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Exciton Transfer at Heterointerfaces of MoS, Monolayers

and Fluorescent Molecular Aggregates
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Integration of distinct materials to form heterostructures enables the proposal
of new functional devices based on emergent physical phenomena beyond the
properties of the constituent materials. The optical responses and electrical
transport characteristics of heterostructures depend on the charge and
exciton transfer (CT and ET) at the interfaces, determined by the interfacial
energy level alignment. In this work, heterostructures consisting of
aggregates of fluorescent molecules (DY1) and 2D semiconductor MoS,
monolayers are fabricated. Photoluminescence spectra of DY1/MoS, show
quenching of the DY1 emission and enhancement of the MoS, emission,
indicating a strong electronic interaction between these two materials.
Nanoscopic mappings of the light-induced contact potential difference
changes rule out the CT process at the interface. Using femtosecond transient
absorption spectroscopy, the rapid interfacial ET process from DY1
aggregates to MoS, and a fourfold extension of the exciton lifetime in MoS,
are elucidated. These results suggest that the integration of 2D inorganic
semiconductors with fluorescent molecules can provide versatile approaches
to engineer the physical characteristics of materials for both fundamental
studies and novel optoelectronic device applications.

1. Introduction

Proper combination of constituent materi-
als is key to tuning the photophysical prop-
erties of semiconductor heterostructures,
which depend on exciton formation and
harvesting at the interfaces.['”] Excitons are
generated by incident photons in the con-
stituent layers and can be dissociated be-
cause of interfacial band offsets. After disso-
ciation, photogenerated electrons and holes
in type-I (II) heterojunctions move in iden-
tical (opposite) directions. Thus, sponta-
neous transfer of photogenerated excitons
under light illumination can occur from a
high bandgap layer to a low bandgap layer
in type-I heterojunctions.[?3] Such exciton
funneling leads to enhanced light emis-
sion. Type-II heterojunctions, in which the
transfer of net charge from one layer to
the other occurs, are beneficial for the col-
lection of photogenerated carriers in solar
cells.[+®]
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Transition metal dichalcogenides (TMDs) are 2D layered inor-
ganic semiconductors that have the form of MX, compounds,
in which the transition metal atom, M, is sandwiched be-
tween two chalcogen atoms, X. TMDs have attracted growing
research attention for optoelectronic device applications since
they have sizable bandgap energies (~1.2-1.8 eV) and optical
characteristics tunable by external stimuli, such as strain and
electric/magnetic fields.®2°! TMD-based heterostructures have
been fabricated similar to conventional semiconductors. Energy
band structure engineering at heterointerfaces enables control of
the electrical transport and recombination of charge carriers in
heterostructures.*13] Among numerous TMDs, MoS, has been
regarded as one of the strongest candidates for novel optoelec-
tronic device applications.[®-121417]

Conjugated organic compounds have emerged as valuable
active materials in a variety of devices, such as organic thin
film transistors, solar cells, and organic light-emitting devices
(OLEDs).[''731] Their utility benefits from the high versatility in
the design and synthesis of organic materials. For instance, re-
cent advances have been made in OLEDs by taking advantage of
the ability of molecules to accommodate transition metals or to
spatially separate frontier orbitals.[?3-28] These molecules are rou-
tinely deposited onto semiconductors and metals to form solid-
state devices. Accumulated knowledge indicates that the intrin-
sic electronic properties of organic compounds are perturbed at
interfaces with semiconductors and metals.[3*3!] Exploitation of
the full potential of molecules thus requires an understanding of
the electronic processes that occur at the heterojunction between
organic aggregates and other materials.

