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Photochromic Control in Hybrid Perovskite Photovoltaics

Weifan Luo, José Maria Andrés Castdn, Diego Mirani, Antonio J. Riquelme,

Amit Kumar Sachan, Olzhas Kurman, Sunju Kim, Fabiola Faini, Paul Zimmermann,
Alexander Hinderhofer, Yash Patel, Aaron T. Frei, Jacques-E. Moser, Daniel Ramirez,
Frank Schreiber, Pascale Maldivi, Ji-Youn Seo, Wolfgang Tress, Giulia Grancini,

Renaud Demadrille, and Jovana V. Milic*

The application of perovskite photovoltaics is hampered by issues related to
the operational stability upon exposure to external stimuli, such as voltage
bias and light. The dynamic control of the properties of perovskite materials in
response to light could ensure the durability of perovskite solar cells, which is
especially critical at the interface with charge-extraction layers. We have
applied a functionalized photochromic material based on spiro-indoline
naphthoxazine at the interface with hole-transport layers in the corresponding
perovskite solar cells with the aim of stabilizing them in response to voltage
bias and light. We demonstrate photoinduced transformation by a
combination of techniques, including transient absorption spectroscopy and
Kelvin probe force microscopy. As a result, the application of the
photochromic derivative offers improvements in photovoltaic performance
and operational stability, highlighting the potential of dynamic photochromic

1. Introduction

Hybrid organic-inorganic metal halide per-
ovskite materials have become a promis-
ing alternative to conventional semiconduc-
tors in next-generation solar cells.l!l They
are based on the AMX, perovskite structure
defined by the central A cation (typically
methylammonium (MA*), formamidinium
(FA*), or Cs*) with divalent metal (M) such
as Pb?*, occupying the octahedral cage, and
halide ions (typically I~ or Br~) situated at
the corners (Figure 1a).2] They have excep-
tional optoelectronic properties; however,
ensuring long-term stability remains a ma-
jor challenge for practical applications.!

strategies in perovskite photovoltaics.

Several factors influence the stability of per-
ovskite solar cells, such as the susceptibility
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Figure 1. Photochromic halide perovskite modulation. Schematic of (a) hybrid metal halide perovskite (AMX;) structure, with characteristic components,
and (b) SINO photoswitch, reversibly transforming from the closed into open merocyanine (MC) form upon UV irradiation.

to ion migration accelerated under operating conditions of
temperature fluctuation, voltage bias, and light.] Control of
these factors is required to achieve competitive efficiency and
long-term operational stability in photovoltaics. Various strate-
gies have been used to address the inherent instability,®] such
as relying on hydrophobic organic moieties at the perovskite
interface.[®l While these approaches have contributed to improve-
ments in stability, they lack the ability to adapt to external stim-
uli, such as light, despite the potential to address the dynamic
changes that occur during device operation.!”!

To enable the material to respond dynamically to changes dur-
ing operation, photochromic systems capable of undergoing pho-
toinduced transformation are especially relevant, changing their
properties when exposed to light.®] In particular, spiro-indoline
naphthopyrans are a class of photochromic compounds endowed
with desirable attributes suitable for various applications, in-
cluding sensing, ion detection, and optical lenses.’-!!l In per-
ovskite solar cells, a common approach to enhance performance
involves using functional organic cations at the interface, re-
ducing non-radiative recombination of charge carriers.[*! How-
ever, this method lacks dynamic adaptability, as the material
cannot respond to changes in the environment. Despite the ex-
tensive exploration of photochromic materials, only a few have
been investigated within the realm of photovoltaics, and the in-
tegration of these systems into perovskite-based solar cells re-
mains underexploited. In 2015, a bis-thienylethene derivative
was first introduced into dye-sensitized solar cells.['>14] Sub-
sequently, certain diarylethenes (DAEs) were utilized in pho-
tochromic organic solar cell devices.'¥! However, the photo-
isomer interconversion in such molecules could only be achieved
through successive ultraviolet (UV) and visible (vis) light irra-
diation cycles.[*”! Similarly, spiropyran and the corresponding
spirobenzo and naphthoxazine families were also evaluated in
dye-sensitized solar cells yet their switching within the devices
was not realized under device operating conditions.['") Moreover,
the bistability of DAEs prevents their dynamic adaptability un-
der solar cell operation conditions.[*®) In addition, limited fatigue
resistance in the solid state presents a significant impediment
to incorporating photochromic compounds into photovoltaics.*”!
Hence, most of the photochromic materials have only been
studied in solution.'”! In this respect, the soft yet crystalline
structure of halide perovskites!!®l holds promise for their ap-
plication in perovskite optoelectronics, which remains to be
exploited.[!]
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Here, we employed a photochromic material, 4-(1,3,3-
trimethylspiro[indoline-2,3'-naphtho[2,1-b][1,4]oxazin]-6'-
yl)benzoic acid (SINO) at the interface with the perovskite
layer in perovskite solar cells. We applied various characteri-
zation techniques, such as transient absorption spectroscopy
and Kelvin probe force microscopy (KPFM), complemented
with theoretical calculations, to assess the interactions at the
interface, as well as photochromic behavior in the solid state.
The interfacial changes resulted in improved photovoltaic
performance and operational stability, validated through day-
night cycling, demonstrating the potential of photochromic
materials.

