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ABSTRACT: Tuning the optoelectronic properties of monolayer
MoS2 (1L-MoS2) is highly desired for optoelectronic applications.
Gaining profound insights into the fundamental mechanisms that
govern optoelectronic properties is of utmost significance. Here, we
demonstrate that the photoluminescence (PL) of 1L-MoS2 can be
modulated by photochemically functionalized graphene (F-G),
which is covalently modified by oligophenyl groups. More
importantly, the layer stacking sequence of F-G and 1L-MoS2
brings different interface structures, resulting in a significant
difference in the PL enhancement. MoS2 supported by F-G (F-G/
MoS2) has a 5-fold PL enhancement, while it only shows a 1.8-fold
PL enhancement if stacked underneath F-G (MoS2/F-G).
Accordingly, the results indicate that the oligophenyl groups in
F-G/MoS2 not only have a p-doping effect on MoS2 but also largely prevent electron donation from the graphene basal plane with an
enlarged interlayer distance of 8 nm. Consequently, the PL enhancement is lost with the thermal defunctionalization of F-G. Thus,
we conclude that the functional groups can be considered as separate molecular components with the vertical arrangement in the
functionalized heterostructure system. The photoactive graphene acts as a template for perpendicular molecular alignment in the
heterointerface construction. The F-G/MoS2 heterostructures bring new perspectives to the design and investigation of
optoelectronic devices.

Two-dimensional transition-metal dichalcogenides (2DTMDs)
monolayers have attracted massive research attention over the
past decade due to their unique electronic, optical, and
mechanical properties, which remarkably differ from the
properties of their respective bulk materials.1−3 As a
prototypical 2DTMD, monolayer molybdenum disulfide (1L-
MoS2) transforms from an indirect band gap (1.2 eV)
semiconductor in its bulk form to a direct band gap (1.8
eV) semiconductor, owing to which photoluminescence (PL)
emerges in 1L-MoS2 with sensitive photo response.

4,5 Optically
generated electron−hole pairs in 1L-MoS2 form stable
excitonic states due to large Coulomb interactions in
atomically thin layers.6 Many-body bound states, such as
charged exciton (trion), can be formed through the interplay
between an exciton and a charge carrier by tuning the electron
densities in 1L-MoS2, thereby enabling variable PL properties
to meet different optoelectronic applications, such as photo-
detectors, photovoltaics, sensors, and light emitters.7 Various
approaches, including electrical gating,8 chemical doping,6

defect engineering,9 covalent functionalization,10,11 and plasma
treatment,12 have been employed to realize the PL enhance-
ment or quenching of 1L-MoS2. Nevertheless, these
approaches either require complicated methods, are sensitive
to chemical contamination, or cause structural damage to the
structure.9

Stacking of 1L-MoS2 with different 2D materials, such as
graphene, hBN, or other TMDs by van der Waals forces, also
makes the excitonic states of MoS2 adjustable through
quantum coupling.13,14 Among which, graphene is a semimetal
composed of sp2-hybridized carbon atoms in a honeycomb
lattice array, exhibiting outstanding properties such as high
carrier mobility up to 105 cm2 V−1 s−1 at room temperature,
quantum electronic transport, high optical transparency
(∼97.7%), and large tunability of the Fermi level.15−17 These
superiorities make it an ideal heterogeneous layer to change
the excitonic states in MoS2 via interlayer charge transfer. It is
reported that the PL of 1L-MoS2 becomes quenched when
stacked with pristine graphene.18,19 Due to the Schottky barrier
at the interface, the photogenerated holes are injected from the
valence band of MoS2 to graphene, while the photogenerated
electrons in the conductance band of MoS2 are not allowed to
diffuse to graphene.19,20 Derivatives of graphene, such as
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graphene oxides (GO),21 oxo-functionalized graphene (oxo-
G),22 reduced oxo-functionalized graphene (r-oxo-G),22 and
porous graphene,23 have been used to enhance the PL intensity
of 1L-MoS2. Owing to the rich electron-withdrawing groups in
GO and oxo-G, such as hydroxyl, epoxy, and organosulfates, or

the defective sites in r-oxo-G and porous graphene, a p-doping
effect with a PL enhancement of the neutral exciton is
observed in 1L-MoS2.

