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NiO,-based inverted perovskite solar cells (PSCs) exhibit desirable stability and efficiency potential.
However, their long-term stability remains a significant concern necessitating the investigation of
interfacial stability and degradation mechanisms. Hence, the present study offers a pragmatic
(CH3NH3Pbls)
environmental stressors. For this purpose, the sol-gel-derived NiO,-based inverted PSCs were
exposed to moisture, oxygen, and heat energy at four different stages of device fabrication. Then, the
macroscopic visual image, optical absorption, X-ray diffractograms, and device performance decays
were analyzed for these layer-by-layer (LBL) structural samples. Consequently, it was found that the

comprehension of the degradation pathways of the perovskite layer under

rapid degradation of the inverted PSCs with a NiO, hole transport layer under humidity, air, and

thermal stresses was primarily related to silver diffusion into the perovskite layer and the irreversible
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Accepted 15th April 2025 breakdown of perovskite into its precursors. Furthermore, the performance of the NiO, layer for

versatile perovskite materials was studied via composition engineering (i.e., mixed cation and anion

DOI: 10.1039/d5e100057b systems). This work may provide practical insight for improving our understanding of device stability,
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Broader context

paving the way for commercialization.

Halide perovskites with a general chemical structure of ABX; (A = CH3NH;, CH(NH,), and Ce; B = Pb and Sn; and X = I, Br and Cl) have received great
attention as next-generation semiconductors for optoelectronics including solar cells, light-emitting diodes, field-effect transistors, etc. Specifically, the
power conversion efficiency of perovskite solar cells (PSCs) has already reached over 26%, demonstrating their competitive edge with low-cost solution
processability. The performance of PSCs is based on the excellent properties of perovskites such as high absorption coefficients, long charge diffusion
length, defect tolerance, high charge mobility, tunable bandgaps, etc. However, considering the ‘golden triangle’ of solar cells (i.e., efficiency, cost, and
lifetime), the stability of PSCs should be a key factor in the current research and development (R&D) stages. Hence, this work is devoted to elucidating the
interfacial stability and degradation mechanisms in the sol-gel derived NiO,-based inverted PSCs under moisture, oxygen, and thermal exposure. For this
purpose, the stability of PSCs was studied at four different stages of device fabrication via a layer-by-layer approach, laying the foundations for commercial

viability.
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1. Introduction

Perovskite solar cells (PSCs) are emerging photovoltaic technol-
ogies that utilize halide perovskite semiconductors with versatile
dimensions and nanoscale shapes for optoelectronics
application.’® Currently, the single-junction PSCs reached
a power conversion efficiency (PCE) of over 26%.”"*° Despite their
impressive efficiency, the instability of PSCs remains a serious
concern towards commercialization.™ PSCs tend to degrade when
exposed to humidity, heat, light, and electric fields.">** This
instability is due to the chemical reactions being initiated in the
presence of oxygen and water, and ion migration via defect sites
causes the structural instability of perovskite semiconductors.***
Interestingly, the stability of PSCs is also dependent on the device
architecture of PSCs such as an inverted or regular structure.'®>*
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Inverted PSCs offer multiple benefits compared to conventional
structures, including easier fabrication, enhanced stability,
reduced hysteresis, and lower energy loss.'*>*

For further enhancing the stability of inverted configura-
tions, the influence of each layer on the deterioration of devices
should be elucidated.”** These constituent layers include not
only perovskite itself, but also other components such as the
hole transport layer (HTL), electron transport layer (ETL), and
electrodes. Nickel oxide (NiO,) and fullerene derivative [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) are a typical HTL
and ETL, respectively, in the inverted PSCs. Sol-gel derived NiO,
is a robust HTL suitable for perovskite with varied compositions
and bandgaps as well as for various forms of substrates
including those with textured structures.*®

Among the primary degradation sources mentioned above,
moisture ingress could result in perovskite decomposition,
electrode corrosion, and delamination of interface layers, which
could be further exacerbated by thermal stress.>*** In addition
to environmental factors, the lifetime of inverted PSCs is
affected by their intrinsic behavior. Intrinsic properties
(hygroscopicity, thermal instability, and ion migration) could be
coupled with extrinsic sources (humidity, heat, and electric
field) and accelerate the perovskite deterioration.***> The
stability of PSCs could be affected by both the layer-by-layer
(LBL) interface and bulk thin-film materials as well.**** For
outdoor applications, the accumulated heat in PSCs may
increase the internal temperature to as high as 85 °C.”

In the regular PSCs, it has been widely reported that the
organic HTL, 2,2,7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD) mainly affects the degra-
dation of perovskite. Besides, the introduction of additives such
as 4-tert-butylpyridine (¢BP) and bis-(trifluoromethane)sulfoni-
mide lithium salt (Li-TFSI) can further accelerate the deterio-
ration of the perovskite/HTL interface and materials.*® Various
studies have been reported on the degradation mechanisms of
PSCs.?*™*° However, in the inverted PSCs, little research has been
conducted to elucidate the effect of each layer on device stability
in the presence of environmental stresses.

