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Molybdenum disulfide (MoS2) is a notable two-dimensional (2D) transition metal dichalcogenide (TMD)

with properties ideal for nanoelectronic and optoelectronic applications. With growing interest in the

material, it is critical to understand its layer-number-dependent properties and develop strategies for con-

trolling them. Here, we demonstrate a photo-modulation of MoS2 flakes and elucidate layer-number-

dependent charge transfer behaviors. We fabricated hybrid structures by functionalizing MoS2 flakes with

a uniform layer of photochromic diarylethene (DAE) molecules that can switch between closed- and

open-form isomers under UV and visible light, respectively. We discovered that the closed-form DAE

quenches the photoluminescence (PL) of monolayer MoS2 when excited at 633 nm and that the PL fully

recovers after DAE isomerization into the open-form. Similarly, the electric conductivity of monolayer

MoS2 is drastically enhanced when interacting with the closed-form isomers. In contrast, photoinduced

isomerization did not modulate the properties of the hybrids made of MoS2 bilayers and trilayers.

Density functional theory (DFT) calculations revealed that a hole transfer from monolayer MoS2 to the

closed-form isomer took place due to energy level alignments, but such interactions were

prohibited with open-form DAE. Computational results also indicated negligible charge transfer at the

hybrid interfaces with bilayer and trilayer MoS2. These findings highlight the critical role of layer-number-

dependent interactions in MoS2-DAE hybrids, offering valuable insights for the development of advanced

photoswitchable devices.

Introduction

MoS2 is a notable member of the 2D TMD family.1–3 It is con-
sidered as a promising candidate for nanoelectronics and
optoelectronics due to its intriguing properties arising from its
unique layered lattice structure.4 Its versatile characteristics
include thickness-dependent direct-indirect bandgap tran-
sitions, high carrier mobility, and strong absorption, along
with n-type semiconductive behaviors.5–8 These properties
have been exploited to demonstrate high-performance devices
including photodetectors,9 logic circuits,10 sensors,11 and field
effect transistors (FETs).12,13 Efforts to fully explore the poten-

tial of MoS2 include understanding how charge transport can
be modulated at its heterointerfaces. The typical fabrication
approach includes preparing vertical heterostructures by stack-
ing various thin 2D layers held together to form heterojunc-
tions such as p–n, n–p–n, or p–n–p junctions.14,15 These
methods involve laborious and complex procedures, often
resulting in low efficiency and risk of contamination. For
example, dry transfer methods utilize an elastomeric stamp
that involves a manual process requiring extremely high
accuracy.16,17 Additionally, wet transfer of large-area 2D
materials grown by chemical vapor deposition (CVD) methods
may involve contamination and oxidation from etchants or
cleaning processes, leading to degradation in material
quality.18

The integration of TMDs with organic molecular systems to
form 2D hybrid heterostructures has emerged as an effective
method for studying charge transport mechanisms in TMDs.19

The use of organic layers offers multiple benefits, including
simplicity, non-destructive doping, defect passivation, adapta-
bility, and environmental sensitivity.20 Photoswitchable
organic molecules like diarylethene (DAE),21 azobenzene,22

and spiropyran23,24 have been recognized as leading candi-
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dates for light-controlled charge transport at the interface
between these molecules and TMDs. When exposed to light,
photochromic molecules undergo isomerization to another
structural form. In case of DAE, isomerization between the
open and the closed isomeric forms causes shifts in their
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels. Such photo-
induced shifting can be exploited for the modulation of TMDs.
Previous studies employed DAE to form hybrid hetero-
structures for various purposes; for example, on/off photo-
switching effects to modulate monolayer MoSe2 devices25 and
few-layer WSe2 FETs.26 Similarly, attempts were made to test
photoresponsive MoS2-based FET systems using spiropyran27

and azobenzene.28 The charge transfer interaction at the
hybrid heterointerfaces depends on TMD layer numbers as
well as photochromic materials. Despite previous efforts, the
fundamental understanding of layer-number-dependent
photoswitchability in hybrid TMD heterostructures remains
elusive.

