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Constructing Soft Perovskite–Substrate Interfaces for
Dynamic Modulation of Perovskite Film in Inverted Solar
Cells with Over 6200 Hours Photostability

Wenxuan Lv, Zhaoying Hu, Wei Qiu, Dongdong Yan, Meicheng Li, Anyi Mei, Ligang Xu,*
and Runfeng Chen*

High-performance perovskite solar cells (PSCs) depend heavily on the quality
of perovskite films, which is closely related to the lattice distortion, perovskite
crystallization, and interfacial defects when being spin-coated and annealed
on the substrate surface. Here, a dynamic strategy to modulate the perovskite
film formation by using a soft perovskite–substrate interface constructed by
employing amphiphilic soft molecules (ASMs) with long alkyl chains and
Lewis base groups is proposed. The hydrophobic alkyl chains of ASMs
interacted with poly(triarylamine) (PTAA) greatly improve the wettability of
PTAA to facilitate the nucleation and growth of perovskite crystals, while the
Lewis base groups bound to perovskite lattices significantly passivate the
defects in situ. More importantly, this soft perovskite–substrate interface with
ASMs between PTAA and perovskite film can dynamically match the lattice
distortion with reduced interfacial residual strain upon perovskite
crystallization and thermal annealing owing to the soft self-adaptive
long-chains, leading to high-quality perovskite films. Thus, the inverted PSCs
show a power conversion efficiency approaching 20% with good
reproducibility and negligible hysteresis. More impressively, the
unencapsulated device exhibits state-of-the-art photostability, retaining 84%
of its initial efficiency under continuous simulated 1-sun illumination for more
than 6200 h at elevated temperature (≈65 °C).

1. Introduction

Perovskite solar cells (PSCs) have made breathtaking develop-
ment over the past decade owing to their excellent optoelectronic
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properties, such as high carrier mobil-
ity, long carrier diffusion length, tunable
bandgaps, elevated absorption coefficient,
low exciton binding energy, and relevant
solution processability.[1–6] The state-of-the-
art PSCs often show T80 lifetime (the
time required to lose 20% of the ini-
tial efficiency) values above 1000 h un-
der illumination at 60–70 °C.[7–10] How-
ever, the lifespan of PSCs still lags far be-
hind that of commercial silicon cells with
less than 0.5% annual degradation rate
at elevated temperatures (60–85 °C).[11–13]

To stabilize solar devices, various encapsu-
lating techniques have been used to pro-
tect against moisture and oxygen.[14–16] Un-
fortunately, the intrinsic instability caused
by the perovskite film (ion migration,
phase separation, and defects, etc.) dur-
ing operational conditions cannot be over-
come by encapsulation methods.[17,18] Thus,
the most important prerequisite for im-
proved intrinsic stability of PSCs is regu-
lating the quality of perovskite films. Var-
ious attempts have been made to achieve
high-quality perovskite films for improv-
ing the performance of PSCs, including

vacuum or thermal assisting,[19] vapor incubation,[20] additive
engineering,[21] post-treatment and passivation,[22] and liquid
medium annealing.[23]
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The perovskite–substrate interfaces strongly affect perovskite
crystallization, interface defects, and residual strain, which play
a key role in fabricating high-quality perovskite films. In general,
poly(triarylamine) (PTAA) used as the hole-transporting layer
(HTL) for perovskite–substrate interface is highly efficient for
inverted PSCs despite the unsatisfactory perovskite growth by
hydrophobic PTAA to generate rough perovskite films with nu-
merous pinholes.[24–26] Meanwhile, abundant defects, such as
ion vacancies, substitutions, and interstitial/undercoordinated
species exist at perovskite–substrate interfaces, which are con-
ducive to ion migration, non-radiative charge recombination,
hysteresis, and instability of devices.[27,28] In addition, the mis-
match in thermal expansion coefficients between the perovskite
(≈3.3–8.4 × 10−5 K−1) and substrate (≈0.4–1.0 × 10−5 K−1) gen-
erate residual strain at the perovskite-substrate during cooling of
annealed perovskite films to room temperature, leading to lat-
tice distortion and acceleration of perovskite degradation.[29,30]

Therefore, improving the wettability of PTAA, passivating the
perovskite–substrate interfaces defects, and releasing residual
strain to achieve high-quality perovskite films are highly desir-
able features for high-performance inverted PSCs.