Herein, we comprehensively explore the influence of each
layer on the stability of inverted PSCs with the sol-gel derived
NiO, HTL under moisture and thermal stresses. For this purpose,
four kinds of device structures were constructed. To the best of
the authors' knowledge, this study represents the first investiga-
tion of LBL stability analysis by constructing various half and full-
device configurations. Our finding reveals that under environ-
mental stressors, both the intrinsic perovskite properties and
silver electrode diffusion are mainly attributed to the device
degradation while the nanocrystalline** PCBM contributes posi-
tively toward device stability due to its relatively low water affinity
and high glass transition temperature.* Finally, we provide a way
forward for the enhanced stability of inverted PSCs.

2. Materials and methods
2.1 Materials

The chemicals and silver metal were used as received without
further  purification, including Pbl, (>98%, TCI),
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methylammonium iodide (MAI, >98%, TCI), dimethyl sulfoxide
(DMSO, 99.8%, Sigma-Aldrich), N,N-dimethylformamide (DMF,
99.8%, Sigma-Aldrich), isopropyl alcohol (IPA, 99.8%, Riedel-de
Haén), Ag slug (99.9%, Gredmann), chlorobenzene (99.9%,
Sigma-Aldrich), ethanol (99.8%, Riedel-de Haén), nickel(n)
acetate (Ni(OAc),) tetrahydrate (98%, Showa), monoethanol-
amine (MEA, 99.7%, ].T. Baker), phenyl-Cg;-butyric acid methyl
ester (PCBM, 99.5%, U.R. Chemicals), and [2-(3,6-dimethoxy-
9H-carbazol-9-yl) ethyl|phosphonic acid (MeO-2PACz, TCI). The
dried solvents were stored over 4 A molecular sieves before use.
Fluorine doped tin oxide (FTO)-coated glass substrates with
a sheet resistance of 15 Q sq~ ' were used for the present study.

2.2 Methods

The optical properties of the samples were measured using an
ultraviolet-visible (UV-vis) absorption spectrophotometer
(Hewlett Packard 8453). For analyzing the optical and crystal-
lographic properties of the as-prepared samples, a perovskite
film was deposited on FTO and FTO/NiO,. The X-ray diffraction
(XRD) patterns were obtained using a Bruker AX D8 Advance
diffractometer with Cu Ko, radiation (A = 1.5406 A). The work
function of the NiO, thin films was measured using an AC-2
photoelectron spectrometer (RIKEN KEIKI CO., LTD). A Veeco
Dektak 150 surface profiler was employed to measure the film
thicknesses. The wettability of FTO, NiO,, and perovskite films
was investigated by using a MICK, OCA 50 for water contact
angle measurement. Tapping mode atomic force microscopy
(AFM) images were obtained using a Veeco Dilnnova Atomic
Force Microscope.

2.3 Thin film and device fabrication processes

NiO, was prepared as a HTL through the sol-gel method,
utilizing nickel(u) acetate tetrahydrate as the Ni(u) precursor
and monoethanolamine (MEA) as a coordinating ligand in
ethanol as the solvent, as illustrated in Fig. S1 in the ESL.{ To
fabricate NiO, films, FTO/glass substrates were etched with
hydrochloric acid (4 mol per L HCI) first and then cleaned with
detergent mixed in deionized water, deionized water, acetone
and isopropanol sequentially by sonicating for 15 min each. The
cleaned FTO/glass substrates were then treated under UV-ozone
for 15 min following blowing with strong nitrogen.

0.5 M NiO, precursor solutions were prepared by dissolving
nickel(n) acetate tetrahydrate and monoethanolamine with an
equimolar stabilizer in anhydrous solvent. The solutions were
then stirred at 70 °C for 45 min. The sol-gel sample turned to
colorful green solutions, indicating the formation of a nickel-
ligand complex. The colorful solutions were then filtered
through 0.45 pm polyvinylidene fluoride (PVDF) filters before
use. The NiO, thin films were deposited on top of a glass/FTO
substrate at 4000 rpm for 30 s using the NiO, precursor sol-
gel and annealed at 400 °C for 30 min.

For depositing the MAPbI; (MA = CH;NH;) perovskite active
layers over FTO and FTO/NiO,, the UV-ozone treated FTO and
FTO/NiO, substrates were transferred into a glovebox filled with
nitrogen. The perovskite precursor solution was prepared by
dissolving 461 mg Pbl, and 159 mg of CH3NH;I in ca. 0.7 mL of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DMF/DMSO (=9 : 1 by volume ratio) and stirring at 80 °C for 2 h
and then spin-coating on to the substrates via the one-step
deposition technique at 3000 rpm for 25 s. 200 pL of anhy-
drous chlorobenzene was rapidly dropped on top of the
substrates at the 10th s. The perovskite-spin-coated substrates
were heated at 100 °C for 10 min to prepare FTO/MAPbI; and
FTO/NiO,/MAPDI; films. For fabricating FTO/NiO,/MAPbI;/
PCBM samples, PCBM in chlorobenzene (20 mg mL™") was
deposited at 2500 rpm for 15 s.

For fabricating a full device with an inverted structure of
FTO/NiO,/MAPDbI;/PCBM/Ag, an 80 nm thick silver layer was
thermally deposited on top of the PCBM layer. The thicknesses
of NiO,, MAPbI;, PCBM, and Ag were 30 nm, 450 nm, 40 nm,
and 80 nm, respectively. The active area of the solar cell is
0.04 cm’.

