
Understanding Interfacial Photoswitching Mechanisms in Atomically-Thin
TMD-Spiropyran Hybrids

Downloaded from: https://research.chalmers.se, 2026-06-24 08:23 UTC

Citation for the original published paper (version of record):
Park, S., Ji, J., Brophy, M. et al (2026). Understanding Interfacial Photoswitching Mechanisms in
Atomically-Thin TMD-Spiropyran Hybrids. ADVANCED MATERIALS TECHNOLOGIES, In
Press. http://dx.doi.org/10.1002/admt.71071

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Advanced Materials Technologies 

www.advmattechnol.com

RESEARCH ARTICLE

Understanding Interfacial Photoswitching Mechanisms in 

Atomically-Thin TMD-Spiropyran Hybrids 

Sewon Park1 Jaehoon Ji1 Michael Brophy2 John Audi2 Jean Rouillon3 Carlos Benitez-Martin4 
Joakim Andréasson3 Jeong Ho You2 Jong Hyun Choi1 

1 School of Mechanical Engineering, Purdue University, West Lafayette, Indiana, USA 

2 Department of Mechanical Engineering, University of St. Thomas, St. 
Paul, Minnesota, USA 

3 Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Gothenburg, Sweden 4 Department of 
Chemistry and Molecular Biology, University of Gothenburg, Gothenburg, Sweden 

Correspondence: Jong Hyun Choi ( jchoi@purdue.edu) 

Received: 8 December 2025 Revised: 11 May 2026 Accepted: 18 May 2026 

Keywords: density functional theory | optoelectronics | photochromic molecules | photoisomerization | photoswitching | spiropyrans | Transition metal 
dichalcogenides | WS2 | WSe2 

ABSTRACT 

Photoresponsive molecular interfaces in two-dimensional (2D) semiconductors enable light-programmable control of electronic 
and optical properties. However, how molecular photoisomerization reshapes interfacial electronic structure remains unclear. 
Here we introduce an interfacial framework that elucidates how photoisomerization of surface-bound spiropyran (SP) modulates 
interfacial charge distribution via molecular-state-dependent electrostatic interactions, enabling reversible modulation of 
photoluminescence (PL) emission and electric conductivity. In SP-functionalized WSe2 monolayers, visible light triggers formation 
of the closed-ring SP state that promotes nonradiative pathways and enhances current flow, whereas UV light converts it to the 
open-ring merocyanine (MC) form, restoring PL and conductivity. Density functional theory calculations with Bader charge 
and work function analyses reveal net charge variation of ∼ 0.04 e per supercell and an accompanying work-function increase 
of approximately 0.16 eV, which may be responsible for the observed changes in PL and conductivity. Control experiments 
with WS2 -SP show negligible changes, confirming that light-induced modulation depends on intrinsic material properties 
and surface potential alignment. These findings define interfacial charge reorganization as the mechanism linking molecular 
photoisomerization to optoelectronic properties and provide design strategies for light-addressable 2D hybrid systems. 
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 Introduction 