2. Results and Discussion

2.1. Molecular Design

Spiro-indoline naphthoxazine core was functionalized for incor-
poration into perovskite-based photovoltaic devices by introduc-
ing a carboxyl group to enable its binding to the perovskite sur-
face via hydrogen bonding and metal coordination (Figure 1b).
The SINO derivative converts to the merocyanine (MC) form
upon irradiation which can be thermally reversed (Figure 1b).[%!
This allows for photoinduced switching between the closed SINO
and the open MC form featuring a larger dipole moment rele-
vant for ion binding and suppressing ion migration while facili-
tating charge extraction at the interface. Conversely, in the dark
cyclization of the original spiro form would facilitate reversible
ion migration which would not interfere with the perovskite re-
covery. This can be enabled by the corresponding SINO energy
levels of its highest occupied (HOMO) and lowest unoccupied
molecular orbitals (LUMO),[) which are appropriately aligned for
charge extraction at the hole-transport layer when SINO adopts
its open conformation as indicated by theoretical calculations.!*!]
Accordingly, using SINO derivatives in perovskite devices could
help improve their operational stability without compromising
photovoltaic device performance.

2.2. Photochromic Characteristics in Solution and The Solid-State

To evaluate the concept and understand the hybrid material, the
SINO derivative was synthesized following the adaptation of
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Figure 2. Photochromism in solution and the solid state. (a) UV-vis absorption spectra of SINO (0.1 mM in toluene) at ambient temperature before
and after irradiation by a 200-600 nm (200 W) xenon lamp. The MC form is apparent through the emergence of a signal at around 600 nm, which
is more pronounced for higher-power xenon (200 W) lamps than LED (ca. 500 mW) irradiation. (b) Steady-state PL of the control (triple-cation) and
SINO-treated perovskite films. (c) Transient absorption spectra of pristine MAPbBr; (control) and treated (d) with SINO overlayers. TAS spectra of the
Cs.05 FAg.00MAg 05Pb (1o g5Bro.g5)3 perovskite films are shown in Figures S4 and S5 of the Supporting Information. Although the time constants for the
underlying processes are not precisely known, it can be assumed that interfacial charge transfer (ps) is much faster than the molecular photoswitch (s).

previously reported procedures, as detailed in the Experimental
Section of the Supporting Information.”) Its photochromic
behavior was initially studied in the solution of tetrahydrofuran
(THF) or toluene, which are orthogonal solvents for perovskite
thin films. Upon irradiating the solution (0.1 mM) with a xenon
lamp (200-600 nm, 200 W), UV-vis spectra reveal the emergence
of the absorption around 600 nm, associated with the MC form
(Figure 2a). The original spectra recovered upon light source
removal, suggesting reversible photochromism.°]