In this study, we utilized DAE molecules to investigate
photoswitchable charge transfer behaviors for various MoS2
layer numbers from monolayer (1L) to trilayer (3L). The
different layer number of MoS2 flakes leads to distinct conduc-
tion band minimum (CBM) and valence band maximum
(VBM) energies. We measured the PL emissions of MoS2 after
DAE isomerization using UV and visible light irradiation and
observed distinct behaviors from the 1L, 2L, and 3L MoS2-
DAE. Conductive atomic force microscopy (C-AFM) was also
performed to evaluate light-induced changes in current in the
1L, 2L, and 3L hybrid systems. Our observation indicates
monolayer MoS2 interacts with DAE differently than bilayer or
trilayer. To elucidate underlying mechanisms, we carried out
DFT calculations to investigate the layer-number-dependent
CBM and VBM energies of MoS2 against the LUMO and
HOMO levels of the open and the closed DAE isomers. We
identified a hole transfer mechanism that modulated the pro-
perties of 1L MoS2, but not 2L or 3L, due to the energy level
alignment. This work provides critical insights on the thick-
ness-dependent characteristics of MoS2-organic heterojunc-
tions, laying the groundwork for advanced photoswitchable
hybrid devices.

Results and discussion

Fig. 1 illustrates the hybrid structures made of DAE and MoS2
layers. DAE molecules are reversibly isomerized from the open
isomeric form to the closed isomeric form (with UV light) and
back (with visible light). We hypothesize that the accompany-
ing changes in chemical structure may imply that the two
forms interact differently with MoS2 depending on the number
of layers, as 1L to 3L MoS2 exhibit significant variations in
their optoelectronic properties.29–32 These variations affect the
mechanisms and types of charge transport behaviors. To inves-
tigate the optical properties, we prepared MoS2 flakes on SiO2/
Si substrates by mechanical exfoliation from bulk crystals. The

sorting of the MoS2 flakes into 1L to 3L layers was conducted
using an optical microscope and reconfirmed via AFM height
measurements. The samples were then annealed under Ar gas
at 250 °C for an hour. After the annealing process, DAE mole-
cules were deposited onto the MoS2 flakes, and the samples
were examined again. Fig. 2a shows a bright-field image of 1L
MoS2, with its boundary marked by dotted lines. To confirm
the thickness of the DAE layer, the height profile was
measured using AFM along the dotted line in Fig. 2b. The 1L
MoS2 has a thickness of approximately 0.8 nm, while the DAE
layer is about 2 nm thick. We examined a substantial number
of samples (see also Fig. S1†), confirming highly consistent
deposition of the organic layer with a uniform thickness.19

We measured PL to probe interfacial charge transfer beha-
viors in the MoS2-DAE hybrids using a confocal Raman micro-
scope. To explore wavelength-dependent photoswitchability,
we initially exposed the samples to visible light (using a
530 nm long-pass filter) for 10 minutes to trigger DAE isomeri-
zation to the open isomeric form. After the exposure, we
recorded the PL spectra using a 633 nm HeNe laser for exci-
tation. Note that DAE molecules exhibit minimal absorbance
at 633 nm.25 Subsequently, we irradiated the samples with UV
light (∼312 nm) for 2 minutes to switch it to the closed form
and compared the resulting PL intensities. The alternating UV-
visible light exposure was performed three times, and the
results are presented in Fig. 2d–f (also see Fig. S2†). The sharp
Raman peak at ∼650 nm indicates the fingerprint of A1g band
in MoS2, which is consistent with previous reports.33,34

Comparing the PL characteristics of 1L, 2L, and 3L MoS2, dis-
tinct patterns emerge. The 1L MoS2-DAE sample shows a dis-
tinct PL peak at approximately 660 nm, indicative of a direct
bandgap. The PL peaks of 2L and 3L hybrids shift to about 670
and 680 nm, respectively. These layer-number-dependent PL