For evaluating the influence of self-assembled monolayer
(SAM) modification on the performance of NiO,-based PSCs,
MeO-2PACz solution (0.3 mg mL™" in ethanol) was spin-coated
over the NiO, layer at 3000 rpm for 30 s, following annealing at
100 °C for 10 min. Then the film was washed with ethanol by
spin-coating at 3000 rpm for 40 s to remove the unbound MeO-
2PACz molecules. Furthermore, the NiO, layer was applied to
the mixed-cation and mixed anion perovskite (APbX;: mixture at
the A site and mixture at the X site) for device evaluation.

MAPbDI3

STRUCTUREA

PCBM
MAPbI3

STRUCTURE C
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For this purpose, 1.4 M perovskite solution was prepared by
mixing formamidinium iodide (FAI), methylammonium
bromide (MABr), Pbl,, PbBr,, and CsI in DMF : DMSO (4 : 1, v/v)
to form Csg 5FA¢ goMAg 15Pbl, 75Bry »5. The perovskite solution
was then spin-coated at 1000 rpm for 10 s (200 rpm ramp) and
6000 rpm for 20 s (2000 rpm ramp). During this step, 200 pL of
chlorobenzene was dropped as the antisolvent 3 s before the
end of the second spin-coating process. The film was then
annealed at 150 °C for 10 min. Then, PCBM and Ag were
sequentially deposited as mentioned above to complete a device
with the configuration of FTO/NiO,/Csg ¢5FAg.80MAy.15PbI, 5
Bry ,5/PCBM/Ag with and without MeO-2PACz (i.e., a SAM-
modifier for the NiO, layer).

3. Results and discussion

3.1 NiO, thin-film characterization

Fig. S2at shows that the sol-gel derived NiO, thin film on top of
the glass substrate has a partially ordered structure with small
XRD peaks at 37.4°, 43.4°, and 63.0°, corresponding to the (111),
(200), and (220) planes of NiO,, respectively. The crystallite size
(¢) of NiO, with a face-centered-cubic structure (Fig. 2Sbt) was
determined using Scherrer's relation, t = 0.94/(B cos 6), in which
Ais the wavelength of X-rays (=0.154 nm), and B is a full width at

MAPbDI3
NiOx

STRUCTURE B

Ag
PCBM

MAPbI3
NiOx

STRUCTURE D

Fig. 1 Schematics of four different device structures for investigating the humid-air stress effect on the stability of perovskite solar cells: (a)
structure A: FTO/MAPDIs, (b) structure B: FTO/NiO,/MAPblIs, (c) structure C: FTO/NiO,/MAPDbls/PCBM and (d) structure D: FTO/NiO,/MAPblz/

PCBM/Ag. (Inset) The unit cell of MAPbls perovskite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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half maximum (FWHM) at the diffraction angle, 6.*” Accord-
ingly, at the (200) crystallographic plane, the crystallite size is
~14 nm when A = 0.154 nm, B = 0.010647 radian, and § = 43.4°/
2 = 21.7°, respectively.

Fig. S3T shows the SEM images of (a) bare FTO and (b) the
NiO, film deposited on top of the FTO substrate, demonstrating
the compact nature of a NiO, layer with full surface coverage.
Furthermore, Fig. S4t displays the AFM images of the FTO and
NiO, films, respectively. Herein, the NiO, film exhibits a root
mean square roughness of ~12.3 nm, compared to ~14.7 nm
for FTO, indicating that NiO, effectively covers the rough
surface of the FTO film. Furthermore, the work function of NiO,
(acting as the HTL) was determined to be 5.21 eV (Fig. S5af),
demonstrating an appropriate energy level alignment with the
surrounding layers for effective charge transport (Fig. S5b¥).

3.2 Degradation analysis in humid air at room temperature

The dark storage stability was investigated for the NiO,-based
inverted MAPbI; (MA = CH3;NH;) PSCs. For this purpose, all
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samples (unencapsulated) were stored under ambient condi-
tion at room temperature with an average relative humidity
(RH) of ~60%." As shown in Fig. 1, four types of device struc-
tures (a LBL approach) were employed to study the stability of
each component layer under humid-air stresses.

Fig. 2 shows the stability test of four different samples under
ambient conditions with RH ~ 60%. As shown in Fig. 2, up to
72 h, all samples appear similar at the initial stage. However,
when the time reached 216 h, the three samples with structures
A, B, and D started to fade away indicating the degradation of
the perovskite layer, except the sample with structure C. For
extended exposure times of up to 384 h, the samples experience
significant degradation although the degree of degradation
appears different. Based on these macroscopic visual images
and the color change from black to yellow, we conclude
decreasing sample stabilities for the structures in the order
C>D>A>B.

In this stability experiment, three notable characteristics
were found as follows. First, although structures A and B look

TIME

216 h

(a).-.-

Structure A

(b)-.-

Structure B

(C)-.--

Structure C

(d)...-

Structure D

Fig. 2 Photographs showing the stability of (a) structure A: FTO/MAPbI=, (b) structure B: FTO/NiO,/MAPblIs, (c) structure C: FTO/NiO,/MAPDbls/
PCBM, and (d) structure D: FTO/NiO,/MAPbls/PCBM/Ag as a function of storage time in air with a relative humidity of ~60 + 8%. The FTO

substrate size was 1.8 x 1.5 cm?.
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Fig. 3 Water contact angle on (a) FTO and (b) NiO, layers, respectively.