21−23 In addition to the noncovalent
heterostructures, Chen et al. fabricate a covalently linked
MoS2/graphene heterostructure generating PL changes in 1L-

Scheme 1. Schematic Illustration of the Laser-Induced Functionalization Process for Fabricating hBN/(non-)F-G/MoS2
Heterostructure

Figure 1. (a) Optical microscopy images of the hBN/G heterostructure. (b) Laser-exposed area on hBN/G/BPO as marked in the red box. (c) ID/
IG Raman mapping of hBN/G after functionalization. (d) Average Raman spectra of pristine hBN/G, hBN/non-F-G, and hBN/F-G. hBN/(non-
)F-G/MoS2 heterostructure. (e) Optical microscopy image, insert of (e) schematic structure of hBN/F-G/MoS2, (f) MoS2 Raman intensity
mapping, (g) MoS2 Raman spectra, (h) MoS2 PL intensity mapping, and (i) PL spectra.
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MoS2.
11 First, a 4-bromophenyl functionalized MoS2 layer is

prepared on a Si/SiO2 substrate by reacting the generated
negatively charged MoS2 with 4-bromobenzenediazonium
tetrafluoroborate. Subsequently, a graphene layer is transferred
on top. Through the laser-triggered free radical reaction of 4-
bromophenyl groups, the overlaying graphene is covalently
attached from underneath to functionalized MoS2. However,
the covalent heterostructure shows remarkable PL quenching,
which is due to the efficient charge transfer at the covalently
bonded interface. Structures like those require complex
preparation processes, and the PL changes are considered as
a result of charge transfer. However, 2D materials are not only
sensitive to charge-transfer doping but also susceptible to
interlayer interactions as they are atomically thin.24 Interlayer
van der Waals interactions and interlayer distance are very
important factors but are rarely considered in studying the PL
of graphene/MoS2 heterostructures (G/MoS2).
Herein, we report on the effect of functional groups

interacting with MoS2 in the perpendicular orientation. PL
modulation of 1L-MoS2 is realized via the monotopic covalent
photochemical functionalization of graphene in G/MoS2
heterostructures. Through Raman, PL, dual scanning near-
field optical microscopy (dual s-SNOM), and Kelvin probe
force microscopy (KPFM), we identify the boundaries and the
distinct characteristics of the selectively functionalized regions
and the pristine regions on the heterostructures. In G/MoS2,
the functionalized area of graphene (F-G/MoS2) exhibits a 5-
fold enhancement in the PL intensity of MoS2 compared to the
nonfunctionalized area of graphene. Furthermore, the reverse
stacked MoS2/F-G heterostructure is fabricated by in situ
functionalizing MoS2/G/benzoyl peroxide (BPO) through
photochemical reaction and only shows a 1.8-fold PL increase
compared to pristine G/MoS2. This observation demonstrates
the role of monotopic functionalization in differentiating
surfaces of 2D materials. We conclude on the flexible role of F-
G in the PL modulation of 1L-MoS2.

■ RESULTS AND DISCUSSION
Fabrication and Characterization of the hBN/(non-)F-

G/MoS2 Heterostructure. To keep the explanation of
heterostructures concise, herein, we define the vertical stacking
order of the heterojunction layers as (substrate/)bottom layer/
upper layer. As shown schematically in Scheme 1a and Figure
1a, few-layer hBN with a thickness of 6 nm (Figure S1) was
exfoliated and transferred to a Si/SiO2 (300 nm) wafer
substrate. Then, a monolayer of graphene exfoliated from
HOPG was transferred to the hBN flake (hBN/G). The hBN/
G structure was subsequently annealed in vacuum at 150 °C
for 2 h to remove water and organic residues originating from
the transfer process.25 The utilization of the hBN layer is to
stabilize the flat structure of the graphene flake during repeated
solution treatments because hBN has a superior flatness
compared to Si/SiO2.

26 Then, a thin film of BPO was formed
by dip-coating hBN/G to yield hBN/G/BPO (Scheme 1b).
The photochemical functionalization of graphene was carried
out by a 532 nm Raman laser treatment at a power of 1 mW.
Under laser irradiation, the BPO decomposes to phenyl
radicals and CO2 by accepting a hot electron from photo-
excited graphene. The phenyl radicals subsequently attack the
basal plane of graphene (Scheme 1c).27 Following the
establishment of phenyl-functional sites on the basal plane,
the phenyl radicals are likely to attack the bound phenyl
groups, resulting in the formation of polymerized dendritic