In this study, soft perovskite–substrate interfaces are con-
structed for dynamic modulation of perovskite film formation
to improve the intrinsic stability of PSCs by employing am-
phiphilic soft molecules (ASMs), such as cetyltrimethylammo-
nium bromide (CTAB), dodecyltrimethylammonium bromide
(DTAB), and dodecyltrimethylammonium chloride (DTAC). This
soft perovskite–substrate interfaces can dynamically match the
lattice distortion with reduced interfacial residual strain upon
perovskite crystallization and thermal annealing owing to the soft
self-adaptive long-chains. Moreover, such ASMs could improve
the wettability of PTAA and passivate the perovskite–substrate
defects to suppress non-radiative charge recombination. As a
result, the unencapsulated device remained over 84% of initial
efficiency under continuous 1-sun illumination at ≈65 °C for
more than 6200 h, which is the best photostability achieved in in-
verted PSCs to date. Moreover, the optimized photovoltaic device
showed a power conversion efficiency (PCE) approaching 20%
with good reproducibility and negligible hysteresis. Overall, this
dynamic strategy based on ASMs provides important clues in the
modulation of perovskite crystallization, highlighting the great
potential of soft perovskite–substrate interfaces in constructing
high-quality perovskite films for highly stable and efficient pho-
tovoltaic devices.

2. Results and Discussion

The device structure of inverted PSCs is schematically repre-
sented in Figure 1a. As can be seen, ASMs (CTAB, DTAB,
and DTAC) were deposited on the top surface of PTAA by
spin-coating. Perovskite films based on (Cs0.05FA0.81MA0.14)-
Pb(I0.86Br0.14)3 were then fabricated by spin-coating on the ASMs.
It should be noted that ASMs could not form self-assembled
monolayer due to no existing intense interaction forces between
ASMs and PTAA. The ASMs with good wettability simultane-
ously improved the wettability of perovskite precursor on PTAA
since the molecules consisted of hydrophilic Lewis base groups
and hydrophobic long alkyl chain, features suitable for passivat-
ing the perovskite–substrate defects and reducing residual strain

to dynamically modulate the quality of perovskite film for high-
performance inverted PSCs (Figure 1b).

To investigate the effects of dynamic modulation strategy on
residual lattice strain (𝜖) and perovskite crystallization, X-ray
diffraction (XRD) of annealed perovskite films deposited on
PTAA and DTAC after cooling were recorded. As shown in Fig-
ure 2a, the peak intensity of (100) orientation for DTAC-derived
perovskite film was 104% of that for the control perovskite films,
demonstrating that the perovskite crystals preferentially grow
on DTAC and significantly improve crystallinity.[31] In addition,
DTAC-derived perovskite film displayed the lowest full width at
half maximum of (100) plane. Thus, DTAC could induce a better
crystallization with larger crystallite sizes. The Williamson–Hall
equation was adopted for estimating the 𝜖 using the above XRD
results through the slope of the fitting line (a detailed descrip-
tion can be found in the Supporting Information). As presented
in Figure 2b,c, the 𝜖 of DTAC-derived perovskite film decreased to
5 × 10–4 when compared to the control with 7 × 10–4, suggesting
the release of a residual strain of perovskite–substrate interfaces
by the dynamic modulation of soft self-adaptive long-chains.[32]

Based on the above data, a mechanism of residual strain was
proposed for perovskite films. As shown in Figure 1b, the vol-
ume contraction of the perovskite film for the ideal state without
residual strain (Figure 1b(I)) was consistent with that of the sub-
strate from thermal annealing to room temperature. However,
residual strain emerged owing to the substrate adhesion limit-
ing the contraction of perovskite film issued from its larger ther-
mal expansion coefficient when compared to those of PTAA film
and indium tin oxide substrate shown in Figure 1b(II). For per-
ovskite film with DTAC, the residual strain was reduced by the
dynamic modulation strategy due to the soft self-adaptive long-
chains with compression or stretching, which could help decline
the adhesion of the PTAA substrate and self-adapt the contraction
mismatch between perovskite and substrate (Figure 1b(III)).