Table 1 Water contact angle (6.), surface energy (vys,), and solubility
parameter (6) for the materials

Materials for the NiO,-based inverted
perovskite solar cells

EES Solar

severely degraded, structure B's black color faded away quicker
than that of structure A, suggesting an influence of the under-
lying substrates (i.e. FTO and FTO/NiO,). On measuring the
water contact angle (6.) for these two substrates, as shown in
Fig. 3, FTO showsf,. = 36° whereas NiO, exhibits 6. = 26°,

FTO  NiO, MAPbI, (ref. 27)  PCBM™  Ag" jindjcating that NiO, is more hydrophilic than FTO. Conse-
6 () 36 26 28 - 90 quently, structure B (FTO/NIOX/MAI.)]:)IQ is expgcted to attra:t
Yo (mJ m~2) 615 664  65.5 38.2 sg.3 Mmore H,O molecules from the environment with RH = 60%
6 (cal*em™?) 143 149 148 11.3 9.7  than structure A (FTO/MAPDI;). Herein, water penetration may
&* (MPa'?) 29.3 305 303 23.2 19.9  be considered from two directions, i.e., out-of-plane (through
(a) (b)
1.0 1.0
Structure A StructureB
4 9 —— As prepared R —— As prepared
S —— After 384 h = —— After384h
@ 0.6+ o 0.6+
o o
c c
< <
2 041 2 04-
g 2
< 024 2 024
0.0 4 0.0 4
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)
(© (d)
1.0
Structure C Structure D
:: 0.8- —— As prepared S As prepared
1 —— After384h e — After384h
g 0.6- g
c e 06
3 8
o 0.4 5
@0 o 0.4
a Q
< 0.2 <
0.2-
0.0
0.0

600 800 1000

Wavelength (nm)

400

600 800 1000

Wavelength (nm)

400

Fig. 4 UV-vis absorption of fresh samples and those after 16 days (=384 h): (a) structure A: FTO/MAPDlIs, (b) structure B: FTO/NiO,/MAPblIs, (c)
structure C: FTO/NiO,/MAPbIs/PCBM, and (d) structure D: FTO/NiO,/MAPbls/PCBM/Ag. The samples were exposed to oxygen and moisture
with a relative humidity of ~60 + 8%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the perovskite surface) and in-plane (through the interface(s)
between perovskite and/or underlaying layers).

Secondly, structure C (FTO/NiO,/MAPbIL;/PCBM) (Fig. 2) shows
superior stability amongst all samples, suggesting that PCBM
serves as a passivation and protection layer in humid air, and the
water penetration pathway being dominantly through the out-of-
plane direction. Note that PCBM has a water contact angle 6, ~
75° according to the authors' previous study,* indicating that
PCBM is less hydrophilic (low affinity for water) than FTO and
NiO,. The solid-vapor surface energy (ys,) can be calculated from

Li and Neumann's relation, cos 6. = —1 + Zw/ysv/ylv-eﬂe(“’lv*ﬁv)z,
where 7y, is liquid-vapor surface energy (v}, = 72.75 mJ m~ " for
water), and 8 (=0.000115 m* mJ ") is the constant.*>* Then, from
the relation é « , /7,,">** we can estimate the solubility parameter
of each material used for NiO,-based inverted PSCs (see Table 1).

Third and interestingly, when the silver contacts were
deposited on top of the PCBM layer, i.e. structure D (FTO/NiO,/
MAPbDI;/PCBM/Ag), the sample displayed much inferior stability
to structure C (FTO/NiO,/MAPbI;/PCBM). Considering the
inherent hydrophobicity of Ag with . ~ 90°,* the degradation
pathway may be dominated by silver diffusion (migration),
reaction with the photoactive MAPDI; layer, and leading to silver
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iodide formation as reported in the literature.**”** Accord-
ingly, the silver electrode should be a critical factor affecting the
instability of the NiO,-based inverted PSCs.

Fig. 4 shows the normalized UV-vis absorption spectra for
the as-prepared and 384 h-aged thin films. Here, a relative
decrease in visible-light absorption is expected from the partial
degradation of the photoactive MAPDI; layer with an optical
bandgap of ~1.6 eV.?>** As expected from the stability sequence
determined in Fig. 2, i.e. C > D > A > B, structure C displays the
most stable absorption in Fig. 4c, while structure B displays the
largest discrepancy between the two spectra (Fig. 4b). Notably,
structure D exhibits a background shift at a wavelength
=780 nm (non-absorption wavelength) in Fig. 4d, which is
consistent with the reduced reflectivity of the metallic Ag elec-
trodes upon their degradation.