wo-dimensional (2D) transition metal dichalcogenides (TMDs)
ave emerged as promising semiconductors for both fundamental
tudies and advanced device technologies, owing to their
tomically thin structures, strong light-matter interactions, and
unable electronic properties [ 1–3 ]. Each TMD layer consists of
 transition-metal sheet sandwiched between two chalcogen
ayers, which can be isolated from a layered crystal by mechanical
xfoliation [ 4 ]. This dimensional confinement results in tightly
ound excitons, thickness-dependent indirect-to-direct bandgap
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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transitions, and bandgaps spanning from visible to near-infrared
region [ 5, 6 ]. TMDs combine high optical absorption, mechanical
flexibility, and environmental stability, making them attractive
for applications in photodetectors, light-emitting devices, and
other optoelectronic systems [ 4, 7 ]. In the monolayer state, their
direct bandgaps and strong photoluminescence (PL) provide
a versatile platform to explore excitonic physics and light-
driven processes [ 8 ]. These attributes also open opportunities
to interface with photoresponsive molecules, enabling
reversible, light-controlled modulation of interfacial states
[ 9–11 ]. 
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 Structural components and photoisomerization mechanism of the TMD-SP hybrid interface. (a) Reversible photoisomerization of the 
SP derivative between the closed-ring SP state and the open-ring MC state under visible UV and light irradiation, respectively. (b) Atomic structures of 
monolayer WSe2 and WS2 . The integration of these molecular and TMD components forms a functional hybrid interface, where the molecular-state- 
dependent interactions between the isomers and the TMD lattices determine the overall optoelectronic response of the system. 
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he integration of photochromic molecules with 2D semicon-
uctors offers a powerful route to achieve light-programmable
ptoelectronic responses. Photochromic molecules such as
zobenzenes, diarylethenes, and spiropyrans (SP) can reversibly
nterconvert between isomers with distinct dipole moments
nd energy levels upon illumination with specific wavelengths
 10, 12–14 ]. When interfaced with TMDs, these molecules can
odulate carrier density, contact barriers, and excitonic recom-
ination through changes in interfacial electrostatics or charge
ransfer [ 15, 16 ]. Previous studies have demonstrated photodop-
ng and PL tuning in MoS2 and MoSe2 functionalized with
zobenzene [ 17 ] or diarylethene derivatives [ 18–20 ], as well as
umidity sensing and electrical switching in MoS2 -SP hybrids
 21, 22 ]. The choice of molecules and 2D host determines the
fficiency and reversibility of the modulation, as differences in
and alignment, exciton binding energy, and dielectric screening
overn the interfacial coupling [ 23–25 ]. 

mong TMDs, monolayer WSe2 combines a direct bandgap
n the visible range with intrinsic ambipolar transport and
alanced electron-hole mobilities, making it uniquely suited
or light-programmable interfaces [ 23, 26 ]. WSe2 also exhibits
trong optical absorption and pronounced PL, enabling molecular
unctionalization to modulate emission intensity and spectral
osition [ 27–29 ]. These properties create opportunities for recom-
ination dynamics, multi-level optoelectronic responses, and
nhanced design flexibility in molecularly functionalized devices
 30, 31 ]. However, TMD/photochromic-layer research has so
ar been explored in only a limited set of material-molecule
ombinations, leaving vast opportunities for discovering new
nterfacial phenomena. Previous studies have provided valu-
ble insights into interfacial modulation mechanisms, though
he microscopic influence of molecular photoisomerization on
ocal charge organization at atomically thin heterojunctions has
een less explored. Establishing a monolayer WSe2 -SP platform
herefore opens an unexplored avenue for stable, reversible, and
avelength-selective modulation in 2D optoelectronics, provid-
ng both a deeper fundamental understanding and a versatile
esign strategy for next-generation light-programmable devices. 
of 10
In this work, we investigate photochromic-TMD hybrids func-
tionalized with SP, which exhibit reversible modulation of optical
and electrical responses under alternating visible and ultraviolet
(UV) irradiation. Two TMDs with contrasting behaviors are stud-
ied under the same conditions, including WSe2 and WS2 . PL and
conductivity measurements reveal pronounced and reproducible
switching in PL emission and electric conduction. We identify
a new framework that explains this behavior based on density
functional theory (DFT) calculations with Bader charge and work
function analyses. The combined experimental and theoretical
approach uncovers the fundamental connection between molec-
ular configuration and local electronic potential, establishing a
conceptual basis for light-controlled charge modulation in 2D
hybrids. 