In organic/TMD hybrid systems, the device performance
can be improved with the help of synergistic effects of the
two materials.'”7] For example, fabrication of hybrid struc-
tures can improve the electrical transport and reliability of
OLEDs due to the high carrier mobility and chemical stability
of the TMD layers.['”] Additionally, stacking of organic layers
on TMDs is beneficial for improving the light-matter interaction
in TMDs.['*l TMDs usually form type-II band alignment, and
charge transfer (CT) rather than exciton transfer (ET) is domi-
nant at the interfaces.°] Insertion of insulating layers between
two TMD layers can suppress the interlayer CT process, and
hence, the ET process enables enhanced light emission in TMD
heterostructures.!*1%] Recent works have shown that combina-
tions of suitable materials allow fabrication of both type-I and
type-1I organic/TMD heterojunctions.['”] Qiao et al. fabricated
heterostructures consisting of MoSe, monolayers (bandgap, E,;:
1.55 eV) and pentacene (E,: 1.8 eV).I”] They reported 3.7-times-
enhanced photoluminescence (PL) intensity from MoSe, mono-
layers at the emission wavelength of ~800 nm. Park et al. fab-
ricated a hybrid structure composed of MoS, monolayers (E,:
2.11 eV) and perylenetetracarboxylic dianhydride (E,: 2.55 eV),
which exhibited a twofold-enhanced visible-light PLyield of MoS,
monolayer.’] Since many visible-light-fluorescent organic ma-
terials are available,!?22) efforts to find materials for type-1 or-
ganic/TMD heterojunctions and their careful characterizations
should deserve considerable attention for both fundamental sci-
ence and device applications. Also, systematic investigations
to study interfacial excitonic behaviors in such hybrid systems
should be established.
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We envisioned that understanding the ET and CT processes
in heterostructures consisting of fluorescent organic materials
and TMDs would provide novel insights into the construction of
future devices involving organic/TMD heterostructures. DY1, a
blue-fluorescent molecule recently developed in our group, ex-
hibits excellent photochemical and electrochemical stabilities.?]
DY1 is based on a planar pyrazinoquinoxaline core; the planar
structure enables the formation of self-assemblies of DY1. The
highly symmetrical molecular structure is anticipated to facili-
tate the formation of molecular films of DY1 on flat substrates.
The propensity for intermolecular packing and lateral layering
would provide a valuable opportunity to investigate the behavior
of molecular excitons at heterojunctions. In this work, we pre-
pared fluorescent molecular aggregates of DY1 on MoS, mono-
layer flakes to form hybrid heterostructures. Steady-state photo-
physical measurements were carried out to investigate the in-
terfacial excitonic processes at the DY1/MoS, interface. Light-
induced contact potential difference (CPD) changes were studied
to examine the photoinduced modifications of the surface charge
distribution at the heterointerface. Furthermore, femtosecond
transient absorption techniques were employed to study the dy-
namics of the photogenerated excitons at the heterojunction

2. Results and Discussion

Figure 1a shows the chemical structure of the DY1 molecule®?!
and a schematic diagram of a DY1/MoS, heterostructure on a
quartz substrate. MoS, monolayer flakes were grown on quartz
substrates by chemical vapor deposition (CVD) (Figure S1, Sup-
porting Information),!’®] and then, DY1 layers were thermally
evaporated on top of MoS, /quartz.[*?] A top-view scanning elec-
tron microscopy (SEM) image (Figure 1b) shows that flat films
and sparsely spaced aggregates of DY1 are found on the quartz
substrate. The thickness of the flat DY1 films was estimated to
be 40 nm by a surface profilometer. In sharp contrast, the DY1
molecules preferentially form aggregates on top of the MoS,
flakes. The height of the DY1 aggregates, measured by atomic
force microscopy (AFM), is as high as several tens of nm (Figure
S2, Supporting Information). The density of the DY1 aggregates
on the MoS, flakes is much higher than that on the bare quartz
surface. The preferential aggregation on the Mo$S, surface can be
attributed to the strong z-7 interaction among vertically aligned
DY1 molecules on the low-surface-energy MoS, flake.[?32] The
DY1 layers on the quartz substrate with and without aggregates
are denoted “DY1(A)” and DY1(F)’. The DY1-coated MoS, flake
is called “DY1/MoS,,” which contains high-density DY1 aggre-
gates.