Furthermore, the XRD patterns of the as-prepared and 384 h-
aged samples were examined for characterizing their structural
stability. Fig. 5 shows the peaks at (110), (112), (211), (202),
(222), (312), (224) and (314) corresponding to the tetragonal
phase of MAPDI;.* For all samples aged for 348 h, the intensity
of peaks was reduced, indicating the deterioration of the
MAPbDI; crystal. Congruently, the XRD peak at 26 ~ 13.0°

Structure A " Structure B
a
@ 4e = #Pbl, *FTO (b) [ #Pbl, *FTO
< § =8 * & * 3
=2 WS- - —— After384h
3 = 3 —— As prepared
« <
> ~— After 384 h >
% —— As prepared =
- s c
K. B 9 .
£ 1§ £ | & -
§ Zg8+% i s % 3 35 N i 3
I U ¥z 4 98 : g ggx| J.ax 3¢
L uk o A | fﬁll L6 3 88
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
20 (degree) 26 (degree)
Structure C StructureD
(@) - (d) =
= g & #Pbl, *FTO - ~ #Pbl, *FTO
" ¥ 38 * 4 —— After384h
& ___ As prepared
_ T = =a =
- : = g &8 T 8§
& & o, | T\ 1
> ~——— After 384 h > e
a . = Asprepared @ N E
g 8 2 5
£ g £ :
* o * 1 g
g &8 R g = I x4
A i
0 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
26 (degree) 20 (degree)

Fig. 5 XRD patterns of unencapsulated fresh samples and those after 16 days in open air (with a relative humidity of ~60 + 8%): (a) structure A:
FTO/MAPDI3, (b) structure B: FTO/NiO,/MAPbIs, (c) structure C: FTO/NiO,/MAPbIs/PCBM, and (d) structure D: FTO/NiO,/MAPbls/PCBM/Ag.
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Table 2 Crystallite size of perovskite as determined from the (110)
crystallographic plane in relation to various device structures and
aging durations at a relative humidity of ~60 + 8%

Device structure Aging (h) 26 (°) 6 (°) B (rad) ¢ (nm)
A: FTO/MAPbI; 0 14.4 7.2 0.00176 79.4
384 14.5 7.3 0.00382 63.8
B: FTO/NiO,/MAPbI; 0 14.4 7.2 0.00244 57.3
384 14.2 7.1 0.00464 52.5
C: FTO/NiO,/MAPbI;/PCBM 0 14.4 7.2 0.00215 65.0
384 14.5 7.3 0.00424 33.0
D: FTO/NiO,/MAPbI;/PCBM/Ag 0 14.3 7.3 0.00155 90.2
384 14.4 7.2 0.00282 45.0

developed due to the formation of a trigonal Pbl, crystal (a
decomposition product of MAPDI;), displaying the (001) crys-
tallographic plane.”>®

The FWHM of the (110) perovskite reflection peak was
analyzed further for the as-prepared and 384 h-aged samples.
Accordingly, the samples shown in Fig. 5a-d exhibited a reduc-
tion in crystallite size from (a) 79.4 nm to 63.8 nm, (b) 57.3 nm
to 52.5 nm, (c) 65.0 nm to 33.0 nm, and (d) 90.2 nm to 45.0 nm,
respectively (see Table 2). This result demonstrates that when
the perovskite undergoes degradation, its crystallite size is
diminished. In addition, the crystallite size of Pbl, was analyzed
through the (001) plane at 26 ~ 13°. Table 3 shows that the
samples (a), (b), (c) and (d) have a crystallite size of 33.1 nm,
34.8 nm, 34.4 nm, and 46.7 nm, respectively, with an average
PbI, crystallite size of 37.3 & 6.3 nm. This indicates that the
MAPDI; layer underwent significant degradation via a reverse
reaction, resulting in the formation of its crystalline precursors.

Importantly, through the ratio of the peak intensities
between (001) PbI, and (110) MAPbDI;, the stability sequence of
these samples could be analyzed. Accordingly, structures A, B,
C, and D displayed ratios of 1.15 (=2814/2456), 6.51 (=15 608/
2399), 0.28 (=754/2678), and 0.31 (=1470/4749), respectively.
Hence, the structural stability sequence is ‘C (0.28) > D (0.31) > A
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(1.15) > B (6.51) (see Table 4) which agrees with the macro-
scopic assessment in Fig. 2. Here, the small ratio indicates
better stability of the sample because the degradation of
MAPDI; (or the formation of Pbl,) is minimized.

3.3 Device efficiency stability analysis of PSCs in humid air

We evaluated the photovoltaic performance of the sol-gel
derived NiO, HTL for inverted PSCs with the configuration of
FTO/NiO,/MAPDbI;/PCBM/Ag. The electrical J-V characteristics
of the champion device are illustrated in Fig. 6a, whereas the
statistical box plots of the photovoltaic parameters are
summarized in Fig. S7 and Table S1 in the ESLf A power
conversion efficiency of 18.23% was achieved for the MAPbI;-
based solar cell.

Importantly, we assessed the performance of PSCs with the
as-synthesized NiO, as the HTL (Fig. S61) in which perovskite
was prepared via composition engineering. As a result, a PCE of
18.41% (based on Vog ~1.1 V, Jsc ~21.22 mA cm > and FF
~78.50%) was achieved for the inverted PSCs with the FTO/
NiO,/Csg.05FAo.80MAg 15PbI, 75Brg 25/PCBM/Ag structure.
Furthermore, it should be pointed out that the PSC perfor-
mance can be partially enhanced by modifying NiO, with a SAM
(MeO-2PACz) treatment. For example, the power conversion
efficiency was 19.56% based on Voc ~1.11 V, Jsc ~21.99 mA
em 2, and FF ~80.26%, respectively. This demonstrates that the
self-assembled MeO-2PACz layer has a beneficial effect on
interfacial properties in devices (Fig. S8 and Table Sift).
However, the interfacial stability of SAMs in the PSC testbed
needs further investigation in the future.

