure lies in the range of 0.8-1 (almost near unity), the cubic structure is more stable than its
distorted tetragonal phase [62]. Therefore, it is expected that the PSK composition containing AZO
leads to the formation of a more stable structure. The lattice strain and crystallite size associated

with each sample (Table 3) are calculated using the Williamson-Hall method:

ﬂcose=%+4 € sinf Equation 2

where 3 is the peak broadening or (full width at half-maximum (FWHM) of the diffraction peak
in radians), k, D, A, and € are shape factor, crystallite size, wavelength of Cuke radiation, and the
lattice strain, respectively. By plotting 3 cos@ as a function of 4 ¢ sinf, the Williamson-Hall plot
of each sample is achieved (Figure 4). Values of the lattice strain obtained from the Williamson-
Hall equation (Table 3) demonstrate that by increasing the concentration of AZO the lattice strain

is reduced which can, also, lead to stability improvement of the structure[52, 53].
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Figure 3 X-ray diffraction pattern of PSK layer containing different amounts of AZO. (")

represents the unconverted Pblz peak

Table 2 The intensity ratio of two peaks assigned to (202) and (211) planes

Height
H(211) H(202) X = Heiy
H202)
sample
MAPI 124.11 170.4 0.73
MAPI+5%AZ0O 49.46 79.37 0.62
MAPI+10%AZO 120.96 230.75 0.52
MAPI+20%AZ0O 28.63 81.77 0.35
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Figure 4 Williamson-Hall plots of MAPI active layers, a) pure, b) containing 5 wt% AZO, c)

containing 10 wt% AZO, d) containing 20 wt% AZO.

Table 3 Calculated average crystallite size and lattice strain for MAPI PSK absorber layer

containing different percentages of AZO S-S PCM

Sample Crystallite size (nm) Lattice strain (*107?)
MAPI 91.4 2.5
MAPI+5%AZ0O 65.2 22
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MAPI+10%AZO 63 2.0

MAPI+20%AZO 57.6 1.6

In order to investigate the structural changes upon thermal and UV irradiation stresses, the XRD
patterns are also recorded after the films are exposed to UV light at temperatures of 85°C for 20
min. As depicted in Figure S2, the intensity of the peak assigned to Pblz shows a significant
increase only in the pure sample, revealing PSK degradation caused by UV light coupled with
increased temperature. In contrast, in the samples containing AZO, no significant changes occur
after the UV irradiation at elevated temperatures. Notably, these results correlate well with the

earlier PL observations (Figure S 1).

To confirm the isomerization behavior of AZO, four samples including as prepared trans AZO,
AZO powder placed under the 1.5 AM light intensity for 20 min (AZO under light), MAPbI3
powder, and MAPbI3 containing 10% AZO are analyzed using DSC (Figure 5). The PSK samples
are prepared by scratching off the PSK thin films deposited on the glass substrate from the
substrate. Melting and crystallization temperatures and the respective enthalpies are summarized

in Table 4.
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assigned to the cis isomer, d) the DSC diagram of MAPI PSK containing 10%wt AZO, e) comparison of

heating cycles of MAPI and MAPI PSK containing 10wt% AZO, f) proposed conformation change of

AZO in the PSK layer

20



Table 4 Thermal behavior of pure AZO, the AZO sample after being exposed to 100 mW/cm?

illumination for 20min, and MAPI PSK containing 10wt% AZO.

Sample Melting point | Enthalpy of | Crystallization point Enthalpy of
(°C) melting (j/g) (°C) crystallization (j/g)
AZO 72.5 132.2 52.2 -122.3
AZO after 20min 72.6 119 53 -116.7

exposure to light

MAPI+10wt% AZO 50.4 0.4 - -

Figure 5a shows the heating of the AZO and illuminated AZO samples from zero to 100°C where
the peaks seen in the diagrams show the melting point of the samples. Additionally, peaks in Figure
5b depict the crystallization of samples cooling from 100°C to zero. As can be seen in Figure 5b,
within both cooling curves, the peaks related to the crystallization of samples are seen at
temperatures of about 52°C. In the cooling cycle of AZO, an exothermic peak is observed at a
temperature of about 20°C which is absent in the diagram assigned to AZO under light sample
(Figure 5c). Observation of this kind of exothermic peak can be proof of the existence of cis-isomer
inside the AZO powder [63]. It is speculated that after being under sunlight, the cis isomer in the
AZO sample is isomerized to its trans state. There is, therefore, no sign of it in the illuminated
AZO sample diagram. Remarkably, adapting Figure 5c and the cooling cycle of MAPI containing
AZO in Figure 5d confirms that both exothermic peaks, 20°C in the cooling curve of AZO and

29°C in MAPI containing AZO, most probably are the signs of energy released from cis isomer
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[51][64]. It is plausible that reversible trans-cis-trans cycling is occurring inside the perovskite
film driven by UV and the visible part of the sunlight spectrum.