Having confirmed the photoswitching of SINO in solution, we
investigated its photochromism in the solid state. We deposited
a solution of SINO in toluene (0.5 mg/mL) onto a conventional
triple-cation perovskite of Cs s FAq 9o MA o5 Pb(I.05B1 o5); com-
position and monitored the X-ray diffraction patterns of the
films in ambient air (Figure S1). From the diffraction patterns,
we observe that the films consist of the a-phase perovskite and
the degradation product, Pbl,.[2°) With the exposure to air, the
amount of Pbl, increases substantially in the control sample,
while the amount in the SINO-treated sample remains much
lower, suggesting that the SINO acted as a protective layer, sup-
pressing phase degradation. X-ray photoemission spectroscopy
(XPS) measurements further evidenced the SINO overlayer on
the perovskite surface (Figure S2). Specifically, the SINO-treated
3D perovskite films exhibited an additional N 1s signal, whereas
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the Pb 4f and I 3d signals shifted to a lower energy region, and
the C 1s signal shifted to a higher binding energy. These shifts
indicate that SINO interacts with metal cations and halide anions
of the perovskite at the surface.?!l To further assess the impact
on the surface properties of perovskite, we conducted the grazing
incidence wide-angle X-ray scattering (GIWAXS) measurements
on SINO-treated perovskite films (Figure S3). The control film
exhibited characteristic diffraction rings indicative of the 3D
perovskite structure.2! While a crystalline phase of SINO could
not be observed under these experimental conditions (Figure
S3), films with SINO featured substantially less hexagonal phase
(6-phase) than the control sample, validating a stabilizing role.
However, the orientation of the perovskite did not change with
the addition of SINO, excluding bulk structural changes. We
thus employed in-situ GIWAXS upon irradiation to assess the
photochromic response at the interface (Figure S3). We analyzed
the diffraction patterns of the SINO-treated samples before
and after a 15-min irradiation with 365 nm LED lamp. The
photoswitch did not result in observable structural changes
in the perovskite material under these conditions suggesting
that the changes in the photoswitch do not induce structural
transformations in the perovskite layer.

The interfacial photoswitching was thereby assessed by
monitoring the optical properties of SINO at the interface.
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Steady-state photoluminescence (PL) spectra (Figure 2b) of the
films upon depositing SINO solution revealed PL quenching in
the SINO-treated samples upon excitation at 350 nm from the
front and back (glass) side.[?”] To assess the underlying charge
carrier dynamics, we relied on transient absorption spectroscopy
(TAS) of perovskite films treated with SINO (Figure S4 and
S5 and Figure 2c¢,d). We monitored the dynamic evolution of
photoexcited species upon photoexcitation above the band gap
of the triple-cation perovskite (Figure S4 and S5). The rate con-
stants for the thermal back reaction have been previously esti-
mated in solution, and bleaching was found to take seconds.l!
The precise estimate depends on the polarity of the medium and
steric hindrance,°! which are challenging to estimate in the solid
state; yet, it is reasonable to assume that the rates for both for-
ward and backward photoreactions are slower than in the solid
state due to steric hindrance and that they are much slower than
the interfacial charge transfer processes. The absorbance (A) of
SINO-treated perovskite for the excitation pump wavelength of
350 nm was 1.3. Considering the thickness (t) of the perovskite
layer from cross-sectional scanning electron microscopy (SEM)
analysis (Figure S6) of approximately 500 nm, a laser penetration
depth (d) in the material (d = 1/a = t/A, where « is the absorp-
tion coefficient) can be estimated at 385 nm. The thickness of the
SINO overlayer is not expected to exceed 20 nm based on the con-
centration of the solution. Therefore, the 350 nm excitation wave-
length used for PL measurements can be assumed to penetrate
the bulk reaching nearly the perovskite/SINO interface capable of
effectively triggering the photoswitch and nonradiative processes
through interactions with the perovskite, leading to PL quench-
ing. We retrieved the differential absorption (DA) signal as a func-
tion of pump-probe delay and monitored the ground state photo-
bleaching (PB) evolution of the band edge transition at 785 nm.
We used a pump wavelength (4,,,,,,) of 500 nm and 380 nm to en-
able the photoswitch of SINO selectively. With 4,,,,, = 500 nm,
we only excited the triple-cation perovskite, without the photo-
switch. The comparison of the PB dynamics in the control and
the treated sample showed a prolonged decay in the SINO-treated
samples, indicating the passivation effect upon interaction with
the perovskite surface.[??-2%] This also suggests that SINO acts as
a protective layer,12%7] corroborating XRD results. Furthermore,
upon the photoswitch of the SINO (4,,,, = 380 nm), we ob-
served a progressive rise in the PB. Since the absorption of the
MC form overlaps with the spectral characteristics of the triple
cation perovskite materials. We also monitored the TA spectra of
MAPDBr, (Figure 2c—d) due to its distinct optoelectronic prop-
erties that feature minimal spectral overlap with SINO, facilitat-
ing the identification of optical signals.?*l The XPS analysis con-
firmed the interaction with the perovskite through the changes in
the Pb 4f characteristic peaks for the MAPbBr, before and after
UV exposure (Figure S7).12* In the TAS experiments, MAPbBr,
perovskite films were excited at 400 nm and the resulting spectra
(Figure 2d) showed two distinct features that is a prominent PB
centered around 520 nm, attributed to the MAPbBr; perovskite
phase !l and a negative signal at approximately 550 nm corre-
sponding to the absorption of the MC form of SINO,P! in accor-
dance with the expected photoinduced conversion.