Fig. 1 Schematic illustrating layer-number-dependent charge transfer
interactions between MoS2 and DAE. UV and visible light trigger isomeri-
zation between the closed and the open form. UV irradiation results in a
π-conjugated closed-form photoisomer, while visible light produces a
cross-conjugated open-form. The photoisomerization changes the
HOMO and LUMO levels of DAE. 1L, 2L, and 3L MoS2 can interact differ-
ently with DAE, leading to layer-number-dependent photoswitchability.
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emissions are in good agreement with the measurements in
literature.35,36 Fig. 2d shows a substantial PL quenching in 1L
MoS2-DAE after UV irradiations. The emission signals are
recovered after exposure to visible light. This behavior must be
associated with DAE’s isomeric forms since 1L MoS2 without a
DAE layer does not show any significant differences between
UV and visible irradiation (Fig. S3a†). It is attributed to photo-
induced charge transfer at the hybrid interfaces that sup-
presses excitonic recombination of electron–hole pairs in
MoS2. Three consecutive cycles of visible and UV exposure
result in consistent PL quenching and recovery, in line with
what is expected from robust photoswitching (no significant
degradation in performance due to undesired formation of
irreversible photo-products).37,38 Fig. 2e and f displays no sig-
nificant quenching effect in both 2L and 3L MoS2-DAE
samples after each cycle. The experimental results suggest that
the 1L MoS2-DAE hybrid experiences notable charge transfer
interactions, while there are no such interactions between DAE
molecules and 2L or 3L MoS2.

Next, bulk MoS2 crystals were mechanically exfoliated onto
ITO glass to investigate the hybrids using C-AFM (Fig. S4†).
The measurements were conducted by placing the samples
between the ITO and Pt–Ir probe while applying a DC bias
voltage of ±2 V. Fig. 3 and S5† present current vs. bias voltage
plots of 1L–3L MoS2-DAE hybrids after light exposure. In
Fig. 3a, 1L MoS2 with the closed-form DAE (after UV exposure)

demonstrates significantly higher current than with the open-
form isomers (after visible irradiation) at the same applied
voltage. For example, approximately 7.12 nA was measured at
0.60 V after UV irradiation compared to ∼0.07 nA after
exposure to visible light. It is thus evident that light conditions
drastically influence the hybrid, and the conductivity of 1L
MoS2 is greatly enhanced with closed-form DAE. It should be
noted that the photo-modulation is not observed from MoS2
without DAE molecules (Fig. S3b†). The two different isomeric
forms of DAE also change the threshold voltage significantly.
It decreases from ∼0.50 V (open-form) to ∼0.14 V (closed-form)
under positive potential and increases from ∼−0.60 V to
∼−0.30 V under negative potential. This could be due to either
p- or n-doping effects. Either way, the number of majority car-
riers will increase, which will accordingly improve the conduc-
tivity and promote greater current flow under a given DC bias
voltage.39

In contrast, the C-AFM results of 2L and 3L MoS2-DAE
samples in Fig. 3b and c show that there are no significant
changes in current and conductivity after UV-induced isomeri-
zation from the DAE open-form to the closed-form. The small
difference in current of 2L MoS2-DAE around 1 V DC bias
voltage may be attributed to a local electric field effect, photo-
thermal effect, or minor doping.1,40 Since only 1L hybrid
demonstrated enhanced conductivity and current flow while
2L and 3L samples did not, we performed DFT calculations to

Fig. 2 (a) Optical and (b) AFM images of 1L MoS2 indicated by dotted lines. (c) The AFM height profile shows that the thickness of the DAE layer is
approximately 2 nm, while the monolayer MoS2 has a thickness of about 0.8 nm. (d)–(f ) PL intensity of 1L, 2L, and 3L MoS2-DAE samples measured
under alternating UV-visible irradiation. A 633 nm HeNe laser was used for excitation. (d) 1L MoS2 shows a drastic PL quenching after UV irradiation.
However, the signal recovers fully under visible light. This photo-modulation is repeated three times. In contrast, no significant PL quenching is
observed from the hybrids with (e) 2L and (f ) 3L MoS2.
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elucidate potential doping mechanisms in 1L MoS2-DAE that
account for the difference.

Densities of states (DOS) were obtained from DFT calcu-
lations for the 1L, 2L, and 3L MoS2-DAE hybrids as shown in
Fig. 4 (also see Fig. S1†). The energy states of an isolated DAE
photoisomer were calculated following the methodology from
our previous work,25 setting the vacuum level to zero. DFT cal-
culations have proven to be effective determining relative
energy level alignments in 2D heterolayers.41,42 The structural
transformation of DAE between its open and closed states
leads to considerable shifts in the HOMO and LUMO levels.
The closed-form DAE exhibits HOMO and LUMO energy levels
of approximately −5.75 and −4.31 eV, respectively; around
−6.32 and −3.80 eV are obtained with the open isomeric form.
The gap between the HOMO and LUMO levels is ∼1.4 eV for

closed-form isomer and ∼2.5 eV for open DAE, resulting in a
gap change of around 1.1 eV. Thus, the energy level window
becomes narrowed after UV irradiation.