structures (Scheme 1d).27−29 To exclude any damaging effect
from the laser energy input or in combination with solvent
residues, we conducted reference experiments for pristine
graphene and graphene treated with acetone. Therefore, the
reference structures were treated for accumulated laser
irradiation times from 1 to 300 s. According to the Raman
spectra of nondefective graphene displayed in Figure S2, the
graphene is stable under the used laser irradiation conditions
and acetone treatment. For hBN/G/BPO, we find that the
degree of functionalization of graphene is radiation time-
dependent. Accordingly, with accumulated laser acquisition
time from 1 to 50 s, the maximum functionalization density
was indicated by the Raman spectra (Figure S3). Thus, for
further experiments, we used 50 s irradiation time for the
monotopic functionalization of hBN/G. By using the mapping
function of the scanning Raman instrument, regioselective laser
irradiation can be performed to illuminate only half of the
graphene sheet, as marked by the green area in Scheme 1c and
the red box in Figure 1b. After laser-induced functionalization,
the residual BPO film was washed with acetone (Scheme 1e).
The readout process of Raman spectra of the as-functionalized
hBN/G was accomplished at a lower laser power of 0.5 mW
and 1 s irradiation time. As can be seen in the ID/IG Raman
intensity mapping in Figure 1c, the illuminated region can be
clearly distinguished as a result of functionalization (F-G),
unlike the rest of the graphene flake (non-F-G). The average
Raman spectra of pristine hBN/G before functionalization,
hBN/F-G, and hBN/non-F-G are depicted in Figure 1d,
respectively. There are two dominant peaks in the Raman
spectra of pristine hBN/G and hBN/non-F-G: G-band (at
1580 cm−1) and 2D-band (at 2680 cm−1). The absence of a D-
band (at 1340 cm−1) indicates the defect-free graphene in
hBN/G and hBN/non-F-G. For F-G, the D and D′ peaks
appear in the Raman spectra. A uniform functionalization with
an average ID/IG of 2.2 is indicated, representing that the
functionalization degree is around 1%.30

After functionalization of hBN/G, mechanically exfoliated
1L-MoS2 was directly transferred on top of the hBN/G to form
the areas of hBN/F-G/MoS2 and hBN/non-F-G/MoS2
(Scheme 1f and Figure 1e). Afterward, hBN/(non-)F-G/
MoS2 was annealed in vacuum at 200 °C for 2 h to enhance
the interlayer contact since low-weight molecular contaminants
are known to be eliminated from the interior.31 As shown in
Figure 1f, the Raman intensity of MoS2 on hBN/(non-)F-G is
uniform, although the MoS2 Raman signal on hBN (hBN/
MoS2), as marked in region I, is slightly increased owing to the
electric neutral characteristic of hBN.32 The Raman spectra of
heterojunction areas display the typical vibration modes of 1L-
MoS2 and 1L-graphene, which indicates the effective formation
of the heterostructure (Figure S4). The magnified Raman
spectra of MoS2 in the range of 300−500 cm−1 are shown in
Figure 1g. Two peaks, the in-plane E2g1 (385.4 cm−1) and the
out-of-plane A1g (404.1 cm−1) appear in the Raman spectrum
of the hBN/MoS2 layer. The frequency difference between E2g1
and A1g is 18.7 cm−1, confirming the monolayer characteristic
of the MoS2 flake.

6 It has been reported that the A1g mode is
sensitive to charge-doping and the E2g1 mode is sensitive to
lattice distortions or strain in MoS2.

33

The frequency difference between E2g1 and A1g in hBN/non-
F-G/MoS2 is 20.9 cm−1, which is 2.2 cm−1 higher than the
value of hBN/MoS2 due to the electron donation from
graphene to MoS2.

33 However, after the functionalization, the
E2g1 and A1g modes in hBN/F-G/MoS2 with a difference of 18.7

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c03166
Chem. Mater. 2024, 36, 3267−3276

3269

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03166/suppl_file/cm3c03166_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03166/suppl_file/cm3c03166_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03166/suppl_file/cm3c03166_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03166/suppl_file/cm3c03166_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cm−1 have no obvious shift compared to the hBN/MoS2. We
deduce that there are two possible reasons: on the one hand,
the weak electron-withdrawing effect from the oligophenyl
groups cannot generate a large shift of the A1g Raman mode of
MoS2. On the other hand, the oligophenyl functional groups
effectively separate the graphene basal plane and MoS2
interface with an increased interlayer distance, which impairs
the electron transfer from the carbon plane to MoS2. The
MoS2 in hBN/F-G/MoS2 is mainly supported by the phenyl
groups instead of the graphene surface, resulting in partly free-
standing MoS2. Figure 1h depicts the MoS2 PL intensity
mapping of the hBN/(non-)F-G/MoS2 heterostructure. The
F-G with a high ID/IG shows an enhanced PL intensity of MoS2
(region III), which is 5 times and 3 times increased compared
to hBN/non-F-G/MoS2 (region II) and hBN/MoS2 (region I),
respectively. The PL maximum of the hBN/F-G/MoS2
structure (1.89 eV) is red-shifted by 0.01 eV compared to
hBN/non-F-G/MoS2 and hBN/MoS2 (1.88 eV), respectively,
due to the p-doping effect of the phenyl groups (Figure 1i). In
addition, laser-induced effects can be excluded, since the laser
radiation did not generate PL changes for pristine MoS2 and
MoS2/G, respectively (Figures S5a and S6). Moreover, the
potential BPO residues on the surface cannot vary the PL
properties of MoS2 under the operational laser energy, as
reference experiments revealed (Figure S5b). The profile maps
corresponding to Figure 1c,f,h are displayed in Figure S7. The
frequency distribution centers are consistent with the different