Figure 1c shows a wide-field PL image of DY1/MoS, /quartz
obtained using a bright-field optical microscope (LV100,
Nikon).?*] A white LED source (SOLIS-3C, Thorlabs) with a
550-nm short-pass filter was used as an excitation source, and
the emission image was taken by a color camera (DS-Fi3, Nikon)
with a 600-nm long-pass filter. The PL intensity of DY1(F) is
weaker than that of DY1(A) due to the aforementioned difference
in thickness. In the case of DY1/MoS,, the PL intensity near the
MoS, flake edge is much stronger than that in the other regions.
As shown in the SEM and AFM images (Figure 1b and Figure
S2, Supporting Information), the density of the DY1 aggregates
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Figure 1. a) Chemical structure of a single DY1 molecule, and cross-sectional schematic diagram of DY1/MoS,/quartz with DY1(A), DY1(F), and
DY1/MoS, regions. b) Top-view SEM image and c) wide-field PL image of DY1/MoS,/quartz. A white LED source with a short-pass filter (4 < 550 nm)
and a camera with a long-pass filter (4 > 600 nm) were used for PL imaging. d) Micro-PL spectra of DY1/MoS,/quartz and pristine MoS, flakes on a

quartz substrate obtained at an excitation wavelength (4.,) of 532 nm.

is similar at the edge and in the central region of DY1/MoS,.
Thus, the PL results indicate that the atomically thin MoS,
flakes are capable of quenching the PL of the much thicker DY1
aggregates on them.

Figure 1d shows the micro-PL spectra of DY1(A), DY1(F), and
DY1/MoS, regions in DY1/MoS,/quartz and MoS, flakes on
quartz substrates obtained with an excitation wavelength (4.,) of
532 nm (2.33 eV). The beam diameter of the excitation laser light
was ~1 um, which was small enough to collect the spectra from
selected regions: DY1(A), DY1(F), and DY1/MoS,. The PL spec-
trum of DY1(A) exhibits significantly distinct features compared
with that of DY1/MoS,. DY1(A) and DY1(F) exhibit very broad
emission. The PL intensity of the former is higher than that of
the latter due to the aforementioned difference in their thickness.
DY1/MoS, and the pristine MoS, flakes show strong emission
peaks at a wavelength (4) of 670 nm, which are attributed to the
A exciton resonance of the MoS, monolayers (bandgap energy:
1.8 eV).[1619] The PL intensity of DY1/MoS, at an emission wave-
length (4,,,) of 570 nm, where a broad peak appears for DY1(A),
is only 20% of that of DY1(A), which reveals that the atomically
thin MoS, monolayers can drastically suppress the light emission
from the DY1 aggregates. In sharp contrast, the MoS, excitonic
resonance peak at 4., = 670 nm of DY1/MoS, is 1.7 times larger
than that of the pristine MoS, flake, even though the DY1 layer
on the MoS, flake reflects and absorbs part of the incident excita-
tion light. The differential reflectance measurements show that
the emission spectrum of DY1 overlaps with the absorption spec-
trum of MoS, (Figure S3, Supporting Information). Therefore,
the enhanced emission from MoS, and the suppressed emis-
sion from DY1 are likely due to electronic interactions across the
DY1/MoS, heterojunction.

Figure 2a shows the confocal PL scanning image taken at a
Aem Of 494 nm of DY1/MoS, /quartz obtained at a A,, of 405 nm
(3.06 eV) using a confocal laser scanning microscope (CLSM).
The laser beam was focused on the sample surface and the emis-
sion spectra at specific pixels in the CLSM image were recon-
structed from the PL intensity recorded at each channel of a 32-
channel detector. Typical PL spectra of the distinct sample re-
gions are shown in Figure 2b. As discussed above, the emis-
sion from the MoS, monolayers is too weak to be observed at
a A, of 405 nm,['® and hence, the exciton emission from the
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MoS, monolayer is hardly seen in Figure 2a,b. Substantial PL
quenching is found for DY1/MoS, relative to DY1(A). This re-
sult is qualitatively consistent with the PL spectra obtained under
a Ao, of 532 nm (Figure 1d). The PL intensities of the major (A,
= 500 nm) and minor (4, = 570 nm) emissions of DY1/MoS,
remain at only 70% and 40% of those of DY1(A), respectively.
The greater decrease in the major peak can be attributed to the
conformeric heterogeneity or the incomplete aggregate forma-
tion of DY1 molecules.[*”) The CSLM image in Figure 2a shows
the spatial distribution of the emission intensity from DY1 since
the .., of 494 nm is very close to the major emission peak of DY1
(Figure 2b). The emission from DY1 near the edge of the MoS,
flake is much stronger than that in the middle of the flake, which
clearly reveals the suppression of the light emission from DY1
at the DY1/MoS, interface. The MoS,-induced spectral modifi-
cation can be clearly shown in the normalized PL spectra (Figure
S4, Supporting Information): the PL spectrum of DY1/MoS, near
the edge of the flake is similar to that of DY1(A). All these results
indicate a notable interaction at the MoS,/DY1 interface.