It can be observed that the VBM level of MoS2 rises drasti-
cally as the layer number increases from 1L to 3L, while the
CBM remains similar. The CBM of 1L, 2L, and 3L MoS2 are
approximately −4.33, −4.34, and −4.36 eV, respectively; the
VBM levels are about −5.91, −5.49, and −5.39 eV. Investigating
the energy differences between LUMO and CBM and between
HOMO and VBM is crucial for determining energetically favor-
able charge transfer mechanisms and identifying which
carrier will be transferred between MoS2 and DAE. Electron
transfer from MoS2 to DAE may occur if the DAE’s LUMO is
lower than the CBM of MoS2, and hole transfer will take place
if the DAE’s HOMO is higher than the VBM of MoS2.

Fig. 3 Conductive AFM measurements on photoswitched hybrid samples under UV and visible irradiation: (a) 1L MoS2-DAE, (b) 2L MoS2-DAE, and
(c) 3L MoS2-DAE. Bias DC voltage was applied from −2 V to 2 V and currents were recorded within ±12 nA. UV light enhances the current signifi-
cantly in 1L MoS2-DAE, whereas no significant changes are observed from the hybrids with 2L and 3L MoS2.

Fig. 4 DFT-calculation of density of electronic states (DOS), showing the alignment of VBM and CBM energies of 1L–3L MoS2 with the HOMO and
LUMO levels of closed- and open-form DAE under UV and visible light, respectively. The LUMO and HOMO levels of closed-form DAE are approxi-
mately −4.31 and −5.75 eV. In the open state, these values are around −3.80 and −6.32 eV, respectively. For closed-form DAE interacting with 1L
MoS2 (a), its HOMO level is higher than the MoS2 VBM by approximately 0.16 eV. However, it is lower than the VBM levels of 2L and 3L MoS2 by
about 0.26 eV (c) and 0.36 eV (e). From (b), (d), and (f ), the LUMO level is slightly higher than the CBM energies of all 1L, 2L, 3L MoS2 by approxi-
mately 0.02–0.05 eV. In contrast, the HOMO level of open-form isomer is always lower than the MoS2 VBM energies, and the LUMO is significantly
higher than the CBM of 1L, 2L, and 3L MoS2.
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For the hybrids with the closed-form DAE, the LUMO level
is slightly higher than the CBM of 1L, 2L, and 3L MoS2 by
approximately 0.02, 0.03, and 0.05 eV, respectively. Thus, there
may not be a tendency of electron transfer from MoS2 to the
closed DAE. The HOMO is higher than the VBM of 1L MoS2 by
∼0.16 eV, but it becomes lower than the VBMs of 2L and 3L
MoS2 by 0.26 eV and 0.36 eV, respectively. This suggests the
possible hole transfer to the closed DAE from 1L MoS2, but
not from 2L or 3L MoS2. This hole transfer generates the
doping effect in the 1L MoS2 flake.

In contrast, both the HOMO and LUMO levels of open-form
DAE are outside the bandgap of all MoS2 layers as shown in
Fig. 4b, d, and f. The HOMO level of the open-form isomer is
always lower than the VBM of MoS2, while its LUMO is signifi-
cantly higher than the CBM of 1L, 2L, and 3L MoS2 by about
0.53, 0.54, and 0.56 eV, respectively. Therefore, charge transfer
from MoS2 layers to the open DAE isomers is unlikely.

The energy band diagram in Fig. 5 illustrates the funda-
mental mechanisms involved in MoS2-DAE hybrids based on
DFT calculations. Since the LUMO levels of both the open and
the closed isomeric forms of DAE are higher than the CBM
levels of the MoS2 layers, electron transfer from MoS2 to DAE
cannot take place. On the other hand, the HOMO level of
closed-form DAE is higher than the VBM energy of 1L MoS2,
which may facilitate the hole transfer from the 1L MoS2 to

DAE. However, such transfer is unfavorable with 2L and 3L
MoS2. Overall, the photoswitchable hole transfer is a dominant
mechanism that quenches PL and enhances conductivity of 1L
MoS2. Furthermore, there is a strong layer-number-depen-
dence that alters the interactions between MoS2 and photo-
chromic DAE molecules.