2 Results 

2.1 WSe2 -SP Hybrids 

Figure 1a illustrates a SP molecule in its two photostable states.
SP photoswitches reversibly interconvert between a closed-ring
SP state and an open-ring MC state under alternating visible
and UV illumination. In the SP state, the orthogonal C ─O spiro
linkage interrupts π-conjugation and maintains low polarity [ 32 ].
UV excitation drives an intramolecular charge-transfer process
that weakens the spiro bond and induces ring opening. This trans-
formation yields the planar MC state, characterized by extended
π-delocalization and pronounced charge separation [ 14, 33 ].
Subsequent visible illumination promotes reverse isomerization
to the SP state. This photoisomerization alters molecular dipole
moment, switching between a weak, nearly perpendicular dipole
in the SP state and a strong, in-plane dipole in the MC state. Such
dipole reorientation modulates the local electrostatic potential,
enabling optical control of interfacial charge redistribution when
SP molecules are assembled on 2D semiconductors [ 10, 15, 34 ].
Under UV light ( ∼ 312 nm), the molecules convert to the MC
state, whereas visible irradiation ( > 530 nm) restores the SP state.
Figure 1b displays the atomic arrangements of the monolayer
Advanced Materials Technologies, 2026
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FIGURE 2 (a) Bright-field image of a mechanically exfoliated monolayer WSe2 flake on a SiO2 /Si substrate. (b) AFM image of the WSe2 -SP 
hybrid showing the formation of a continuous organic overlayer, compared with (c) pristine WSe2 . (d) Height profiles along the dashed lines in 
(b) and (c), yielding ∼ 2.14 nm thickness for the SP molecular layer. (e) PL spectra under visible (red) and UV (blue) illumination at 633 nm excitation 
shows strong quenching in the SP state and recovery in the MC state. (f) Reversible switching of the PL intensity is observed over multiple irradiation 
cycles, demonstrating robust and reproducible photoswitching behavior at the hybrid interface. (g) The emission peak shows a reversible spectral shift 
between ∼ 748 nm (SP state) and ∼ 753 nm (MC state), confirming consistent wavelength tunability coupled to photoisomerization of the SP overlayer. 
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Se2 and WS2 lattices, establishing the structural foundation for
he material-dependent optoelectronic responses of the hybrid
ystem. 

he structural and optical properties of the WSe2 -SP hybrid
ere investigated by optical microscopy, atomic force microscopy
AFM), and PL spectroscopy (Figure 2 ). The optical image in
igure 2a highlights a monolayer WSe2 flake, while the contrast
etween Figure 2b,c verifies the formation of uniform organic
dlayer. This interfacial morphology reflects the dense and
ontinuous nature of molecular assemblies on TMD surfaces
nd aligns with previously reported hybrid systems [ 35–38 ]. The
orresponding height profile in Figure 2d shows a thickness of
 1.1 nm for bare monolayer WSe2 and ∼ 3.2 nm for the func-
ionalized flake, giving an additional thickness of approximately
.1 nm attributed to the SP layer. This height is consistent with
 uniform, densely packed SP monolayer where the upright or
lightly tilted orientation of the C18 alkyl chain contributes to the
bserved thickness [ 15 ]. In our experiment, the SP overlayer is
dvanced Materials Technologies, 2026
consistent with a uniform thickness across many hybrids. These
results confirm that the SP molecules form a uniform coating
on the WSe2 surface, providing a functionally integrated hybrid
interface for subsequent studies. 

The PL response of the hybrid reveals pronounced and reversible
modulation upon photoisomerization. As shown in Figure 2e ,
the PL emission from WSe2 is strongly quenched in the SP state.
The quenched PL recovers when UV irradiation converts the
molecules to the MC state. This change reflects efficient nonradia-
tive quenching driven by interfacial electronic coupling between
the WSe2 and the SP state, while its suppression in the MC state
restores radiative exciton recombination [ 39 ]. The reversibility of
this effect is evident in Figure 2f , where alternating visible and
UV illumination drives reproducible switching of the PL intensity
over five consecutive cycles without any significant changes in
the dynamic range (see Figures S3 and S4 ). Beyond intensity
modulation, the PL spectra also display a systematic shift in
peak position. Figure 2g shows that the emission maximum is
3 of 10
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FIGURE 3 (a) AFM image of a monolayer WSe2 flake on an ITO substrate after SP functionalization. (b) I-V curves measured between − 2 and 
+ 2 V with a current limit of ± 12 nA, showing enhanced conduction in the SP state (visible light) and suppressed current in the MC state (UV light). 
(c) Bias voltages recorded at ± 12 nA over three cycles demonstrate reversible and stable electrical switching under alternating illumination, highlighting 
the robustness and reproducibility of the optoelectronic response in the WSe2 -SP hybrid structure. 
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t approximately 753 nm in the MC state and shifts to ∼ 748 nm
n the SP state. This ∼ 5 nm shift demonstrates that the optical
esponse of WSe2 can be modulated consistently by controlling
he molecular configuration. These results demonstrate that the
Se2 -SP hybrid exhibits robust and reversible optical switching

n which both the emission intensity and spectral position are
overned by the molecular state [ 22 ]. 