To study the decay characteristics of the DY1 emission, fluo-
rescence lifetime imaging microscopy (FLIM) measurements of
DY1/MoS,/quartz were performed using scanning confocal mi-
croscopy and a picosecond 405-nm-wavelength laser, as shown
in Figure 2c¢,d. The PL lifetime was recorded for each pixel in
a FLIM image (Figure S5, Supporting Information), and the de-
cay curve was obtained for each region in DY1/MoS, /quartz (Fig-
ure 2¢). The emission intensity of the MoS, monolayer ata A, of
~500 nm (4, of 405 nm) is negligibly small, which enables esti-
mation of the intensity-weighted average lifetime, (), ofthe DY1
emission. As shown in Figure 2d, the (z) of DY1/MoS, (4.2 ns)
is longer than those of DY1(A) (2.5 ns) and DY1(F) (1.7 ns) (Table
S1, Supporting Information). The extended (z) of DY1/MoS, is
presumably due to the kinetic avoidance of biexcitonic annihila-
tion of DY1 aggregates through the transfer of DY1 excitons to
MosS,.1335]

For CPD measurements, MoS, monolayers were transferred
onto a DY1/quartz sample, as illustrated in the schematic dia-
gram in Figure 3a, and the detailed sample preparation proce-
dures are described in the Experimental Section. Considering the
thicknesses of DY1(F) and DY1(A), the distance between the top
surface of DY1(A) and the underlying MoS, flake can be as large
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Figure 2. a) Confocal PL scanning image and b) PL spectra of DY1/MoS, /quartz at a A, of 405 nm. The PL image was taken at an emission wavelength
(Aem) of 494 nm. The PL spectra were obtained from the regions in a. c) PL lifetime decay curves obtained from a FLIM image taken at a A,, of 405 nm
and a 4, of 500 + 20 nm. Symbols and solid lines correspond to raw data and least-square fits, respectively. d) Intensity-weighted average lifetimes,

<>, of DY1(F), DY1(A), and DY1/MosS,.
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Figure 3. a) AFM topographic image and cross-sectional schematic diagram of MoS, flakes transferred onto a quartz substrate with evaporated DY1.
b) Maps and histograms of [CPD — (CPDjy,s,)] in the dark and under light illumination (4., = 405 nm and power density = 8 mW cm~2). (CPDy,s7)
is the average CPD value measured on the MoS, flake. All the AFM and CPD images have an area of 2 x 1 um?.

as 100 nm in DY1/MoS,. Even though light-induced CT occurs at
the interface, the resulting CPD change at the DY1/MoS, surface
could be too small to be measured due to the electric field screen-
ing. An AFM image near the edge of a MoS, flake on a DY1 sur-
face is shown in Figure 3a. The peak-to-valley height difference in
the AFM image is less than 10 nm, and bumps at the surface are
small-sized aggregates of DY1 molecules. The scanned region in
Figure 3a does not have aggregates with a height of several tens
of nm, and hence, this region is indicated as DY1(F). The flat

Adv. Sci. 2022, 9, 2201875

surface of DY1(F) enables reliable light-induced CPD measure-
ments at the MoS, surface without serious concerns about the
topographic artifacts. The CPD maps and histograms obtained
from the region in Figure 3a in the dark and under 405-nm light
illumination are shown in Figure 3b. The 405-nm light source
was aligned to illuminate the sample area under the Kelvin probe
force microscopy (KPFM) tip with an incident angle of ~60° to
avoid blocking of the incident light by the cantilever (Figure S6,
Supporting Information). The measured CPD indicates the local
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Figure 4. a) Spectrally and temporally resolved TA maps of pristine MoS, (top) and DY1/MoS, (bottom) obtained at a pump wavelength of 450 nm.
b) TA spectra of MoS, and DY1/MoS, at a 1 ps time delay. c) lllustration of the photophysical processes in MoS, and DY1/MoS,. d) Normalized TA

kinetics of MoS, and DY1/MoS, probed at 670 and 660 nm, respectively.