intervals on the relevant mapping images. In addition, since the
PL intensity of MoS2 is sensitive to the variations in samples,
such as bubbles, strain, contamination, and measurement
environment, several (hBN)/(non-)F-G/MoS2 samples have
been prepared, as shown in Figure S8, demonstrating the
reproducibility of fabrication and measured properties. Based
on the results, it is confirmed that the F-G layer significantly
enhances the PL of MoS2.
Fabrication and Characterization of the MoS2/(non-

)F-G Heterostructure. Compared to the electron-with-
drawing groups in GO, such as hydroxyl, epoxy, and
organosulfates,34,35 the phenyl groups have a very weak
electron-withdrawing effect. Nevertheless, the F-G/MoS2
shows comparable PL enhancement for MoS2 to that of
GO/MoS2, as we reported in previous works,

21,22 demonstrat-
ing that the electronic effect of the functional groups is not the
only factor in the PL enhancement of MoS2. To elucidate
further effects, a reversely stacked MoS2/F-G heterostructure
was fabricated. The F-G placed on top of MoS2 can keep the
electron-withdrawing effect induced by the oligophenyl groups,
but it has better interlayer contact with the graphene lattice
compared to the F-G/MoS2. Figure 2a−c illustrates the
fabrication process of the MoS2/F-G heterostructure. First, a
mechanically exfoliated 1L-MoS2 was transferred onto a Si/
SiO2 (300 nm) wafer. Then, a monolayer of graphene was
transferred to the 1L-MoS2 to form a MoS2/G heterostructure.
The MoS2/G heterostructure was annealed in vacuum at 200

Figure 2. MoS2/(non-)F-G heterostructure: (a−c) schematic illustration of the process for fabrication. (d) Optical microscopy image and
schematic structure, (e) ID/IG Raman intensity mapping, (f) MoS2 PL intensity mapping, (g) Raman spectra, and (h) PL spectra.
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°C for 2 h, and then a thin layer of BPO was deposited on the
graphene surface of the heterostructure by dip-coating (5 mM,
in acetone) to fabricate MoS2/G/BPO. The laser functional-
ization process is identical to the previously described
procedure for the functionalization of hBN/G/BPO (Scheme
1b−e). However, here, in situ functionalization is directly
carried out on the surface of the MoS2/G heterostructure
without further transfer process compared to F-G/MoS2. The
laser irradiation area on MoS2/G is marked by the green area
in Figure 2b and the red box (region III), as shown in the
optical microscopy image (Figure 2d). After 50 s of laser
exposure and acetone washing, the functionalized area on
MoS2/G (MoS2/F-G) marked as region III shows a high ID/IG
intensity of around 2.2 (Figure 2e) with a slight increase in the
PL intensity of MoS2 (Figure 2f). In contrast, the non-
functionalized area of MoS2/G (MoS2/non-F-G) marked as
region II shows PL quenching of MoS2. In Figure 2g, the
average Raman spectra of MoS2/F-G (region III), MoS2/non-

F-G (region II), and isolated MoS2 (region I) from the three
different areas on the MoS2/G heterostructure are shown. The
E2g1 (385.4 cm−1) and A1g (404.1 cm−1) peaks in the Raman
spectrum of the isolated 1L-MoS2 layer confirm the monolayer
characteristic of the MoS2 flake. Vibrational modes of both 1L-
MoS2 and 1L-graphene appear in the Raman spectra of the
MoS2/F-G and MoS2/non-F-G regions, indicating the
formation of heterostructures. The D peak appears in MoS2/
F-G after functionalization with the attenuation of the 2D
peak, and the degree of functionalization is around 1%, which
is consistent with that of hBN/F-G/MoS2 (Figure 1c).
However, as the PL spectra in Figure 2h reveal, the PL
intensity of MoS2 only increases marginally by 1.1 and 1.8
times in comparison with isolated MoS2 and MoS2/non-F-G,
respectively. Owing to the p-doping effect induced by F-G, the
PL maximum of MoS2/F-G shows a redshift compared with
the pristine MoS2, however, the MoS2/F-G displays much
lower PL enhancement than hBN/F-G/MoS2.