Such photochromism of SINO in the solid state was also ex-
pected to alter the surface potential at the perovskite interface,
further assessed by high-resolution frequency-modulated Kelvin
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probe force microscopy (FM-KPFM). This allowed us to inves-
tigate the contact potential difference (Vpp) between the gold-
coated AFM probe and the sample surface with high spatial and
temporal resolution. The AFM height profile indicated that the
surface morphology remains unchanged with SINO (Figure S8).
While control perovskite films (i.e., triple cation perovskite on
FTO glass) exhibited an average V., value of -75 mV (Figure 3a),
the perovskite films coated with a thin layer of SINO showed an
average Vpp of around 0 mV (Figure 3a). The Vp,p maps for
each film also displayed two cycles of UV light exposure (marked
dark areas in Figure 3b). In-situ Vpp, mapping of the control per-
ovskite film demonstrated a V., shift of approximately -50 mV
under UV exposure, while the target perovskite film exhibited a
shift of approximately —120 mV (Figure 3b). This indicates the
photoswitch caused a Vi, shift of about —70 mV in the SINO-
coated film. Notably, the Vi, of the SINO-coated surface fully
recovered to its initial value instantly after turning off the UV
light,1?8] indicating the reversibility of the photoswitching pro-
cess.

The difference in the surface potential can be associated with
the changes in the dipole moment of SINO, which was also inves-
tigated theoretically (Figure 3c,d; Figure S9, and Table S1, Sup-
porting Information). Density functional theory (DFT) calcula-
tions suggest a different binding mode of the SINO to the inter-
face of hybrid perovskite in the closed and the open (MC) form,
as well as a distinct binding to other interfaces, such as metal
oxide surfaces, as in glass substrates or charge-transport layers.
For instance, at the interface with the TiO,, SINO undergoes de-
protonation of the carboxylate group via oxygenated basic sites
at the surface of TiO,!*! resulting in a strong affinity for Ti**
without significantly altering the energetics between the forms
compared to the isolated molecule (Figure 3d). The dipole mo-
ments of SINO in both forms remain comparable to those of
isolated molecules. In contrast, when SINO interacts with the
perovskite, the carboxylic function cannot be deprotonated and
shows a weaker affinity for Pb?* indicating a preference for hy-
drogen bonding with FA and halide ions instead through weak
electrostatic and van der Waals interactions (Figure 3c). As a re-
sult, the dipole moment varies significantly between the open
and closed forms of SINO, corroborating the findings of the
KPFM and XPS measurements. Moreover, the interaction affects
the formation energies of the MC form, facilitating the photo-
switching at the perovskite interface (as detailed in the Support-
ing Information). The photoswitch is further facilitated by the
soft yet crystalline structure of the metal halide perovskites and
the orientation of SINO at the interface. Such photochromism at
the surface is expected to affect photovoltaics.