electric potential of the sample surface.[3*3¢ Thus, the CPD mea-
surements enable nanoscale mapping of light-induced changes
in the surface potential and charge distributions. The polarity
and magnitude of the light-induced CPD changes can reveal the
types and amount of transferred charges.?**%! The results in Fig-
ure 3b show that the average CPD at DY1 is larger than that at
MoS, in the dark. This relative CPD difference between MoS,
and DY1 (50 mV) is almost invariant under light illumination.
This suggests that charging by exciton scission does not occur at
the DY1/MoS, heterointerface. Consequently, there is no signa-
ture of light-induced CT at the DY1/MoS, interface.

To further clarify the electronic interaction at the DY1/MoS,
heterojunction, femtosecond transient absorption (TA) spec-
troscopy was performed at a pump wavelength of 450 nm
(2.76 eV) and an excitation fluence of ~30 pJ cm™2. As written
above, DY1/MoS, indicates the DY1-coated MoS, flake, contain-
ing high-density DY1 aggregates (see Figure la,b). The TA sig-
nal reflects the density of photoexcited carriers. Spectrally and
temporally resolved maps of TA changes (AA) were obtained
from pristine MoS, and DY1/MoS, (Figure 4a). The TA map of
DY1/MoS, clearly shows two negative absorptions (photobleach-
ing, PB) peaks of the B exciton at 610 nm and the A exciton at
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660 nm. In pristine MoS,, the PB peak of the B exciton is ob-
served at 610 nm, but the PB peak of the A exciton is mixed with
the broadband of positive absorption (photoinduced absorption).
This can be attributed to the excitonic transitions via band filling.
The position of each peak in the TA map is similar to that in the
PL spectra (Figure 1d). In following discussions, we do not con-
sider ET from the triplet state of DY1 to MoS,, since such transfer
is impossible due to the spin-conservation nature.

Figure 4b shows the TA spectra of MoS, and DY1/MoS, at
an ~1 ps time delay. In DY1/MoS,, the two exciton peaks are
narrower, and their intensity is significantly increased. Moreover,
the A exciton peak of DY1/MoS, exhibits a blueshift of 20 meV
compared to that of pristine MoS,, as marked by the blue arrow
in Figure 4b, which indicates an increase in neutral excitons in
MoS,.*”] With 2.76 eV (450 nm) of the excitation photon energy,
free carriers can be generated in MoS,. The free carriers in MoS,
form neutral excitons (A°) and trions (A7), of which TA signals
are located near the energy around 1.9 eV (650 nm) and below,
respectively. The TA spectrum of pristine MoS, (Figure 4Db)
shows that the broader photoinduced absorption (PIA) from A~
is dominant compared to the narrower PB signal from A°. If CT
dominantly occurs at the interface of DY1/MoS,, the charged

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Fitting parameters for kinetic curves of A excitons of pristine MoS,
and DY1/MoS, in Figure 4d. A, and t; denote the fractional amplitude and
decay constant, respectively.

A exciton
MoS, Tise = 0.9 ps Thst = 3.9 P Tgow = 30 ps
Afast =73% As\ow =27%
DY1/MosS, Tise = 0.4 ps 7, =0.5ps 7, =18 ps 73 =152ps
A =48% A, =25% A; =27%

carriers will induce the large A~ signal instead of the A° signal.
However, a distinct PB signal for A® and a relatively small portion
of PIA signal for A~ have been observed in the TA spectrum of
our DY1/MoS, (Figure 4b). All these results support ET from
DY1 to MoS,.

In order to further confirm our claim, we studied the power
dependence of the TA spectra of pristine MoS,. If light-induced
CT occurs at the DY1/MoS, interface, the illumination should in-
crease the number of free carriers in MoS,. In the case of pristine
MoS,, the PIA signal corresponding to the A~ contribution will
become broader and stronger while increasing the pump power,
as expected (Figure S7, Supporting Information). However, the
TA spectrum of DY1/MoS, does not exhibit such features (Fig-
ure 4b). This is another evidence of the dominant ET process
from DY1 to MoS,.