Although the origin of the 9°C peak displacement in the MAPI containing AZO sample is unclear,
it appears that it may have arisen from the special hindrance inside the perovskite lattice. Since
trans-cis isomerization needs more space, one possibility is that upon additional pressure and
limited space this relaxation will take place in higher temperatures. Furthermore, during the
formation of PSK crystals, the amount of the bent shape cis isomer increases because of
surrounding pressure and tension. Thus, the intensity of the peak assigned to the cis isomer in the
PSK with AZO is higher than that of AZO. This increment in the share of the cis isomer inside the
perovskite lattice suggests the possibility of isomerization within the perovskite structure.
Furthermore, according to the DSC diagram of the MAPI sample containing AZO (Figure 5d),
peaks located at 58°C and 56.7°C in the heating and cooling charts, respectively, can represent the
transformation of tetragonal to cubic which is not present in the graph of pure MAPI sample as
illustrated in Figure 5e [58]. This finding confirms the XRD results that proposed the crystalline
phase transition within the perovskite layer. Ultimately, as it is proposed, the introduction of AZO
can neutralize the effect of the generated heat and suggests a phase change from tetragonal to
quasi-cubic crystalline phase in the PSK lattice.

For investigating the performance of the devices with added AZO, solar cells including MAPI
absorber layer without PCM and containing 5%, 10%, 20% PCM with the FTO/block-
TiO2/mesoporous TiO2/PSK/HTL/Au architecture are fabricated (Figure 6a). The diagram of the

energy levels of the device components is presented in Figure 6b.
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The current density-voltage (J-V) characteristic curves of the devices are shown in Figure 7. The
parameters extracted from the J-V curves such as PCE, fill factor (FF), short circuit current density

(Jsc), and open-circuit voltage (Voc) are summarized in Table 5.
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Figure 7 J-V characteristics of devices with FTO/b-TiO2/m-TiO2/PSK/spiro-OMETAD/Au

configuration.

Table 5 Photovoltaic parameters of fabricated solar cells based on MAPI PSK absorber layer

with different concentrations of AZO using spiro-OMETAD as HTL (champion devices).

Sample PCE (%) Voo (V) Jsc (mA/cm?) FF
MAPI 14.02 1.07 20.81 0.63
MAPI+5% AZO 13.5 1.03 19.95 0.66
MAPI+10% AZO 8.95 0.90 15.57 0.64
MAPI+20% AZO 6.5 0.90 11.33 0.64
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As evidenced in Table 5, the PCE of the device containing 5% PCM is very close to the PCE
obtained for the control device. As explained (Figure 1), the reduction of PCE in the presence of
AZOQO can be attributed to the morphological changes that occur. Besides, AZO does not participate
in the photovoltaic process. Therefore, it leads to a decrease in efficiency though in the sample
with 5% wt AZO this change is not significant. As the scope of this study is to investigate the
stability of the PSK layer of the device with the presence of AZO PCM, it is discussed in detail in

the following sections.

The stability of solar cells is assessed under different aging conditions. First, the solar cells are
irradiated for about 70 min under one-sun illumination and RH of 42%. The trend of changes in
the device characteristics is recorded with 3 min intervals. As observed, the presence of the PCM
improves the stability of solar cells under illumination. According to Figure 8a, devices with MAPI
absorber layer retain 43% of their initial PCEs after 70 min of exposure to light and RH of 42%,
while devices containing 5%, 10%, and 20% of the AZO PCM retained about 56%, 70%, and 70%
of their initial PCEs, respectively. These results are observed in several consecutive series of
devices. Although a considerable change in Vo of devices is not observable (Figure 8b), the fill
factor (FF) (Figure 8d) is improved with the addition of 10% AZO and has only a few changes
after exposure to light for 70 min. As mentioned in the introduction, AZO can dissipate energy
through isomerizing from its trans isomer to the cis isomer by absorbing the UV part of the
spectrum (Figure 8e)[38, 65]. During the selective absorption of UV irradiation by AZO, the
destructive effect of UV on the PSK structure is reduced. Structural change and isomerization of
AZO require appropriate volume and space [66]. In some crystalline structures due a the suitable
free space between the constituent elements, especially in the PSK structure, isomerization can be