2.3. Photovoltaic Characteristics

The impact of a SINO layer on the photovoltaic perfor-
mance was investigated in conventional n-i-p perovskite
solar cells with an architecture of fluorine-doped tin ox-
ide  (FTO)/c-TiO,/mp-TiO, /perovskite/2,2’,7,7 -tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-
OMeTAD)/Au (Figure 4a). The performance was evaluated
by measuring the current-voltage (J-V) characteristics under
a AM 1.5 light source (Figure 4b). Incorporating SINO as an

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Photochromism in the solid state. (a) KPFM Vpp signal maps and (b) Vpp signal profile of the control (mixed cation) perovskite and control
samples treated with SINO (irradiation periods and sections are highlighted in yellow). (c—d) Structural representation of the binding of SINO (c-SINO,
left) and its open (0-SINO, MC) form (right) on the surface of (c) the perovskite framework (SINO@Pero) and (d) TiO, substrate (SINO@TiO,) with

the corresponding dipole moments u based on DFT calculations.
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Figure 4. Photovoltaic performance in photochromic perovskite solar cells. (a) Schematic of the n-i-p solar cell (using Csg o5 FAG.90MAg 05 Pb (l0.95Br0.05)3-
(b) J-V curves of the champion control and SINO-treated devices under AM 1.5G illumination. (c) Statistical distribution of open-circuit voltage (Vo c),
short-circuit current density (Js¢), fill factor (FF), and power conversion efficiency (PCE) for 16 devices. (d) Continuous MPP tracking of control and
SINO-treated solar cells in a nitrogen atmosphere under one sun irradiation at ambient temperature and (e) evolution of the PCE during day-night
simulated operation.
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overlayer on the perovskite resulted in higher open-circuit
voltage (V) and fill factor (FF), with minor short-circuit cur-
rent (Jsc) improvements, and consequently, improved power
conversion efficiency (PCE). The incident photon-to-current
efficiency (IPCE) spectra excluded significant spectral mismatch
(Figure S10a). The champion devices exhibited PCEs over
20% (Figure 4c), which can be further optimized to match the
performances of the state-of-the-art devices in the future beyond
the scope of this work. For the generality of the approach, we
also investigated the impact on wide bandgap MAPbBr, devices,
which showed comparable performance improvements (Figure
S10b). The improvements in the open circuit voltage for triple
cation perovskite devices corroborated the passivation effect of
the SINO, which was in accordance with the time-resolved pho-
toluminescence spectroscopy (TRPL; Figure S11) and transient
absorption spectroscopy (Figure 2c,d) analysis.

The impact on the charge-carrier extraction was further
assessed by ultraviolet photoelectron spectroscopy (UPS; Figure
S12-S13) and electrochemical impedance spectroscopy (EIS,
Figures S14-S16). UPS spectra showed reduced ionization
energy (IE) upon applying SINO compared to the control per-
ovskite, which was the result of surface interactions and a higher
dipole moment. This also resulted in increased work function
(WF) upon UV irradiation,3®3!] corroborating KPFM and PL
measurements (Figure S11), as well as photovoltaic performance,
likely due to reduced energy barriers for hole injection.3233]
Moreover, XPS spectra change upon UV irradiation (Figure S7).
The change in the control samples results from the generation
of free charge carriers, the stimulation of ion migration, and
the formation of interfacial defects that can collectively affect
binding energies. Upon SINO treatment, the magnitude of these
changes is reduced, which is likely due to UV absorption!!*3*]
and the contribution to suppressing some of the interfacial
changes. The underlying factors governing solar cell perfor-
mance were investigated by electronic impedance spectroscopy
(EIS; Figure S15 and S16) using a protocol established for
photochromic dye-sensitized solar cells.** It was assumed
that applying SINO at the perovskite interface could result in
suppressed ion migration, reflected in the reduced hysteresis
of SINO-containing solar cells. Accordingly, the forward and re-
verse J-V scans at varying rates (0.01-1 V/s) provided the degree
of hysteresis (DoH) estimate using the following equation.!*!