X-ray photoelectron spectroscopy (XPS) was performed to in-
vestigate the existence of chemical interactions between DTAC
and perovskite films. As shown in Figure 2d–f, the XPS patterns
of Pb 4f for perovskite/DTAC displayed two peaks at 138.1 and
143.0 eV; compared to pure perovskite film with two peaks located
at 137.9 and 142.8 eV, the binding energy of Pb 4f shifted by 0.2 eV
toward higher values, indicating clear chemical interactions be-
tween DTAC and Pb atom of perovskite (Figure 2d). In addition,
the N 1s changed from 401.9 to 402.4 eV from DTAC to DTAC
on perovskite films. The Cl 2p shifted by 1.3 eV from DTAC to
PbI2 mixed DTAC films (Figure 2e,f), further demonstrating the
heavy chemical interactions between Lewis base groups in DTAC
and Pb in perovskite at the interface. Such interactions could
passivate the undercoordinated Pb2+ defects and suppress ion
migration.[5,33–36] Moreover, lattice mismatch could be reduced
due to heavy chemical interaction between perovskite film and
ASM.

To investigate whether the deposition of ASMs improved the
wettability of PTAA surface, the perovskite precursor was spin-
coated on the top of PTAA or ASMs. Photographs of the spin-
coated perovskite films (20 mm × 20 mm) are provided in Fig-
ure 3a. Compared to the perovskite formed on PTAA showing in-
complete surface coverage, the perovskite layer based on DTAC
depicted complete surface coverage with homogeneously formed
film. The cross-sectional scanning electron microscopy (SEM)
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Figure 1. a) Device structure and chemical structures of CTAB, DTAB, and DTAC. b) Schematic illustration of I) ideal volume contraction of the annealing
perovskite films after cooling down, II) residual strain due to substrate adhesion for PTAA-based perovskite film, III) residual strain release for ASMs-
based perovskite film, IV) schematic illustration of passivated perovskite-substrate defects and improved wettability of perovskite precursor on PTAA by
a multifunctional ASMs.

image of perovskite film deposited on DTAC displayed sup-
pressed pinholes and interspace when compared to perovskite
film deposited on PTAA (Figure 3b and Figure S1, Supporting
Information). Also, the cross-sectional SEM image confirmed the
formation of ≈60 nm thick PTAA and ASMs. The perovskite layer
revealed a thickness of ≈400 nm, and a ≈100 nm thick Cu elec-
trode was evaporated on the top of C60/LiF layers.

To quantitatively investigate the surface wettability of PTAA or
ASMs, contact angle measurements were further conducted and
the results were gathered in Figure 3c,d. The water contact an-
gle of PTAA was estimated to be 90°, while low values of 80°,
77°, and 73° were recorded for PTAA/CTAB, PTAA/DTAB, and
PTAA/DTAC, respectively. Hence, the hydrophilicity of PTAA
was improved by the presence of ASMs (Figure 3c). In this case,
the HTL became more affiliated with the polar perovskite solu-
tion for facilitating the nucleation and growth of perovskite crys-
tals. In addition, the contact angles of perovskite precursors il-
lustrated in Figure 3d further proved ASMs more affiliated to the
perovskite precursor than PTAA, favorable for fabricating high-
quality perovskite films.

The crystal growth of perovskite on PTAA and ASMs was
explored by SEM characterization. As shown in Figure 3e,f,

thick (≈400 nm) and thin (≈85 nm) perovskite films, represent-
ing the bulk and interfacial morphologies of films, were suc-
cessfully fabricated by spinning 1.4 and 0.3 mol L−1 perovskite
precursor solutions on the top of PTAA and ASMs surfaces,
respectively.[24] The results demonstrated a better crystal growth
in all thick perovskite films deposited on CTAB, DTAB, and
DTAC. The average grain sizes rose from 167 nm for perovskite
on PTAA to 182, 192, and 229 nm for perovskite on CTAB,
DTAB, and DTAC, respectively (Figure 3e). Meanwhile, the in-
terfacial crystal growth characterized by thin perovskite film was
significantly affected by the ASMs (Figure 3f). Thin perovskite
film on PTAA exhibited many pinholes. However, a few pin-
holes with a complete surface coverage of thin perovskite films
formed after the introduction of ASMs due to the improved wet-
tability of perovskite on ASMs. In this case, the improved in-
terfacial crystal growth reduced the perovskite-substrate defects
and enhanced the hole transport properties between HTL and
perovskite.