he electrical properties of the WSe2 -SP hybrid were investigated
sing conductive AFM (C-AFM), as shown in Figure 3 . The AFM
opography on an ITO substrate shows that the monolayer flake
emains intact after functionalization and exhibits a SP thickness
f ∼ 2.2 nm confirms the formation of a uniform SP overlayer
Figures 3a ). Current–voltage ( I–V ) measurements in Figure 3b
how a strong dependence on the molecular configuration. In
he SP state, the hybrid displays significantly higher current flow,
hereas in the MC state generated under UV irradiation the
urrent is lower across the same bias range. This modulation may
e attributed to photoisomerization-induced variations in the
nterface. The observed current difference is consistent with light-
nduced changes in local charge redistribution, while molecular
witching could also influence the tunneling barrier height and
ffective thickness, which together contribute to the overall
odulation [ 10 ]. Figure 3c presents the reversibility of this
odulation by showing the bias voltages at the ± 12 nA limit,
here three cycles of visible/UV switching produce alternation
etween high- and low-current states (also see Figures S5 and S6 ).

hese electrical characteristics align with the optical response
n Figure 2 , where the PL intensity is quenched in the SP
tate and recovered in the MC state. The correlated I–V and
L behaviors demonstrate that photoisomerization induces light-
ontrolled switching between these states, creating distinct
nterfacial electrostatic environments in WSe2 that enable repro-
ucible modulation of both emission and conduction [ 34, 40 ].
n the SP state, the molecular configuration establishes a highly
ocalized interfacial electrostatic field (Figure S10 ), facilitating
harge redistribution and opening additional nonradiative decay
athways that result in PL quenching [ 41, 42 ]. Upon switching
o the MC state, spatially more delocalized dipole distribu-
of 10
tion relaxes the interfacial field, reducing carrier conduction
while suppressing nonradiative losses and thereby recovering PL
[ 32, 41 ]. 

2.2 WS2 -SP Hybrids 

We also examined WS2 flakes functionalized with SP molecules.
WS2 monolayers with a thickness of ∼ 0.8 nm were prepared
under the same conditions as WSe2 and subsequently func-
tionalized with SP molecules. AFM measurements confirmed
an increase in thickness to ∼ 3.0 nm after functionalization,
corresponding to an SP overlayer of ∼ 2.2 nm, nearly identical to
that observed for the WSe2 -SP hybrid (Figure S7 ). The UV/visible
irradiation conditions were also similar for photoisomerization
in both systems. The PL measurement shows invariant spectra
under visible and UV illumination (Figure 4a–c ), and evaluations
across multiple samples further confirm that both the emission
intensity and peak wavelength remain nearly constant (Figure
S8 ). It is thus evident that molecular photoisomerization does
not significantly influence the emission characteristics of WS2 .
Similarly, the I–V responses in Figure 4d remain essentially
unchanged between the two molecular states, with the SP and
MC configurations displaying overlapping I–V curves. These
results, supported by consistent data from different flakes, clearly
demonstrate that, in contrast to WSe2 -SP, the WS2 -SP hybrid
does not exhibit light-controlled modulation in either optical
emission or electrical conduction (Figure S9 ). This suggests that
the molecular dipole reconfiguration does not sufficiently modify
the electronic environment of WS2 . The microscopic origin of this
material-dependent response is clarified in the following section
through DFT analysis. 

2.3 DFT Analysis 

To better understand the interfacial mechanisms at the atomic
scale, we performed DFT calculations on both isolated SP and
MC isomers and their hybrid structures with monolayer WSe2 
and WS2 . These calculations were designed to clarify how
Advanced Materials Technologies, 2026
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FIGURE 4 Optical and electrical characterization of the WS2 -SP hybrid. (a) PL spectra of monolayer WS2 after visible (red) and UV (blue) 
irradiation remain nearly identical in both intensity and peak position. The inset illustrates a bright-field image of a representative flake on a SiO2 /Si 
substrate. (b) Normalized PL intensity and (c) peak wavelength positions recorded over multiple photo-irradiations for different samples. The consistent 
data confirms the absence of switching behavior in the WS2 -SP system. (d) C-AFM measurement of I–V curves from − 3 to + 3 V with a ± 12 nA limit, 
showing no significant differences between the SP and MC states. The inset presents a bright-field image of a flake on an ITO substrate. 