Then, to assess the humid-air operational stability of sol-gel
derived NiO,-based inverted PSCs, the device performance was
evaluated without encapsulation at an average humidity of ~60%
at room temperature. Fig. 6b displays the normalized photovol-
taic performance as a function of aging time. The MAPbI;-based
PSCs maintained 99% of their PCE after exposure to humidity
and air for the initial 4 hours. However, after exposing the device

Table 3 Crystallite size of Pbl; at the (001) crystallographic plane as a function of the device structure in air with a relative humidity of ~60 + 8%

Device structure Aging (h) 26 (°) 6 (°) 6 (rad) ¢t (nm)
A: FTO/MAPbI, 384 13.0 6.5 0.00421 331
B: FTO/NiO,/MAPbI; 384 12.9 6.4 0.00401 34.8
C: FTO/NiO,/MAPbI;/PCBM 384 13.0 6.5 0.00405 34.4
D: FTO/NiO,/MAPbI;/PCBM/Ag 384 12.9 6.5 0.00299 46.7

Table4 Peak intensities and their ratio at the (001) and (110) crystallographic planes of Pbl, and MAPbIs, respectively. The samples were stored in

moist air with RH ~ 60 + 8% for 384 h

Peak intensity (arbitrary unit)

Device structure (001) PbI, (110) MAPDI; Ratio of (001)/(110)
A: FTO/MAPbDI; 2814 2456 1.15
B: FTO/NiO,/MAPbI; 15608 2399 6.51
C: FTO/NiO,/MAPbI;/PCBM 754 2678 0.28
D: FTO/NiO,/MAPbI;/PCBM/Ag 1470 4749 0.31

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Photographs of (a) structure A: FTO/MAPbIs, (b) structure B: FTO/NiO,/MAPbls3, (c) structure C: FTO/NiO,/MAPbIz/PCBM, and (d) structure
D: FTO/NiO,/MAPbIs/PCBM/Ag. Samples were kept unencapsulated for 16 days at 85 °C inside a nitrogen-filled glove box. The FTO substrate
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under ambient conditions for 312 hours, the performance of
PSCs showed a decline: ~49% of PCE, ~90% of Js¢, ~87% of Vo,
and ~62% of FF compared to the original values. Hence, it is
noticeable that the FF decreased significantly, indicating that
photo-generated charge carriers were easily recombined before
being swept-out to each electrode. This should be due to the
deterioration of both materials and LBL interfaces. This reveals
that H,0 and O, molecules react mainly with MAPbI; and others
‘gradually’ with time based on the data trend observed in Fig. 6b.
This could be further explained by the H,O molecules wetting the
MAPDI; crystals due to their hygroscopic nature®*” and slowly
diffusing into their grains leading to the gradual decomposition
of MAPDI; into its precursors, MAI and PbI,.>**

3.4 Degradation analysis under the heat stressor in a glove
box

The thermal stress-induced degradation of the unencapsulated
PSCs at 85 °C under dark conditions was studied in a nitrogen-
filled glove box to avoid the influence of oxygen and humid air.*®
This study intended to investigate the degradation of unen-
capsulated devices at elevated temperatures experienced under
normal operating conditions.®® Notably, MAPbI; undergoes
a phase transition from tetragonal to cubic at ~56 °C due to its
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polymorphism.*®** In general, the samples stored in a glove box
at 85 °C (Fig. 7) exhibited less degradation than those samples
exposed to humid air (Fig. 2). However, once again, the trend of
decomposition is very similar to that of the device exposed to
humidity and air as displayed in the macroscopic results
(Fig. 2). Structure C (FTO/NiO,/MAPbDI;/PCBM) exhibits the
most robust thermal stability in this experiment. Interestingly,
structure D (FTO/NiO,/MAPDI;/PCBM/Ag) in Fig. 7d shows
a comparable appearance to the corresponding sample exposed
to humid air in Fig. 2. Furthermore, structures A and B in Fig. 7
are more unstable than structure C,” indicating that PCBM
serves as interfacial passivation layer for MAPbI; in the LBL
structure (Fig. 1c).** Here, PCBM has a glass transition
temperature (T,) of ~128 °C,** showing that under the 85 °C
condition, PCBM is in its glassy state. It should be remarked
that the initial perovskite layer may have some defects (e.g,
grain boundaries in polycrystals)*” due to the kinetics-driven
morphology. When these defects were passivated to some
extent by PCBM, the stability of MAPbI; could be enhanced
toward the heat stressor. Hence, structure C is more thermally
stable than structures A and B (Fig. 7). However, in the case of
structure D (FTO/NiO,/MAPbI;/PCBM/Ag) as shown in Fig. 7,
the silver electrode’s color faded away at both 216 h and 384 h,
demonstrating the detrimental effect of the heat stressor on the
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Fig. 8 UV-vis absorption spectra of (a) structure A: FTO/MAPDlIs, (b) structure B: FTO/NiO,/MAPbls, (c) structure C: FTO/NiO,/MAPDbls/PCBM,
and (d) structure D: FTO/NiO,/MAPbls/PCBM/Ag. Samples were kept unencapsulated for 12 days at 85 °C in a N,-filled glove box.
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silver electrode. Moreover, silver may undergo diffusion/
migration into the underlying layers at 85 °C like under expo-
sure to humid air under ambient conditions (see Fig. 2). Li
et al.*® also reported that annealing a perovskite device (FTO/
NiO/MAPDI;/PCBM/Ag) at 85 °C causes ionic species (e.g., I,
I,~, and CN™) to accumulate at the PCBM/Ag interface via a free
volume in PCBM. Furthermore, silver can react with halide
perovskite to form Agl, accelerating the perovskite degradation
and resulting in device failure. At this moment, it should be
remarked that the ion migration® in PSCs is caused to reach
equilibrium between electrical and concentration gradient
whether under dark or light irradiation. This phenomenon is
called ‘Donnan equilibrium’.*®