The impact of ASMs on the morphology of perovskite was ex-
plored by atomic force microscopy (AFM) in the scanning area
10 μm × 10 μm. As shown in Figure S2 (Supporting Informa-
tion), the root-mean-square (RMS) values decreased from 11.1 to
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Figure 2. a) XRD patterns of perovskite films deposited on PTAA and DTAC. Williamson–Hall plot of full width at half maximum (FWHM) corresponding
to the XRD peaks. The lattice strains of perovskite films deposited on b) PTAA and c) DTAC were calculated as the slope of the linear fitting. XPS spectra
of d) Pb 4f for pure perovskite (PVK) and DTAC on perovskite film, e) N 1s for pure DTAC and DTAC on perovskite film, and f) Cl 2p for pure DTAC and
DTAC doping with PbI2 (1:1 m/m).

8.9 nm after the growth of perovskite film on PTAA and DTAC, re-
spectively. The resulting smooth surface could facilitate the con-
tact between the perovskite and PCBM layer. Overall, the im-
proved crystal growth and morphology of perovskite films based
on ASMs contributed to declining the perovskite–substrate de-
fects, suppressing charge recombination, and improving hole
transport.

On the other hand, the UV–vis absorption spectra of ASMs
showed no obvious influence on the absorption when compared
to pure PTAA (Figure S3, Supporting Information). By contrast,
the corresponding perovskite films deposited on ASMs displayed
higher absorption at wavelengths of 350–750 nm when compared
to the perovskite film deposited on PTAA, indicating the superior
quality of perovskite film. This further confirmed the better crys-
tal quality, conducive to improving the light-harvesting ability for
high external quantum efficiency (EQE) and short-circuit current
density (JSC).[37,38]

Based on the extraordinary effects of ASMs on the perovskite-
substrate, inverted PSCs consisting of ASMs were assembled
and the current density–voltage (J–V) curves were gathered in
Figure 4a. The optimized PSC based on DTAC under reverse
scanning delivered a PCE of 19.7% with JSC of 21.95 mA cm−2,
VOC of 1.11 V, and FF of 0.81. The recorded PCE value was 14%
higher than that of control PSC based on PTAA (17.3%). The EQE
spectrum of DTAC-based device was also consistent with that ac-
quired from the J–V curve (Figure 4b). The DTAC-derived PSC

revealed no notable photocurrent hysteresis under forward and
reverse scans (Figure S4 and Table S1, Supporting Information).
The Hysteresis index (HI) ((PCEreverse − PCEforward)/PCEreverse) of
the device based on ASMs was calculated as 0.04, a value much
lower than that of the control device (0.09).[39] The reduced hys-
teresis behavior may be associated with the large grains and pas-
sivation of perovskite–substrate defects, thereby suppressing the
ion migration (Figure 4d,e).[40] Furthermore, the stabilized PCE
and stabilized JSC at a bias voltage of 0.93 V with maximum power
point reached 19.0% and 20.44 mA cm−2, respectively (Figure S5,
Supporting Information). The statistical measurements of photo-
voltaic parameters of 21 individual PSCs are summarized in Fig-
ure S6 and Table S2 (Supporting Information). The control de-
vices showed a lower average PCE of 15.6% and a larger standard
deviation of 0.91. By comparison, the devices based on ASMs
showed better reproducibility and higher average PCE. The aver-
age PCE of PSCs based on DTAC was estimated to be 18.9% with
a lower standard deviation of 0.35, demonstrating enhanced re-
producibility, further verifying the improved PCE. The universal-
ity of such dynamic modulation strategy was explored by fabricat-
ing and testing DTAC-derived MAPbI3 devices (Figure S7, Sup-
porting Information). The maximum PCE of the DTAC-based
MAPbI3 device reached 18.5%, equivalent to a 9% improvement
when compared to the control device (17.0%). Therefore, the pro-
posed dynamic modulation process is promising as a universal
method.
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Figure 3. a) Digital photographs of perovskite films deposited on pure PTAA (left) and DTAC (right). b) Cross-sectional SEM image of the inverted device
based on ASMs. Contact angles of c) water and d) perovskite precursor on PTAA and ASMs surfaces. SEM images of thick and thin perovskite films
based on PTAA and ASMs cast from e) 1.4 and f) 0.3 mol L−1.