FIGURE 5 DFT visualizations of electronic orbital distributions in SP and MC states on WSe2 with charge density isosurface at 0.003 e /Å [ 3 ]. 
(a) HOMO of SP shows electron density localized close to the WSe2 surface. (b) HOMO of MC extends further away from the surface. This proximity 
contrast is consistent with Bader charge analysis and indicates that isomerization produces a pronounced redistribution of interfacial electronic density 
in WSe2 . 
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olecular geometry, dipole orientation, and interfacial interac-
ions influence charge redistribution and electronic coupling. We
irst optimized both SP and MC geometries on isolated molecules
nd then on TMD substrates to identify their preferred orien-
ations and interfacial configurations. Within densely packed
olecular assemblies, the dipole-down orientation of the SP state
s energetically preferred by approximately 0.73 eV, reflecting
tabilization through interactions between interfacial dipoles and
he substrate (Figure S10 ). Upon UV irradiation, SP converts to
he MC form, which retains the dipole-down configuration due to
teric constraints in the closely packed adlayer. These optimized
tructures define the geometries used for subsequent interfacial
nalysis, as illustrated in Figure 5 . 

n the SP state, the highest occupied molecular orbital (HOMO)
s compact and positioned close to the WSe2 surface (Figure 5a ),
oncentrating charge density near the closed-ring region and
eading to a locally accumulated interfacial charge distribution
 14 ]. In contrast, the HOMO of the MC state is redistributed
ver the delocalized π-system and displaced outward (Figure 5b ),
educing overlap with the underlying TMD and weakening
dvanced Materials Technologies, 2026
interfacial coupling. This relative proximity suggests that in
the SP state, the molecule exerts a stronger local electrostatic
influence on WSe2 , whereas in the MC state, the increased orbital
delocalization mitigates this interfacial interaction. Figure S11
further highlights this distinction, with the SP HOMO and lowest
unoccupied molecular orbital (LUMO) remaining spatially local-
ized near the molecular core, while the MC orbitals are markedly
delocalized. The stark contrast in orbital distributions between SP
and MC states directly evidences how isomerization reorganizes
interfacial charge density, generating distinct local electronic
environments that account for the observed PL quenching and
current modulation [ 43 ]. 

To understand the charge redistribution in the WSe2 -SP hybrid
system, Bader charge analysis was performed on the isolated
WSe2 monolayer and the isolated molecule (Tables S1 and S2 ),
as well as on the hybrid systems (Table S3 ). The Bader charge
difference ( Δ𝑞 = 𝑞

hybrid 

𝐵 
− 𝑞isolated 

𝐵 
, where qB is the Bader charge)

was calculated to quantify the interfacial charge redistribution
between the molecule and the WSe2 upon interaction. Overall,
a redistribution magnitude of 0.070 e /supercell occurs between
5 of 10
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Se2 and SP state, which is more than double the reorganization
bserved with MC state (0.031 e /supercell). The dominant PL
uenching with the SP state is driven by the synergy between
trong orbital proximity ( ∼ 0.5 Å closer than MC) and a verti-
al dipole-down orientation that enhances interfacial dielectric
creening, establishing a proximity-governed quenching regime.
n contrast, the interfacial rearrangement of charge between
he molecule and monolayer WS2 is significantly reduced (0.019
 /supercell with SP and 0.001 e /supercell with MC). 

he enhanced current response observed in the WSe2 hybrid
ystem with the SP state can be understood by examining the
harge redistribution within the W-atom layer. In both WSe2
nd WS2 , the W-atom layer serves as the main conduction
athway due to the higher density of states (DOS) near the
and edges (Figure S13 ). In the isolated WSe2 monolayer, the
-atom layer possesses a Bader charge of 0.968 e /atom. Placing

he SP-state molecule above the WSe2 domain induces charge
edistribution of 3.100 e /supercell (0.0775 e /atom) in the W-
tom layer (Table S3 ). This redistribution amount significantly
educes to 2.657 e /supercell when the molecule converts to the
C state. The resulting charge difference of 0.443 e /supercell
irectly accounts for the pronounced I-V modulation observed
n Figure 3b , which is primarily driven by localized interfacial
harge redistribution within the W-atom layer. Conversely, the
-layer charge redistribution in the WS2 hybrid system remains
imilar between the SP and MC states (Table S4 ), which is
onsistent with the I–V measurement shown in Figure 4b . 