Similar to Fig. 4, UV-vis absorption spectroscopy was again
employed to investigate the degradation behavior of perovskite
samples with thermal stress at ~85 °C in a glove box. However,
it is notable that the samples were shortly exposed to ambient
air conditions during this optical measurement. As displayed in
Fig. 8, the trend of data is very similar to that in humid air
(Fig. 4). However, the absorbance shift after 384 h aging in Fig. 8
looks relatively small compared to that in Fig. 4, indicating that
the humid-air stressor is more harmful to MAPbI;-based devices
than the thermal stressor in this study. Furthermore, structure
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C (FTO/NiO,/MAPbI;/PCBM) in Fig. 8c shows a minute differ-
ence between the two absorption spectra, demonstrating the
positive effect of PCBM as an interfacial passivator under
thermal stress.

Fig. 9 depicts the XRD patterns for the four samples with the
thermal stressor at 85 °C. First, we estimated the crystallite size
at the (110) plane of MAPDbI; under both the initial and 384 h-
aging conditions. Accordingly, structures A, B, C, and D
exhibited a reduction in crystallite size from 39.8 nm to
33.4 nm, 75.5 nm to 42.1 nm, 47.2 nm to 30.1 nm, and 79.4 nm
to 34.3 nm, respectively (see Table 5). This unanimous reduc-
tion trend indicates that the MAPbI; perovskite underwent
similar degradation due to the thermal stressor (here, it should
be noted that all the samples were shortly exposed to air during
the XRD analysis). Secondly, the formation of Pbl, crystals was
observed at 26 ~ 13°, i.e., the (001) plane of Pbl,, with crystallite
sizes of A: 39.2 nm, B: 40.8 nm, C: 47.4 nm, and D: 34.9 nm, for
the four structures, respectively, and an average crystallite size
of 40.6 & 5.2 nm (see Table 6). Additionally, from the XRD peak
intensity ratio between (001) Pbl, and (110) MAPbI; for the 384
h-aged sample, the stability sequence of each structure was
estimated. As shown in Table 7, the ratio is 1.00 = 2396/2402
(structure A), 1.65 = 5192/3153 (structure B), 0.04 = 199/4981
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Fig. 9 XRD patterns of (a) structure A: FTO/MAPDbIs, (b) structure B:

FTO/NIO,/MAPDbI3, (c) structure C: FTO/NiO,/MAPDbIs/PCBM, and (d)

structure D: FTO/NiO,/MAPbls/PCBM/Ag. The samples were kept unencapsulated for 12 days at 85 °C in a glove box.
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Table 5 Crystallite size of perovskite at the (110) crystallographic plane
as a function of the device structure under nitrogen-filled glove
box conditions at 85 °C. XRD measurements were conducted in
ambient air

Device structure Aging (h) 26 (°) 6 (°) B (rad) ¢ (nm)
A: FTO/MAPbI, 0 14.6 7.3 0.00351 39.8
384 14.5 7.3 0.00419 33.4
B: FTO/NiO,/MAPbI; 0 14.3 7.2 0.00185 75.5
384 14.3 7.2 0.00332 42.1
C: FTO/NiO,/MAPbI;/PCBM 0 14.7 7.4 0.00269 47.2
384 14.3 7.2 0.00464 30.1
D: FTO/NiO,/MAPbI;/PCBM/Ag 0 14.4 7.2 0.00176 79.4
384 14.3 7.2 0.00407 34.3

(structure C), and 0.37 = 1066/2864 (structure D), respectively.
Hence, the observed thermal stability sequence is ‘structures C
> D > A > B, which agrees with the results extracted from the
humidity and air exposure.

Finally, the chemical pathways originating from thermal
decomposition might be as follows:

MAPDI; (s) — HI (g) + CH3NH, (g) + Pbl; (s) )]

MAPbI; (s) — CHil (g) + NH; (g) + Pbl, (5) @)

where eqn (1) is the kinetically favored process occurring
at relatively low temperatures (76-144 °C). On the other hand,
eqn (2) can be only detected at higher temperatures because of
the large activation energy.®” Hence, eqn (1) may be favored in
the present work because of the relatively low-temperature
condition, ~85 °C.