predicted [67]. Returning from the cis structure to the trans isomer requires more time and, due to
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the spatial shape of the trans isomer, also requires more space volume. Therefore, cis to trans

isomerization requires more absorption intensity or heat and more time [47, 68].
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Figure 8 Photovoltaic parameters, a) Power conversion efficiency (PCE), b) Open circuit voltage

(Voc), C) Short circuit current density (Jsc), and d) Fill factor (FF) of fabricated devices with or
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without S-S PCM as the function of illumination time under the light with the intensity of 100

mW/cm?, €) Schematic presentation of AZO isomerization.

To determine the long-term stability of the fabricated devices and the effect of the incorporation
of PCM, the characteristics of the solar cells are measured during 1440 h after their fabrication
(Figure 9). Through this storage time, the devices are kept at room temperature of about 25 and at
RH of 42% without encapsulation. The results show that the devices fabricated with MAPI
absorber layer maintain only 35% of their original performance at the end of 1440 h storage while
devices containing 5%, 10%, and 20% AZO maintain 86%, 89%, and 65% of their initial
performances, respectively. As discussed earlier, by adding AZO to the PSK absorber layer, a
change from the tetragonal to the quasi-cubic structure is observed. The improved stability in the
presence of the PCM can be attributed to this tetragonal- quasi cubic structural change and greater

stability of the cubic structure compared to the tetragonal structure (Figure 9b).

27



a

1.3
MAPI
1.2 MAPI+5% AZO
L1 MAPIH+10% AZO
MAPI+ 20%AZ0

1.0

=

Q09

-9 ?

- 0.8

g T

N 0.7 T

=

E 0.6

E 0.5

2 0
0.4
0.3
0.2
0.1

0 200 400 600 800 1000 1200 1400

b Time(h)

Ietragnnal

° °\° AZO molecules

%ELWT
° 8/
ﬁﬁwf?‘$&#§§:{&| nal to cubic
floigf‘?g?luq"?ig / phasﬂranslto %&R‘;ﬁxﬂ%&%

Figure 9 a) Stability behavior of the devices containing different percentages of AZO for 1440

hr, b) crystalline phase transition of MAPI from tetragonal to quasi-cubic

Finally, to study the effect of AZO incorporation on the thermal stability of the devices, they are
kept at the temperature of 85°C under continuous illumination. As seen in Figure 10, the device
containing 10% AZO holds 55% of its initial performance whereas the pristine device maintained
just 35% of its efficiency after 60 mins of being simultaneously under 1 sun illumination and
temperature of 85°C. It can be concluded that the addition of AZO in MAPI+10% AZO helps to
neutralize the thermal stress generated in the perovskite lattice. It seems that MAPI+10% AZO
provides an optimized free space for the photoisomerization of AZO molecules. Thus, as
explained, heat drives the reverse cis-frans reaction and the continuous isomerization cycle is

responsible for the stability enhancement in the AZO-containing devices.
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Conclusion

In conclusion, a novel approach for improving the stability of PSCs was introduced by adding S-
S PCMs to the PSK absorber layer of PSCs. As deduced based on XRD, PSK underwent the
crystalline phase transition from tetragonal to a quasi-cubic crystalline phase with the addition of
AZO to the PSK precursors. Devices containing AZO had better photo-stability and thermal
stability i.e. devices containing 10%wt AZO held 70% of their initial performances due to the

photoswitching behavior of the AZO molecules, while the reference cells retained only 43% of
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their initial performances after being under continuous light exposure for 70 min. Similarly, after
60 min of being under unceasing one sun illumination and temperature of 85°C, the efficiency of
the MAPI+10%AZO based device dropped to 55% of its initial PCE compared to the pristine
device which kept only 35% of its efficiency. Moreover, the long-term stability examination also
demonstrated the striking effect of AZO on device stability which is attributed to the crystalline
phase transition of the PSK layer. After 1440h of storage in the dark and RH of 42%, the devices
with 10% AZO kept 89% of their initial efficiencies compared to the reference ones which retained

35% of their primary PCE.
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