A—rev - Afor

DoH =100
Max. (A,e-Agy)

% 1)

A reduction in DoH was observed for cells incorporating
SINO at either interface (Figure S14), which can be attributed
to reduced ion migration, which is relevant to performance and
stability.) In addition, the photoactivation of SINO molecules
on top of the perovskite film resulted in the negative values of
DoH, which can be linked to modifications in the potential at the
interface.*

The EIS spectra of perovskite solar cells display two semicir-
cles, one at high frequencies, primarily associated with geomet-
rical capacitance and electronic recombination, and another at
low frequencies, largely influenced by ionic properties (Figure
$15).17) The introduction of SINO led to a more pronounced low-
frequency signal, which indicates an effective interfacial modu-
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lation of ionic migration, enhancing its response to voltage per-
turbation. This was accompanied by the decrease in the height of
the low-frequency signals when SINO was applied at the interface
below the perovskite layer, which can be explained by a reduc-
tion in mobile ion vacancy density.*®! The two semicircle spectra
were fit using an equivalent circuit consisting of two RC elements
in series to each other to elucidate the recombination and ionic
properties of the devices. Although the recombination lifetime
for cells with SINO under the perovskite layer was shorter than
that of the control, this was likely due to the changes in geomet-
rical capacitance, as the recombination resistances did not show
enough differences to justify this change in time constant (Figure
S15 and S16, Table S2). Specifically, the presence of dipoles at the
interface may alter the dielectric constant or the roughness factor
of the devices!*! which can modify geometrical capacitance.!*’]
To assess the impact of this interfacial change on the charge col-
lection efficiency (CCE), a comparison of the impedance at the
Voc and 0 V under illumination was used to estimate the CCE
(Figure S17, Table $3).[ll For this purpose, we compared the CCE
for devices containing SINO at the interface with either electron-
(TiO,) or hole-transport (spiro-OMeTAD) layers. While most de-
vices featured CCE above 90%, indicating that SINO does not im-
pede charge extraction, this was not the case for devices contain-
ing SINO at the interface with the electron-transport layer. This
suggests electronic transport issues, such as interfacial energet-
ics or ionic accumulation, revealing a more effective use at the
hole-transport layer interfaces, which can be explained by differ-
ences in the formation of Debye layer close to the ETL or HTL,
accelerating or hindering charge extraction, respectively (as de-
picted in Figure S17).

The interfacial changes were expected to affect operational sta-
bility. We assessed the operational stability by monitoring the
maximum power point (MPP) of n-i-p devices under continuous
one-sun irradiation in a nitrogen atmosphere at ambient temper-
ature. In the continuous stress test, SINO-treated devices demon-
strated an advantage over the control ones, degrading by only
about 15% after 800 h, unlike the control devices that lost over
20% of their performance (Figure 4d). To simulate real-world
conditions, the devices were subjected to cycles of LED irradia-
tion at 12h intervals. After 800 h of testing, the MPP retention
exceeded 90% for the SINO-treated samples, compared to 80%
for the control ones (Figure 4e), demonstrating the beneficial ef-
fects of the photochromic system under conditions simulating
real-world operation.*?*3] While other systems have been stud-
ied under real-world operation!*~*! to our knowledge, this has
not involved any dynamic materials and interfaces designed to
adapt to such operating conditions. Moreover, photoactive spirox-
azine systems were recently found relevant to enhancing resis-
tance to UV irradiation,['] which can stimulate further investi-
gation of photochromic systems. This underscores the potential
of photochromism in perovskite solar cells, providing a strategy
for dynamically controlling materials during operation, which re-
mains to be exploited.

3. Conclusion

In summary, we have demonstrated the proof-of-concept for the
dynamic control of spiro-indoline naphthoxazine (SINO) at the
perovskite interface. The photochromic properties of the SINO
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switch were characterized using UV-vis, PL, and transient ab-
sorption spectroscopy. In addition, XRD showed that SINO can
serve as a protective layer to suppress degradation. Kelvin probe
force microscopy revealed reversible surface potential changes
under irradiation, signifying photochromism in the solid state,
while its effect on interfacial ion migration was verified by
impedance spectroscopy. SINO was applied to perovskite solar
cells, demonstrating improved power conversion efficiency, as-
sociated with defect passivation and improved contacts with the
hole-transport layer, which can be further optimized in the fu-
ture. Finally, this improved operational stability resulted in only
15% and 10% degradation upon continuous irradiation and 12-
hour cycling, respectively, after 800 h. This illustrates the poten-
tial for photochromic control under real-world operating condi-
tions, opening new perspectives for dynamic photochromic ma-
terials in photovoltaics.
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