This study is distinct and different from 1L MoSe2-DAE
system in our previous report, where the interfacial inter-
actions in the hybrid structure were dominated by electron
transfer mechanisms.25 1L MoSe2 has a VBM that is higher
than the HOMO of both open- and closed-form DAE by ∼0.97
eV and 0.40 eV, respectively. The CBM energy is approximately
0.05 eV lower than the LUMO level of open-form DAE while
∼0.46 eV higher than that of the corresponding closed isomer.
This alignment facilitated electron transfer from the CBM of
1L MoSe2 to the LUMO of closed-ring DAE while suppressing
any interaction with the open isomeric form. Another similar
study was reported which studied electron transfer in few-layer
WSe2 interfacing a different type of DAE.26 The report pre-
sented that the CBM of few-layer WSe2 (−3.5 eV) is higher than
the LUMO of the closed form of DAE (−3.7 eV) but lower than
that of the open form of DAE (−2.7 eV), resulting in electron
charge transfer. In parallel, hole transfer has been observed in
TMDs with organic layers. Huang and co-workers investigated
interfacial charge transfer between 1L WS2 and a layer of tetra-
cene molecules by using an ultrafast transient absorption
method.43 When excited with a photon energy of ∼2.1 eV
which is below tetracene’s absorption edge, a hole transfer
took place from the WS2 flake to tetracene. Building on these
studies, our current work elucidates the layer-number-depen-
dent photoswitchability in TMD-photochromic organic hybrid
systems. We show that effective photo-modulated charge trans-
fer in hybrid devices can be achieved by using DAE derivatives
with energy levels specifically aligned to 2D semiconductors.

Conclusions

In this study, we demonstrated the effective photo-modulation
of MoS2 flakes using DAE molecules. The interaction between
DAE and MoS2 varies significantly with the number of MoS2
layers, as evidenced by PL and C-AFM measurements. Notably,
monolayer MoS2-DAE displays significant PL quenching and
increased conductivity after exposure to UV light (closed-ring
isomers). DFT calculations support the observation showing
that hole transfer is favorable in 1L MoS2 when interacting
with the closed-form DAE. On the other hand, 2L and 3L MoS2
will not have any transfer interactions with DAE due to the
energy level alignment.

This work highlights the importance of precise layer control
in developing optoelectronic devices and the potential of
photoswitchable TMD devices. Our strategy may be extended
to other 2D materials by utilizing other photochromic mole-
cules (e.g., spiropyran and azobenzene) or a combination of
multiple such molecules. A detailed understanding of inter-
facial interactions between TMDs and photochromic mole-

Fig. 5 The energy diagrams of hybrid structures involving 1L to 3L
MoS2 and DAE show the alignment of MoS2’s CBM and VBM energies
against the HOMO and LUMO levels of open- and closed-form DAE. In
1L MoS2, hole transfer from MoS2 to closed-form DAE is favorable since
the HOMO is positioned higher than the CBM. In contrast, the CBM
energies of 2L and 3L MoS2 are higher than the HOMO levels of both
open and closed states, prohibiting hole transfer mechanisms.
Photoinduced electron transfer is energetically not favored in all MoS2
configurations, because the CBM energies are lower than the LUMO of
both open and closed DAE.
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cules will be required to design such systems. The photo-
switchability and layer-number-dependence could open new
possibilities for designing light-responsive nanoelectronics
and optoelectronics. The advancements will usher in a new era
of electronics, incorporating innovative functions within high-
performing 2D materials toward light-driven technologies.