Figure 3. (a,b) AFM topography together with (c,d) KPFM images and (e,f) s-SNOM images at the same sample area for (non-)F-G/MoS2 and
MoS2/(non-)F-G, respectively. The scale bars in (a−f) are 5 μm.
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Effect of Functionalization on the Dielectric Function
and Surface Potential. One way to accurately describe the
electrical and optical features of nanoscale materials is to
analyze their complex dielectric function, which is a measure of
the transmission and absorption of light through a material as a
function of frequency.36 By employing Raman/PL spectrosco-
py, we investigated the effect of the functionalized groups on
the photoelectric characteristics of G/MoS2 heterostructures.
However, the spatial resolution of these techniques is bound
by the diffraction limit of light and does not provide
information on the homogeneity of the prepared samples on
the nanometer scale. Here, we use the dual s-SNOM as an
advanced tool for nanoimaging that combines near-field optical
microscopy, KPFM, Raman, and PL spectroscopy, enabling to
spatially resolve the variation of the dielectric function and the
surface work function with nanometer-scale resolution. In
detail, to begin with, we measured the KPFM of the (non-)F-
G/MoS2 and MoS2/(non-)F-G. In KPFM, we determine a
topography image by the AFM together with the surface work
function as a function of tip position that varies, for example,
with doping levels. Consequently, the sample height, surface
roughness, boundaries, and charge transfer influence on the
surface work function can be characterized. As depicted in the
AFM images in Figure 3a,b, F-G regions on both (non-)F-G/
MoS2 and MoS2/(non-)F-G exhibit an 8 nm height difference
compared with the non-F-G regions. The thickness is induced
by the functional component, which further proves our
speculation described in Scheme 1 that photochemical
functionalization leads to the formation of polymerized or
oligomerized phenyl chain structures. In addition, the
functionalized areas display flatter surfaces with fewer wrinkles
and bubbles compared to the nonfunctionalized areas of the
heterostructures, which proves the homogeneity of the
functionalization. We suppose that the dendritic functional
structures support the surface of the sample away from the
bubbles and contaminations introduced by the transfer
process. Consistent with the AFM images, on both
heterostructures, the functionalized region exhibits darker
KPFM contrast (lower surface potential) than the non-
functionalized region (Figure 3c,d), which can be ascribed to
the anchoring of electron-withdrawing phenyl groups.37,38 The
detection of functionalization on the surface of MoS2/F-G is
more feasible using KPFM, as it is a surface-sensitive method

that exclusively probes the surface and near-surface areas.
There is a significant variation of 0.3 V in surface potential
between MoS2/F-G and MoS2/non-F-G. The KPFM images
are in perfect agreement with our input selective functionaliza-
tion patterns as well as the respective MoS2 PL mappings, as
shown in Figure S9 [(non-)F-G/MoS2] and Figure 2d−f
[MoS2/(non-)F-G].
To support the data, we take near-field images by s-SNOM.

The detected signal is related to the tip−sample distance and
the dielectric function. In the s-SNOM, the tip−sample
distance is kept the same during the scan. Indeed, wrinkles
and bubbles may influence and vary slightly the tip−sample
distance; however, on flat areas, it is around held at 1 nm.
Thus, strong changes in the near-field contrast are a result of
changing dielectric function due to doping, straining, and
defects. We find that the s-SNOM images are in excellent
agreement with the KPFM. As indicated in Figure 3e,f, all the
previously identified features can be identified in the s-SNOM
images. Despite the influence of wrinkles and bubbles on the s-
SNOM images, there is a distinct and uniform contrast from
the F-G to non-F-G heterostructures for both (non-)F-G/
MoS2 and MoS2/(non-)F-G. The functionalization leads to
doping and thus to an increase in the dielectric function. In
addition, s-SNOM images of the pristine MoS2 and G/MoS2
structures are shown in Figure S10. Monolayer and bilayer
MoS2, as well as different regions of G/MoS2, show clear near-
field contrast arising from variations in the local dielectric
value. Therefore, based on the KPFM and s-SNOM findings,
we prove that the PL enhancements of MoS2 are attributed to
the photofunctionalization of graphene rather than any
external factors like contaminants or bubbles.
Electron Transfer in Heterostructures. The differ-

entiated PL characteristics of F-G/MoS2 and MoS2/F-G
prove that the structural disparity notably affects the PL of
MoS2. Normalized average PL spectra extracted from the four
different structures of F-G/MoS2, MoS2/F-G, G/MoS2, and
pristine 1L-MoS2 on Si/SiO2 were compared (Figure S11).
Corresponding statistics of PL map profiles and mapping are
listed in Figure S12. To gain a better understanding of the
spectral changes, peaks were fitted using Lorentzian functions.
Corresponding to the three typical excitonic states of neutral
exciton (A0, 1.89 eV), negatively charged trion (A−, 1.85 eV),
and B exciton (2.02 eV), the PL spectra of F-G/MoS2, MoS2/