he net charge redistribution corresponds to approximately 0.011
 /W atom in WSe2 but only about 0.001 e /W atom in WS2 ,
ndicating that the interfacial perturbation experienced by the
ain conduction pathway is an order of magnitude larger in
Se2 . Although these per-atom variations are small in absolute

erms, they are confined to the atomically thin W layer and
re induced by a densely packed monolayer of photoswitchable
ipoles at the interface. Modulations of this magnitude can act
ooperatively across the interfacial dipole array, giving rise to
arge changes in the local carrier density and current [ 15, 44 ]. 

 Discussion 

he DFT results are consistent with the experimentally observed
hanges and support the notion that photoisomerization reorga-
izes the interfacial charge density. The SP state exhibits strong
nterfacial coupling leading to PL quenching and enhanced
urrent in WSe2 , while the MC state weakens this coupling,
estoring PL and reducing conductance [ 20, 32, 33 ]. The optical
nd electrical modulations are primarily governed by inter-
acial electrostatics and localized charge redistribution. This
icroscopic redistribution of interfacial charge and dipole fields
rovides a plausible origin for the reversible PL spectral shift
bserved experimentally. Such a well-defined and repeatable
odulation implies that the molecular dipoles are not randomly
riented but collectively organized at the interface [ 15 ]. It is
mportant to note that the hydrophobic alkyl tail stabilizes this
ipole alignment, maintaining a coherent interfacial field that
lternates between strong and weak configurations in the SP and
C states, respectively [ 15, 45, 46 ]. In the SP state, the strong

nterfacial field enhances dielectric screening of the Coulomb
of 10
interaction between electrons and holes in WSe2 , effectively
weakening exciton binding and slightly raising the emission
energy, which leads to quenched and blue-shifted PL [ 47, 48 ]. In
the MC state, relaxation of the dipole field reduces this interfacial
screening, restoring strong exciton binding and radiative recom-
bination and thus resulting in a red-shifted and recovered PL
emission [ 49 ]. 

The work function also tracks this dipolar reorganization,
increasing from 5.22 eV in the SP state to 5.38 eV in the MC
state for WSe2 and from 5.23 to 5.50 eV for WS2 . While these
work-function shifts are similar, a sizable shift alone does not
guarantee marked switching in optical or electrical responses, as
its effectiveness depends on interfacial electrostatic interactions.
To elucidate this material dependence, we compared the intrinsic
electronic structures of WSe2 and WS2 . Our DOS calculations
yield bandgaps of ∼ 1.5 eV for monolayer WSe2 and ∼ 1.9 eV for
WS2 , consistent with other reports [ 50 ]. WSe2 exhibits a relatively
small intrinsic bandgap and weakly bound excitons that are
highly sensitive to even modest variations in the surrounding
electrostatic environment [ 51–53 ]. As a result, molecular isomer-
ization at the interface can efficiently reshape exciton formation
and carrier distribution, producing measurable modulation of
both PL and current. 

In contrast, WS2 features more strongly bound excitons that
are less responsive to variations in the surrounding electrostatic
environment [ 54, 55 ], showing limited response to comparable
interfacial electrostatic variation [ 56 ]. Although a comparable
work-function increase of + 0.27 eV is observed upon MC
formation, no considerable modulation of PL or conduction
occurs. This contrast shows that the magnitude of the work-
function change alone cannot account for the photoswitching
efficiency, as it primarily reflects how effectively the interfacial
electrostatic perturbation influences the material’s electronic and
excitonic states [ 57 ]. Furthermore, our DOS calculations reveal
that both WSe2 and WS2 form similar hole-transfer-dominant
heterojunctions with the isomers (Figure S14 ). This confirms
that the band alignment alone cannot account for the drastically
different photoswitching behaviors [ 12, 44 ]. 