In our earlier work, we carried out scanning tunneling spec-
troscopy studies, of evaporated DY1 molecules.l*”] Scanning tun-
neling microscopy characterizations directly visualize the elec-
tronic states of molecules with an atomic-scale spatial resolu-
tion. The tunneling conductance spectra suggested that the low-
est unoccupied (highest occupied) molecular orbital level of the
evaporated DY1 molecules can be higher (lower) than the con-
duction (valence) band edge of the MoS, monolayers.*?l Thus, a
type-I heterojunction is supposed to be formed at the DY1/MoS,
interface, as illustrated in Figure 4c. Under such energy level
alignment, both electrons and holes (i.e., charge-neutral excitons)
can transfer from DY1 to MoS, under light illumination, which
agrees with the CPD results (Figure 3b). As a result, the radiative
recombination in MoS, can be enhanced, as observed in the PL
data (Figure 1d). These findings also suggest that the aforemen-
tioned band filling occurs through the ET process from DY1 to
MoS,.

Figure 4d shows a clear distinction in the TA kinetics of pris-
tine MoS, and DY1/MoS, at 670 and 660 nm (the A exciton po-
sitions). Immediately after light illumination, the density of A
excitons in MoS, exhibits a more rapid increase for DY1/MoS,
than for pristine MoS,. A excitons are generally formed after the
generation of B excitons via hole cooling in monolayer MoS,.[*®]
In DY1/MoS,, as described above, the energy is directly trans-
ferred from DY1 to MoS, in the form of excitons. The trans-
ferred excitons instantaneously occupy excitonic states in MoS,.
Consequently, the rise time of the A exciton peak for DY1/MoS,
(~0.4 ps) is smaller than that for pristine MoS,, confirming the
excitonic ET process across the interface (Table 1).

The decay kinetics for pristine MoS, and DY1/MoS, are fit-
ted with double and triple exponential decay functions, respec-
tively (solid red lines in Figure 4d), as listed in Table 1. For pris-
tine MoS,, the extracted decay time constants of 7, ~ 3.9 ps
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and 7y, ~ 30 ps are in good agreement with the reported data
in the literature.?>* Specifically, ~73% of the excited popula-
tion decays with the fast component (z,,), which originates from
charge trapping mostly by hole trap states.[*>*3] The slow compo-
nent (zrg,,), contributing 27% of the decay, corresponds to the
radiative recombination time of excitons because the position of
the steady-state PL emission peak well matches the position of the
A exciton peak in the TA spectrum (Figure 4b).[***] An approxi-
mately fourfold extended lifetime is observed for the A exciton of
MoS, in DY1/MoS, compared to that in pristine MoS,, which is
additional evidence of the ET process. The slower component (z,
~ 152 ps), which contributes 27% of the decay, can be explained
by radiative recombination.[*"] At elevated densities of the A exci-
ton via ET from DY1 to MoS,, a strong interaction between carri-
ers leads to rapid depopulation of the A exciton (7, ~ 0.5 ps).l*!
This faster component, contributing 48% of the decay, can be at-
tributed to the fast Auger scattering. Nonradiative relaxation via
electron-phonon and slow Auger processes are consistent with
the component of 7, ~ 18 ps (25%).1404¢]