Figure 4. Sketch illustrating the interfacial interaction mechanism in the four heterostructures: (a) F-G/MoS2, (b) MoS2/F-G, (c) G/MoS2, and
(d) MoS2. (e) Peak fittings using Lorentz functions for the four structures.
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F-G, G/MoS2, and MoS2 were fitted by three Lorentzian
functions (Figure 4e). Detailed parameters of fitted PL peaks
by Lorentz functions are summarized in Table S1. In pristine
1L-MoS2, the PL spectrum is dominated by the trion state,
which arises from reduced dielectric screening in gapped 2D
crystals and the relatively heavy particle band masses
associated with the Mo d-manifolds.8 In contrast to pristine
MoS2, the A− peak increases in G/MoS2 and the A0 peak is
obviously weakened. Conversely, the A0 excitons are the
dominant contributors in the PL emission, with a 1.8-fold
enhancement in MoS2/F-G and a 5-fold enhancement in F-G/
MoS2 compared to isolated MoS2, which indicates charge
transfer from MoS2 to F-G. The A0 exciton peak intensity in F-
G/MoS2 is 11 times higher than that in G/MoS2. The
additional peak at 2.0 eV in the PL spectrum of G/MoS2
corresponds to the sharp 2D peak of monolayer graphene,
which vanished in the PL spectra of F-G/MoS2 and MoS2/F-G
because of the functionalization of graphene. Figure 4a−c
illustrates the electron transfer from MoS2 to F-G for F-G/
MoS2 and MoS2/F-G. For G/MoS2, pristine graphene donates
electrons to MoS2. Even though F-G shows electron-with-
drawing ability, there is a significant difference in the effect on
enhancing the PL of MoS2 whether it is placed on top or under
MoS2. This result indicates that the p-doping is not the only
reason for the PL increase of MoS2. In F-G/MoS2, the MoS2 is
supported directly by the oligophenyl groups due to the high
functionalization degree on the graphene surface, which
increases the interlayer distance and decreases the van der
Waals interaction between the graphene basal plane and MoS2.
Compared to G/MoS2, there is no interlayer contact possible
between MoS2 and the graphene basal plane of F-G/MoS2,
hindering also the electron transfer from the carbon plane to
MoS2 and consequently enhancing the PL intensity.
Thermal Defunctionalization of the hBN/(non-)F-G/

MoS2 Heterostructure. Moreover, the reversibility of the
functionalization effect on the PL enhancement of MoS2 is
investigated. The hBN/(non-)F-G/MoS2 heterostructure was
annealed at 300 °C for 2 h in a vacuum to break the C-Aryl
bond for restoring graphene (Figure 5a). As shown in the

Raman spectra in Figure 5b, the Raman signal of de-F-G
recovers the narrow and most intense 2D peak. The sharp D
peak vanishes, although a broad peak remains, most likely
resulting from trapped dissociated polyphenyl or oligophenyl
groups between graphene and MoS2. The 8 nm height
resulting from the oligophenyl structures (Figure 3a) is largely
reduced to about 0.8 nm after annealing, as depicted in Figure
S13.
Accordingly, the PL enhancement from F-G also disappears

after defunctionalization (Figure 5c,d). The PL intensity of de-
F-G/MoS2 is slightly lower than that of the isolated MoS2 area
because of the interlayer Schottky barrier. Compared to the
vanished 2D peak of F-G/MoS2, the appearance of the 2D
peak after annealing indicates the defunctionalization and
restoration of graphene. However, the maximum of the PL
peak of de-F-G/MoS2 is red-shifted on account of the
decoupled phenyl groups (Figure 5c). The absence of
LA(M) peak at 227 cm−1 in the MoS2 Raman spectra (Figure
S14) indicates that the annealing process in vacuum (1 × 10−3

mbar) does not generate defects to MoS2. The loss of PL
enhancement is mainly because of the annealing process, which
breaks the covalent bonds of the oligophenyl groups oriented
perpendicular to the graphene plane, leading to the free
orientation of the dissociated oligophenyl groups.