The long-term photostability of the unencapsulated devices
was further investigated under continuous 100 mW cm−2 irradi-
ation of ≈65 °C without any ultraviolet filter. As shown in Fig-
ure 4c, the DTAC-derived device retained ≈84% of the initial
PCE under 1-sun illumination for 6200 h, whereas the control
devices decreased dramatically with only 43% left after the same
period. The extrapolation revealed T80 reaching above 10 000 h for
DTAC-derived cells (Figure S8, Supporting Information). To the
best of our knowledge, such photostability outperformed other
previously reported inverted PSCs (Table S3, Supporting Infor-
mation). Similarly, CTAB and DTAB-derived devices retained
≈75% and 78% of the initial PCE under 1-sun illumination for
6200 h, indicating our dynamic modulation strategy is an effec-
tive way for long-term photostability (Figure S9, Supporting In-
formation). Here, ion migration played a crucial role in photosta-
bility, and strong chemical interaction between ASMs and per-

ovskite film could suppress the Pb ion migration for long-term
photostability.[17,41]

The possible suppression of Pb ion migration by DTAC was ex-
perimentally studied by XPS measurements with argon ion etch-
ing to investigate the depth distribution of the Pb atomic from the
top surface of PTAA/DTAC to the perovskite.[42,43] As shown in
Figure 4d,e, the perovskite film based on PTAA showed strong Pb
signal intensity that remained almost unchanged at different ion
etching times. By comparison, the Pb signal intensity weakened
after the introduction of DTAC, and the trend increased signifi-
cantly as a function of argon ion etching time. Thus, the DTAC
could effectively suppress the Pb ion migration. I ion signal also
showed the same tendency as Pb ion (Figure S10, Supporting
Information), demonstrating the suppressed I ion migration. To
further prove the suppression of ion migration, ion migration ac-
tivation energy (Ea) was also measured (Figure S11, Supporting

Adv. Sci. 2022, 2202028 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2202028 (5 of 9)



www.advancedsciencenews.com www.advancedscience.com

Figure 4. a) Current density–voltage (J–V) curves of optimized devices based on the control and ASMs. b) EQE and integrated JSC of PSCs based on
PTAA and DTAC. c) Photostabilities of devices with and without DTAC. d,e) XPS spectra of Pb element distribution as a function of etching time of argon
ion (2 keV) obtained from the top surface of PTAA without and with DTAC to perovskite.

Information). The Ea of control and DTAC-derived perovskite
films is 0.45 and 0.57 eV, respectively. The higher Ea values also
indicated that DTAC could suppress the ion migration. Note that
the photostability tests were performed under white LED at tem-
peratures reaching as high as 65 °C. Under these conditions, dy-
namic modulation could reduce the interface strain and defects
(Figure 1b), one of the reasons for the improved photostability.
These results also suggested that improving the photostability
was not only linked to ions migration, but also to the interface
strain that cannot be ignored.[18] Meanwhile, the improved qual-
ity of perovskite film could enhance the photostability of PSCs.

The reasons for the improved performances were clarified by
studying the photophysical and optoelectrical properties of per-
ovskite deposited on different surfaces. The steady-state photo-
luminescence (PL) spectra and PL decay profiles of perovskite
films deposited on PTAA and ASMs are shown in Figure 5a,b.
The strongest PL quenching of perovskite based on DTAC with
the shortest lifetime of 18 ns indicated the contribution of DTAC
to improving the hole-extraction and transportation ability from
perovskite to HTL.[44] The charge collection probability of HTL
was studied by drawing the plots of photocurrent (Jph) at dif-

ferent effective applied voltages (Veff) for PSCs based on PTAA
and dynamic modulation as displayed in Figure 5c. Here, Jph
was defined by the equation: Jph = JL − JD, where JL and JD are
obtained by J–V curves under the illumination of AM1.5G and
darkness, respectively. Also, Veff was determined by the equa-
tion: Veff = V0 − Vapp, where V0 and Vapp represent the volt-
ages at JL equals to JD and applied bias, respectively. The exci-
ton dissociation probability (Pdiss) could be calculated by the fol-
lowing equation: Pdiss = Jph/Jsat, where Jsat refers to saturate cur-
rent density.[45,46] The device with DTAC exhibited the highest
Pdiss of 97.97%, while the control device displayed the lowest Pdiss
of 96.26%. The excellent exciton dissociation probability of de-
vices based on dynamic modulation indicated the contribution
of ASMs to hole-extraction and transportation, leading to reduced
charge recombination.