3.5 Photovoltaic performance stability analysis under the
heat stressor in a glove box

To evaluate the thermal stability of the inverted PSCs, perfor-
mance of a device fabricated under similar conditions as
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mentioned above was monitored within a N,-filled glovebox at
85 °C, without encapsulation. Fig. 10a shows the J-V curve for the
fresh device (i.e., before experiencing thermal stress), whereas
Fig. 10b displays the photovoltaic performance as a function of
aging time at 85 °C. Notably, the normalized efficiency dramati-
cally deteriorates within the initial four hours from 1 to 0.82 (i.e.,
18% loss of PCE), which is in contrast to its behavior under
a humid air stressor (e.g., 1% loss of PCE within 4 h). This indi-
cates that the device was partially damaged (perhaps, via perov-
skite phase transition, atom diffusion, ion migration, defect
formation, and/or decomposition) under a heat energy of ~30.85
meV (=ksT = 8.617 x 107> eV K™ ' x 358 K, where kgis the
Boltzmann constant) within four hours. Then, the normalized
efficiency appeared stable up to 120 h (25% loss), after which the
performance rapidly declined again up to 192 h (54% loss), with
a reduced slope further up to 312 h (61% loss). This significant
loss is mainly due to a substantial drop in Jsc (only 42% remains
compared to its initial value). The substantial reduction in Js¢
should be ascribed to the diminished light harvesting of the
active layer undergoing thermal degradation. The second rapid
degradation after 120 h may be correlated with the Ag diffusion as
proved in Fig. 7, leading to rapid performance loss of the device.

The thermal instability can be generally analyzed in terms of
the perovskite materials, functional layers, interfaces, ion
migration, and electrodes.®® Here, in addition to the thermal
instability of MAPDI; itself, the heat-induced silver diffusion
does dramatically affect this degradation phenomenon as well.
Furthermore, the photogenerated iodine (I,) could play another
role in accelerating this degradation of PSCs according to
literature reports.>®® Besides, the volatility of organic MA" ions
at elevated temperatures can cause irreversible structural
changes in the perovskite structure under this thermal stress
condition.” According to Ahn and Choi,” the MAPDI; thin films
degrade at 85 °C within 24 h even under inert conditions. This
indicates that heat alone can trigger the degradation of MAPbI;
perovskites.

Table 6 Crystallite size of Pbl, at the (001) crystallographic plane as a function of the device structure under nitrogen-filled glove box conditions

at 85 °C. XRD measurements were conducted in ambient air

Device structure Aging (h) 26 (°) 6 (°) 6 (rad) ¢t (nm)
A: FTO/MAPbI, 384 13.0 6.5 0.00365 39.2
B: FTO/NiO,/MAPbI; 384 12.9 6.4 0.00342 40.8
C: FTO/NiO,/MAPbI;/PCBM 384 12.8 6.4 0.00513 47.4
D: FTO/NiO,/MAPbI;/PCBM/Ag 384 12.8 6.4 0.00400 34.9

Table7 Peak intensities and their ratio at the (001) and (110) crystallographic planes of Pbl, and MAPbI3, respectively. The samples were stored in

a glove box at 85 °C for 384 h

Peak intensity (arbitrary unit)

Device structure (001) PbI, (110) MAPDI; Ratio of (001)/(110)
A: FTO/MAPbDI; 2396 2402 1.00
B: FTO/NiO,/MAPbI, 5192 3153 1.65
C: FTO/NiO,/MAPbI;/PCBM 199 4981 0.04
D: FTO/NiO,/MAPbI;/PCBM/Ag 1066 2864 0.37
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Fig. 10 Photovoltaic performance of perovskite solar cells. (a) Current density vs. voltage (J-V) curve of a fresh device. (b) Normalized power
conversion efficiency vs. aging time. Here, the unencapsulated devices were exposed to 85 °C in a N,-filled glove box.

4. Conclusions

In this study, the interfacial instability and degradation mech-
anism in the sol-gel-derived NiO,-based inverted MAPbI; solar
cells were elucidated. For this purpose, four different device
configurations, namely (A) FTO/MAPbI;, (B) FTO/NiO,/MAPbI;
(C) FTO/NiO,/MAPDI;/PCBM, and (D) FTO/NiO,/MAPbI;/PCBM/
Ag were fabricated. Based on both the macroscopic and
microscopic observation, the stability sequence was determined
as follows, structures C > D > A > B under two external stressors
(i.e. humid air and heat energy). Structure D was found to be
inferior to structure C because of silver diffusion into the
perovskite layer. Furthermore, structure B appeared slightly less
stable than structure A. This may be attributed to the hydro-
philicity of NiO,, which is higher than that of FTO (the water
contact angle, 25.6° vs. 35.8°). Importantly, the two employed
external stressors affect the stability of PSCs with different
kinetics. The ‘humid air’ affects the device stability almost
linearly, whereas the ‘heat energy’ influences performance
drastically and in a step-wise fashion. After 4 h under thermal
stress, the sample shows rapid degradation to below 80% of the
initial performance (likely due to perovskite phase transition),
which further deteriorates after 120 h (likely due to Ag diffu-
sion). Importantly, we demonstrated that the PCBM layer acts as
an interfacial passivator for enhancing the stability of perov-
skite under external stressors. However, the silver diffusion into
MAPbDI; via PCBM was observed, causing perovskite degrada-
tion. Hence, the interface engineering at perovskite/PCBM/Ag
layers should be imperative to enhance the lifetime of inver-
ted PSCs with potential commercial viability. In addition, it
should be also valuable to study ion migration behavior in PSCs
via sub-nanoscale free volumes and defects (ion channels),
providing a fundamental insight into device stability.
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