■ CONCLUSIONS
The PL of 1L-MoS2 is demonstrated to be tunable by laser-
induced oligophenyl-functionalized graphene. The s-SNOM,
combined with AFM, KPFM, and Raman, allows us to
characterize and understand the fabricated heterostructures.
The monotopic functionalized graphene stacked on top or
bottom of MoS2 differentiates the heterointerface between
graphene and MoS2, thus generating varied PL modulation. In
addition, the MoS2 supported on top of F-G results in
significant increases of dominant A0 excitons compared to the
MoS2 with direct interlayer interaction to the graphene basal
plane (pristine G/MoS2 and MoS2/F-G). The results indicate
that the enlarged interlayer distance by the oligophenyl groups
hinders the electron transfer from the graphene carbon plane

Figure 5. Defunctionalization of the hBN/(non-)F-G/MoS2 heterostructure. (a) Schematic illustration of the defunctionalization process. (b)
Raman spectra of F-G/MoS2 and de-F-G/MoS2, (c) MoS2 PL mapping image of the de-F-G/MoS2 heterostructure, and (d) normalized PL spectra
of de-F-G/MoS2, F-G/MoS2, and pristine MoS2.
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to MoS2. Moreover, the PL enhancement of MoS2 is lost by
thermally induced defunctionalization with the restoration of
interlayer distances. Our findings prove that the interface
designed by functional components and the accompanied
tailoring of the interlayer distance of heterostructures provide
major effects on the PL modulations. The graphene carbon
plane acts as an active reaction template for the covalent
attachment of perpendicular molecules, thus opening more
possibilities for the fabrication of heterointerfaces. With that
knowledge in mind, we change our way of thinking about
functionalized 2D heterostructures.

■ EXPERIMENTAL SECTION/METHODS
Materials. Si wafers with a 300 nm thick SiO2 layer were

purchased from the Fraunhofer Institut für Integrierte Systeme und
Bauelementetechnologie IISB in Erlangen. BPO and acetone (HPLC)
were purchased from Sigma-Aldrich Co. (Germany) and used without
further treatment. Polydimethylsiloxane (PDMS) was purchased from
Gel-Pack.
Characterization. Optical imaging and transfer processes were

performed using a Nikon LV100ND microscope equipped with a self-
built transfer stage.39 Raman and PL characterizations were
conducted using a confocal Raman microscope (Horiba Explorer,
532 nm excitation wavelength, 0.7 μm laser spot, 1200/2400 gratings,
0.5 and 1 mW, 100× objectives) in air. The 1 mW laser power was
used for the functionalization process. The 2400 gratings were used
for precise Raman characterization of MoS2. The general readout of
Raman and PL maps was carried out by 1200 gratings and 0.5 mW
power. AFM images were recorded on a JPK Nanowizard 4 equipped
with NSG10/Au probes using a Tap300-G AFM probe, and
intermittent contact mode was chosen. Annealing of the samples
was carried out using a tube furnace (Nabertherm GmbH, 30−3000
°C).
For the s-SNOM and KPFM, we used the neaSNOM from

neaSPEC, which is coupled to a fully tunable visible laser (Hübner).
The neaSNOM provides near-field imaging, KPFM, and AFM. In s-
SNOM, a metallic tip is illuminated by light, and plasmons are
generated that promote a near-field between the tip and sample. The
near-field enhances both the incoming and backscattered light by a
factor f and is detected by a single-line CCD. The enhancement factor
f is given by the tip−sample distance and the dielectric function of the
sample. By scanning the tip across the sample and measuring the near-
field signal as a function of it, the optical properties of the sample can
be studied qualitatively. To achieve background suppression, the tip
was oscillated with an amplitude of 50 nm and a frequency Ω of
approximately 250 kHz. The resulting signal was demodulated using
the higher harmonics of the tip frequency n Ω. To further reduce
noise, a pseudoheterodyne interferometer was employed, which
utilized a reference mirror oscillating at a much lower frequency M ≪
Ω. This caused the length of the reference beam path to change,
leading to interference with the scattered signal. As a result, sidebands
were generated around the fundamental harmonics at frequencies
equal to plus or minus an integer multiplied by the reference
frequency f = n Ω + m M. In this detection method, both the
amplitude and phase information were recorded from the sample,
resulting in near-field amplitude and phase images at different
sidebands of the fundamental harmonic. Increasing the sideband
index, (m), contributed to a reduction in noise present in the s-
SNOM images. The dual s-SNOM technique was used to characterize
the sample, employing a commercial s-SNOM (NeaSNOM from
Neaspec GmbH, Germany). The platinum−iridium-coated AFM tips
(23 nm coating thickness) from NanoWorld were used, featuring a tip
apex radius of less than 25 nm. To excite the sample, a wavelength-
tunable cw laser (Hübner C-Wave, 450−650 nm wavelength) was
used, and it was guided through a beam expander onto a parabolic
mirror with a high NA of 0.7. The parabolic mirror collects the
backscattered light, and the laser light is focused onto the AFM tip,
which then acts as a near-field probe in the visible spectral range. The