The built-in potential (Vbi) was further investigated by Mott–
Schottky plots for PSCs based on PTAA and DTAC, and data re-
vealed that the introduction of the DTAC enhanced Vbi when
compared to the control device (Figure S12, Supporting Infor-
mation). This also demonstrated the increase in exciton dissoci-
ation probability for the PSCs after the introduction of ASMs.[38]
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Figure 5. a) Steady-state PL and b) PL decay profiles of perovskite film deposited on different surfaces. c) The change in photocurrent (Jph) as a function
of applied voltage (Veff) for the corresponding PSCs to calculate the exciton dissociation probability (Pdiss). d) The dependence of VOC on the light
intensity curves. e) J–V curves of the hole-only devices used to estimate the defect concentrations of perovskite films. f) Nyquist plots of corresponding
PSCs under dark at 1.1 V.

Moreover, the effects of trap-assisted recombination on the de-
vices were evaluated by investigating the dependence of VOC on
the light intensity. As shown in Figure 5d, the ASMs-derived
PSCs showed smaller ideality factors of 1.68, 1.55, and 1.47 for
respectively CTAB, DTAB, and DTAC when compared to the con-
trol device (1.82). The reduced ideality factor indicated that ASMs
could effectively suppress the trap-assisted recombination due to
interfacial defect passivation by ASMs.[47]

The trap state density was further identified by the space
charge limit current (SCLC) analysis performed on a hole-only
device (Figure 5e). Note that the obtained dark J–V curves could
be used to calculate the trap-filled limited voltage (VTFL). Com-
pared to control device (VTFL = 0.68 V), the ASMs-derived de-
vices showed lower VTFL values of 0.63, 0.48, and 0.43 V for

CTAB, DTAB, and DTAC, respectively. The corresponding trap
state densities for the control, CTAB, DTAB, and DTAC-derived
perovskite films were calculated as 1.35 × 1016, 1.25 × 1016,
9.56 × 1015, and 8.56 × 1015 cm–3, respectively. Electron-only de-
vices were further fabricated and measured (Figure S13, Sup-
porting Information). The calculated trap state densities were
8.76 × 1015, 7.97 × 1015, 5.97 × 1015, and 4.18 × 1015 cm–3 for
the control, CTAB, DTAB, and DTAC-derived perovskite films,
respectively. The reduced trap density should be attributed to
the passivated perovskite–substrate defects and excellent crys-
tal quality of perovskite films.[34] Moreover, the charge recom-
bination and transport processes at the interface between per-
ovskite and HTL were explored by electrochemical impedance
spectroscopy (EIS) measurements in Figure 5f. The detailed
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fitting EIS data are listed in Table S4 (Supporting Information).
The junction capacitance and recombination resistance were de-
termined by the middle frequency zone of EIS semicircle. The
device based on DTAC showed the largest recombination resis-
tance for suppressed charge recombination due to reduced in-
terface defects, conductive to improved device performance.[44]

Meanwhile, Nyquist plots of corresponding PSCs under 1 sun il-
lumination (AM 1.5G) were also measured (Figure S14, Support-
ing Information). From the plots, DTAC-derived PSCs showed
the smallest charge transport resistance (Rct) and arc, demon-
strating good interfacial contact between perovskite and PTAA
with the introduction of DTAC.

3. Conclusion

In summary, a novel dynamic modulation strategy was
successfully developed to fabricate high-quality perovskite
films for highly stable inverted PSCs by constructing soft
perovskite–substrate interfaces using amphiphilic soft long-
chain molecules. The ASMs were suitable for releasing residual
strain at perovskite-substrate interfaces due to the soft self-
adaptive long-chains, as well as facilitating the nucleation and
growth of perovskite crystals by improving the wettability of
PTAA, passivating defects at perovskite–substrate interfaces by
forming chemical interactions between the Lewis base group of
amphiphilic molecules and undercoordinated Pb2+ of perovskite
film. As a result, high-quality perovskite films were obtained and
the unencapsulated device showed state-of-the-art photostability
in inverted planner PSCs, maintaining over 84% of the initial
efficiency under continuous 1-sun illumination of ≈65 °C for
6200 h. Moreover, the resultant devices reached efficiencies
approaching 20% with good reproducibility and negligible
hysteresis behavior. These findings look very promising of soft
perovskite–substrate interfaces in constructing high-quality
perovskite films with improved wettability, suppressed interfa-
cial defects, and reduced residual strain for achieving highly
stable and efficient perovskite optoelectronic devices for future
commercialization.
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the author.
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