Materials and methods
Preparation of MoS2

Bulk MoS2 crystals (2D Semiconductors) were mechanically
exfoliated onto cleaned p-doped SiO2/Si substrates and indium
tin oxide glass (ITO, MTI KJ Group) using the Scotch tape
method.44,45 They were subsequently heated on a hot plate at
50 °C for 10 or 30 minutes to enhance the adhesion of the
exfoliated flakes. Before deposition, the SiO2/Si substrates were
cleaned by ultrasonication in acetone, methanol, and de-
ionized water (DI) for 15 minutes each to remove any contami-
nants or impurities from the surface. The residual fluids were
blown off using compressed air, followed by soft baking on a
hot plate at 110 °C for 5 minutes to ensure complete evapor-
ation. The annealing process was conducted in a controlled Ar
gas atmosphere at 250 °C for 1 hour to ensure optimal contact
between the MoS2 flakes and the substrate, reduce surface con-
tamination, enhance the quality of the interface, and improve
the electronic properties.45–47

Synthesis of DAE molecules

To synthesize the DAE compound, we followed a synthetic
approach for the Negishi coupling reaction. This method was
based on the Knochel modification48 and subsequent refer-
ences,37 as recommended by previous reports.25,49 Briefly, we
utilized 2,4-dibromo-5-methylthiazole and 3,5-bis(trifluoro-
methyl)-1-bromobenzene as reactants.25 This approach yielded
2-(3,5-bis(trifluoromethyl)phenyl)-4-bromo-5-methylthiophene
as an intermediate product. The intermediate was converted
in situ to the corresponding boronic pinacol ester, which was
crucial for the Suzuki coupling reaction with 1,2-dichlorohexa-
fluorocyclopent-1-ene, enabling the synthesis of the targeted
DAE. The final DAE molecules were confirmed by nuclear mag-
netic resonance (NMR) measurement.25,50 They have zero
absorption at 633 nm and do not exhibit fluorescent
properties.25,51

Functionalization of MoS2 with DAE

Both SiO2/Si substrates and ITO glass with MoS2 flakes were
immersed in a DAE solution (0.02 mg mL−1 in chloroform) for
12 hours at 4 °C.26 After drying the DAE solution from the
samples with compressed air, they underwent soft baking on a
hot plate at 50 °C for 30 minutes. The photoswitching beha-
viors were studied by exposing the MoS2-DAE samples to UV
light for 2 minutes, followed by exposure to visible light for
10 minutes. UV light was emitted by a Spectroline™ TE lamp
at approximately 312 nm, while visible light was produced
from a Xe-arc lamp with a 530 nm long-pass filter.

Sample characterization

A Renishaw inVia Raman confocal microscope was used for
MoS2 flake inspection and PL measurements with 10×, 20×,
50×, and 100× objective lenses. PL emissions were recorded
using a 633 nm HeNe laser and a 100× objective lens. The
layer numbers were first identified based on characteristic
color contrasts caused by differences in transparency and
interference effects33,47 and confirmed by AFM imaging. AFM
and C-AFM were performed on both MoS2 and MoS2-DAE
samples using the Bruker Dimension Icon AFM. Topological
imaging to measure flake thickness utilized a SCANASYST-AIR
probe, while an SCM-PIT-V2 probe was employed in C-AFM
measurements. While measuring C-AFM, a current range of
±12 nA with a sensitivity of 1 nA V−1 was set, and bias voltage
ranging from −2 V to 2 V was applied to avoid potential
damage to both the probe tip and the samples.52

DFT calculation

Vienna Ab initio Simulation Package (VASP) was used for DFT cal-
culations with the projector augmented wave (PAW) method.53,54

To handle electron exchange and correlation, the Perdew–Burke–
Ernzerhof (PBE) functional55 within the generalized gradient
approximation was applied. The hybrid structures consisted of a
DAE isomer placed on top of a (5 × 5) MoS2 slab as illustrated in
Fig. S6.† A 14 Å vacuum layer was added. This setup resulted in
an areal density of 4.5 × 1013 molecules per cm2. The MoS2 bi-
and tri-layers were constructed with the AA′ type stacking order
where the Mo(S) atom in one layer is aligned over the S(Mo)
atom in the adjacent layer.56 To accurately model the van der
Waals interactions between the MoS2 layers and the DAE, a dis-
persion correction was incorporated using the DFT-D2 method
with Grimme.32 The electronic minimization was performed
with a tolerance level of 10−5 eV. Ionic positions were relaxed
until the Hellmann–Feynman forces were below 10 meV Å−1

with a 2 × 2 × 1 Γ-centered k-point mesh for the DAE-(5 × 5)
MoS2 hybrid systems. After the ionic relaxation, a finer k-point
mesh of 3 × 3 × 1 Γ-centered mesh was used for generating
precise density of states.
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