3. Conclusion

This work successfully demonstrates the transfer of photogen-
erated excitons from fluorescent DY1 molecules to 2D semi-
conducting MoS, monolayers. The hybrid heterostructures were
fabricated by evaporating DY1 aggregates on CVD-grown MoS,
flakes on quartz substrates. The PL intensity from the DY1 ag-
gregates on the MoS, monolayers was only 20% of that from the
DY1 aggregates on the quartz substrate under 532-nm light illu-
mination. Sub-nm-thick MoS, flakes drastically suppressed the
light emission from the DY1 aggregates with thicknesses of sev-
eral tens of nm. In contrast, the MoS, flakes with evaporated DY1
exhibited 1.7-fold enhanced PL emission compared to pristine
MosS, flakes. The negligible light-induced CPD changes at the
DY1/MoS, interface ruled out the interlayer CT process and in-
dicated the formation of a type-I heterojunction. Femtosecond
TA investigations enabled a detailed understanding of the kinet-
ics of the photogenerated excitons in the DY1/MoS, heterostruc-
tures. The TA spectra showed a rapid increase in the exciton
density and a fourfold extension of the exciton lifetime in the
MoS, monolayers. All these results suggested transfer of charge-
neutral excitons from the higher bandgap DY1 aggregates to the
lower bandgap MoS, flakes. This knowledge will be instrumen-
tal in the design of high-performance organic/inorganic hybrid
devices. Specifically, our results suggest that integration of fluo-
rescent organic materials and TMDs will provide a new strategy
to explore emergent physical phenomena and propose novel op-
toelectronic devices.

4. Experimental Section

Sample Fabrication: DY1/MoS,/quartz samples were fabricated and
used for most of the optical characterizations in this work. The synthesis
of DY1 was previously reported.’?] MoS, flakes were grown on quartz
substrates by the CVD technique. A bubbler containing ammonium
sulfide solution was used as the sulfur precursor.™® DY1 fluorescent
molecules were deposited on MoS,/quartz using a thermal evaporator
(base pressure: 10° mbar) following a prior report.[*2] For CPD measure-
ments, MoS, /DY 1/quartz samples were prepared. The CVD-grown MoS,
monolayers on SiO,/Si were transferred onto quartz substrates with
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evaporated DY1 by polymer-based capillary-force-assisted stamp
transfer.[*’l Only water was used to separate the MoS, flakes from
the quartz substrates since the organic molecules of DY1 could be
dissolved in organic solvents.

KPFM Measurements: The surface topography and CPD maps were
obtained by an AFM system (XE-100, Park Systems) with a glove box. All
the measurements were carried out in a N, atmosphere to avoid artifacts
caused by ambient gas adsorption. Pt/Ir-coated Si cantilevers were used
as the tip, and the work function was calibrated against a highly ordered
pyrolytic graphite reference sample. The dark states were characterized
after storing the sample for more than 3 h in a light-blocked glove box. A
laser diode (wavelength: 405 nm, power density: 8 mW cm™2) was used
as a light source to measure the illumination-induced CPD changes.

PL Measurements: Micro-PL spectra under 532-nm-excitation were
measured by a multifunctional optical microscopy system using a 532-
nm laser with a power of 5 W and an acquisition time of 1's (NT-MDT,
NTEGRA Spectra PNL). Under 405-nm-excitation, confocal PL scanning
images were obtained using a multiphoton CLSM (LSM780 NLO, Zeiss)
and PL spectra at specific pixels in the image were acquired with a 32-
channel spectral detector. The time-resolved PL decay time was measured
using an inverted-type scanning confocal microscope (SP8 FALCON, Le-
ica Microsystems) with a 20x objective lens (beam diameter: ~660 nm),
a picosecond 405-nm laser source, and a hybrid photon detector. FLIM
images, consisting of 512 x 512 pixels, were recorded using a galvo-stage
and the time-correlated single-photon counting technique. All data manip-
ulations for the obtained fluorescence decays were performed using Leica
suite software (LAS X Ver. 3.5.2).

TA Measurements: For TA spectroscopy, the fundamental light from
a 1-kHz Ti:sapphire amplifier with a 790 nm center wavelength (Legend
Elite, Coherent) was divided into two beams. One was sent to an opti-
cal parametric amplifier (TOPAS Prime, Light Conversion) to generate a
pump beam with a certain wavelength. The pump wavelength for photo-
carrier excitation was tuned to 450 nm, with an energy per pulse of 0.1
n) pulse™! and a pulse duration of ~30 fs. The other beam was focused
onto a nonlinear crystal to generate a broadband white light continuum in
the visible range as a probe beam, which was used to detect changes in
absorption as a function of the time delay between the pump and probe
pulses. TA data were acquired using a confocal TA microscope system with
a spatial resolution of ~2 um (HELIOS, Ultrafast Systems).
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