This material dependence is further supported by the orbital-
resolved DOS, which shows that the chalcogen p states in WS2 
span a broader energy range near the band edge, whereas those
in WSe2 are concentrated within a narrower window (Figure
S15 ). The broader distribution in WS2 offers fewer energetically
favorable pathways for interfacial charge rearrangement, limiting
the ability of its electron density to respond to electrostatic
changes. By contrast, the more focused p-state distribution in
WSe2 enables charge redistribution to occur more efficiently,
rendering its electronic structure more sensitive to variations in
the interfacial electrostatic environment. This behavior is consis-
tent with the reduced Bader charge variation obtained for WS2
[ 50, 58 ]. Efficient photoswitching in TMD-SP hybrids therefore
requires both substantial reorganization of interfacial electro-
statics and a host material whose electronic structure allows
effective coupling between the interfacial electrostatic field and
excitonic states [ 59 ]. In addition, highly responsive excitonic
landscape in the host is essential for translating molecular-state-
dependent charge redistribution into measurable optoelectronic
responses. 
Advanced Materials Technologies, 2026
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 Conclusion 

his work shows that WSe2 functionalized with a uniform
hotochromic molecular layer exhibits robust and reversible
hotoswitching in both optical and electrical channels, while WS2
onolayers remain unresponsive between SP and MC states. In
onolayer WSe2 , the SP state quenches PL and enhances current
low, whereas the MC state restores emission intensity and
educes conduction. These results are consistent with DFT and
ader charge analysis, which reveal that molecular isomerization
eorganizes interfacial electronic density and dipole orienta-
ion, producing distinct surface electronic environments. The
ontrasting responses of WSe2 and WS2 establish that material-
ependent modulation is a decisive factor for achieving efficient
hotoswitching in TMDs. 

he findings from this study establish a new conceptual frame-
ork for hybrid molecular-semiconductor interfaces, where pho-
oisomerization drives interfacial electron-density redistribution
hat directly links molecular configuration to local electronic
otential. Building on this concept, the design of hybrids requires
ollective control of multiple factors, including molecular dipole
trength, interfacial organization, and substrate polarizability,
hich together dictate the magnitude and reversibility of optical
nd electronic modulation. Within this framework, the molecular
rchitecture, including the alkyl tail that promotes ordered
ssembly and interfacial stability, illustrates how structural
esign can reinforce cooperative photoisomerization and ensure
eproducible switching behavior. 

Se2 -SP hybrids thus represent a promising platform for light-
rogrammable 2D interfaces, offering mechanistic insight and
ractical guidance for hybrid optoelectronics. By coupling molec-
lar reconfiguration with the excitonic and transport properties of
Se2 , this work demonstrates a viable route to control emission
nd conduction without external gating. The observed stability
nd reproducibility indicate potential applications in ultrathin
hotodetectors, optical memories, neuromorphic circuits, and
econfigurable sensing elements, where molecular states act as
ddressable units. Further integration with heterostructures or
lexible support could broaden the design space and facilitate
ew device architectures. More broadly, this study suggests that
olecular functionalization provides an effective means to tune
he electronic and optical behavior of 2D materials, pointing
oward emerging opportunities in programmable optoelectronics
t the molecular level [ 60, 61 ]. 

 Materials and Methods 

.1 Preparation of Wse2 and Ws2 

onolayer WSe2 and WS2 flakes were mechanically exfoliated
rom bulk crystals (2D Semiconductors) using the conventional
cotch tape method and transferred onto cleaned p-doped SiO2 /Si
ubstrates and ITO glass substrates (MTI KJ Group) [ 62, 63 ].
rior to exfoliation, SiO2 /Si substrates were thoroughly cleaned
y sequential ultrasonication in acetone, methanol, and deion-
zed water for 15 min each to remove organic or particulate
ontaminants [ 64 ]. After cleaning, the substrates were dried using
ompressed air and soft-baked on a hot plate at 110◦C for 5 min
dvanced Materials Technologies, 2026
to ensure complete evaporation of residual solvents. To improve
adhesion between the exfoliated flakes and the substrates, the
samples were heated on a hot plate at 50◦C after exfoliation. The
heating duration was 10 min for SiO2 /Si substrates and 30 min
for ITO substrates to enhance flake-substrate contact. After tape
removal, all samples were annealed in an argon atmosphere at
250◦C for 1 h to reduce interfacial contamination and improve
interface quality. 