laser power used for all s-SNOM image measurements was
approximately 1 mW at the tip, with an integration time of 16 ms.
The tip amplitude was 53.5 nm, with a tapping frequency of 243 kHz.
The neaSNOM also can measure the surface potential by KPFM. For
KPFM, we used the Pt−Ir-coated Si tips (ACCESS-EFM probes,
AppNano, k = 2.7 N m−1). AM-KPFM was operated, which is
sensitive to electrostatic force. The work function of the samples
(Φsample) is defined by the following formula, Φsample = q VCPD + Φtip,
where VCPD is the contact potential difference measured by the
KPFM, Φtip is the work function of the tip, and q is the elementary
charge. The potential profile is measured by maintaining a constant
distance of 50 nm between the tip and the sample surface.
Fabrication of Heterostructures. Preparation of the hBN/G

Heterostructure. Few-layer hBN was mechanically exfoliated from
bulk hBN via PDMS and transferred onto a Si/SiO2 wafer. Monolayer
graphene was mechanically exfoliated from HOPG via PDMS and
transferred to the few-layer hBN flake. According to the transfer
method reported previously, the transfer process was carried out
under a microscope equipped with a self-built transfer stage.39 The
thicknesses of the exfoliated hBN and graphene were determined by
optical contrast, Raman spectroscopy, and AFM. After every transfer
step, the sample was mildly annealed in vacuum (10−3 mbar) at 150
°C for 2 h to remove water and residuals stemming from the transfer
process.

Photochemical Reaction of BPO on the hBN/G Heterostructure.
First, a 5 mM BPO solution in acetone was prepared. The wafer with
the hBN/G sample was vertically held by a clean tweezer and slowly
dipped in the BPO solution for 2 s and then carefully moved out and
deposited on a glass slide. Within 5 min, the acetone evaporated
under ambient conditions, and an optically uniform thin film of BPO
formed on top of the hBN/G structure. A photochemical reaction was
initiated by the 532 nm green Raman laser with a spot size of 0.7 μm
and 1 mW energy. The selective functionalization on hBN/G was
realized using the point-by-point mapping function of the scanning
Raman instrument with incremental steps of 0.7 μm. The irradiation
time of every point was calculated accumulatively. The laser
illuminated the bottom half part of the graphene flake by defining a
rectangular map of 20 μm × 15 μm. The illumination time at every
step was 10 s, and the mapping was repeated five times so that the
total illumination time accumulated to 50 s. After laser functionaliza-
tion, the residual BPO molecule film was removed by acetone
washing. The Raman spectra of the whole hBN/G structure were
measured by a mapping function using an increment of 0.7 μm at 532
nm laser excitation with 1 s irradiation time at a lower energy of 0.5
mW, and other parameters remained the same.

Preparation of the hBN/(non-)F-G/MoS2 Heterostructure. Mono-
layers of MoS2 were mechanically exfoliated, and a single-layer flake
was selected (identified by optical contrast and Raman spectroscopy,
18.7 cm−1 wavenumber difference of A1g−E2g1 ) and transferred to the
as-prepared hBN/G via PDMS, covering both the functionalized area
(F-G) and the nonfunctionalized area of graphene (non-F-G). The
heterostructure was annealed at 200 °C for 2 h in vacuum (10−3

mbar) to enhance the interlayer contact between MoS2 and hBN/G.
The PL and Raman measurements were performed afterward. F-G/
MoS2 heterostructure was also fabricated directly on a Si/SiO2 wafer
without hBN for comparison studies. For determining the Raman
shifts of MoS2, the 2400 grating was used.

Preparation of the MoS2/F-G Heterostructure. Exfoliated 1L-
MoS2 was transferred onto a Si/SiO2 wafer, followed by a monolayer
of graphene (MoS2/G). Then, the whole wafer with the MoS2/G
heterostructure was dip-coated with a thin BPO layer (compare
section “Photochemical Reaction of BPO on the hBN/G Hetero-
structure”). The laser-induced functionalization was carried out on
the top of the upper graphene layer using the same parameters as for
the preparation of F-G/MoS2.

Defunctionalization Studies. The heterostructures were annealed
in a vacuum (10−3 mbar) at 300 °C for 2 h with a heating rate of 2
°C/min. The total processing time, including cooling to ambient, was
9 h.
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