5.2 Synthesis of the Spiropyran (SP) Derivative 

Experimental procedures for the synthesis and characterization
of the SP derivative are detailed in the Supporting Information. 

5.3 Molecular Functionalization of WSe2 and 

WS2 Monolayers 

Exfoliated WSe2 and WS2 flakes deposited on SiO2 /Si and ITO
substrates were immersed in a 1 m m SP solution in ethanol for
12 h at 4◦C to enable uniform surface adsorption [ 34 ]. After
incubation, excess solution was removed by blowing compressed
air, followed by soft baking at 50◦C for 30 min to enhance molec-
ular adhesion. To prevent unintentional photoisomerization, all
treated samples were stored in a dark environment prior to
optical switching. For SP to MC conversion, UV irradiation was
performed using a Spectroline TE lamp ( ∼ 2 mW/cm2 , 312 nm)
for 2 min. Reversion to the SP state was achieved by exposure
to visible light using a Xe-arc lamp equipped with a long-pass
filter ( > 530 nm) for 20 min. These wavelengths were selected
to align with the absorption range of the SP ( ∼ 312 nm) and
MC ( ∼ 600 nm) states, ensuring selective photoisomerization [ 15 ].
The light intensity during visible irradiation was approximately
8 mW/cm2 , as measured with a calibrated power meter (New-
port). The low power density was used to remain well below
the damage thresholds of monolayer TMDs, thereby minimiz-
ing potential photothermal contributions and ensuring fatigue
resistance [ 65 ]. 

5.4 Sample Characterization 

The PL measurements were conducted using a Renishaw inVia
confocal Raman microscope under ambient conditions. Mono-
layer WSe2 and WS2 flakes were identified with a CCD camera
and examined using various objective lenses (10 ×, 20 ×, 50 ×,
and 100 ×) [ 66 ]. PL spectra were collected using a 633 nm HeNe
laser for WSe2 and a 532 nm diode-pumped solid-state laser for
WS2 , with excitation wavelengths chosen to minimize overlap
with SP absorption [ 15 ]. A 100 × objective lens was used for PL
collection to achieve a tightly focused beam with a spot size
of approximately 1 µm2. Morphological and electrical properties
were examined using AFM (Bruker Dimension Icon) equipped
with SCANASYST-AIR probes for topographical imaging and
SCM-PIT-V2 Pt/Ir-coated conductive probes for C-AFM mea-
surements. Flake thicknesses were determined by height profile
analysis under tapping mode. C-AFM was employed to evaluate
local current distribution in both pristine and SP-treated samples.
A bias voltage ranging from − 2 to + 2 V was applied with a
current limit of ± 12 nA and sensitivity of 1 nA/V to avoid tip or
7 of 10
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ample damage [ 29 ]. All topographic and electrical measure-
ents were performed on SiO2 /Si and ITO substrates under
mbient conditions. 

.5 Computational Methods 

FT calculations were carried out with the projector augmented
ave method using Vienna Ab initio Simulation Package (VASP)

 67–69 ]. Electron exchange and correlation were handled with
he Perdew-Burke-Ernzerhof (PBE) functional within the gen-
ralized gradient approximation [ 70 ]. The SP/MC molecule was
ositioned on top of the TMD monolayer in a dipole-down
rientation, and a vacuum spacing of at least 15 Åwas introduced
o avoid interlayer interactions. The corresponding areal density
s 2.59 × 1013 and 2.83 × 1013 molecules/cm2 for WSe2 and
S2 , respectively. To describe the van der Waals interactions
etween the molecule and the TMDs, a dispersion correction was
ncorporated using the DFT-D2 method with Grimme [ 71 ]. A net
ipole moment correction was added in a direction perpendicular
o the monolayer. The electronic minimization was performed
ith a tolerance level of 10− 5 eV. Ionic positions were relaxed until
he Hellmann-Feynman forces were below 10 meV/Å with a 2 ×
 × 1 Γ-centered k -point mesh for the molecule-(10 × 4) TMD
ybrid systems. After the ionic relaxation, a finer k -point mesh
f 3 × 6 × 1 Γ-centered mesh was used for electronic property
alculations. 
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