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The integration of graphene with other 2D materials has been extensively studied over the past decade to
realize high-performance devices unattainable with single materials. Graphene-transition metal dichalco-
genides (TMDCs) such as MoS,, WS,, MoSe,, and WSe, vertical heterostructures have demonstrated
promise in numerous electronic and optoelectronic applications due to the wide bandgap range and
strong light—matter interaction in TMDCs, and the ability to form electrostatically tunable junctions with
graphene. However, conventional methods for TMDCs growth, including chemical vapor deposition
(CVD), electrodeposition, and atomic layer deposition (ALD), require high temperatures, which can
degrade graphene’s electrical and structural properties. Here, we investigate the impact of sulfur anneal-
ing on graphene, revealing significant etching and electrical degradation. Density functional theory (DFT)
calculations identify the divacancy defect with two sulfur adatoms (DV-2S) and C-S-C bonds as the
dominant defect, differing from the previously reported monovacancy with one sulfur adatom (MV-1S).
This defect induces p-doping in graphene, consistent with experimental observations. To address these
challenges, we introduce a protective strategy utilizing self-assembled monolayers (SAMs) during anneal-
ing, enabling the growth of high-quality WS, on graphene via electrodeposition. Our findings provide a
foundation for integrating TMDCs with graphene while preserving its properties, advancing high-perform-
ance electronic and optoelectronic applications.

tronic® and optoelectronic devices® due to its remarkable

1. Introduction

2D heterostructures composed of graphene and TMDCs have
attracted intense research interest over the last decade due to
their interesting physical properties and potential use in many
novel device applications. These 2D materials exhibit unique
properties compared to those of their 3D counterparts, and
their flexibility leads to the ability to create new functionalities
that cannot be achieved with single materials. Graphene is an
attractive material for use in biosensors™* and high-speed elec-
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mobility, broad bandwidth, and biocompatibility.” TMDCs
such as MoS,, WS,, MoSe,, and WSe, have been chosen for
many electronic and optoelectronic applications due to their
band gap range and strong exciton confinement.®” The
absence of dangling bonds in graphene and TMDCs allows
their integration into heterostructures, enabling new devices
that can outperform counterparts composed of single
materials.®

By combining graphene with TMDCs, various device con-
cepts have been demonstrated, such as novel transistors,
memory devices, photodetectors, plasmonic, and solar
cells.”™" Most such devices and functionalities have been fab-
ricated by stacking individual layers of different materials
using mechanical exfoliation method, which limits their large-
scale application.'” Recently, CVD, electrodeposition, and ALD
have been developed to grow TMDC materials on graphene
directly. These methods can offer large-area growth for mass
production and allow the study of new device physics and
applications. However, exposure to high temperatures during
material growth or post-growth is required in such methods in

This journal is © The Royal Society of Chemistry 2025
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order to deposit crystalline TMDCs. Usually, the growth of
MoS, or WS, involves the use of sulfur precursors in powder,
liquid, or gas phases. However, sulfur has been found to inter-
act with graphene at high temperatures and to change its pro-
perties.”® The annealing of graphene at high temperatures
under different conditions has already been reported to
induce changes in its structure and electrical properties."* We
have recently demonstrated that the degradation of the electri-
cal properties of graphene can be ameliorated by coating gra-
phene with a self-assembly monolayer under high tempera-
tures in oxygen conditions."®

In this work, we systematically study the impact of annealing
in the presence of sulfur on graphene’s electrical and structural
properties for use in applications that involve the growth of
TMDCs on graphene. Samples were annealed at different temp-
eratures from 300 °C to 800 °C under various conditions. DFT
simulation was performed with range-separated hybrid
exchange—correlation functionals in order to identify the role of
sulfur in the doping and electronic properties of graphene.
Furthermore, graphene device structures were fabricated to
study the effect of the annealing conditions on device perform-
ance. We implemented strategies to improve the quality of gra-
phene during the growth of TMDCs. To demonstrate this strat-
egy, we electrodeposited WS, on graphene and studied the effect
of post-processing sulfur annealing conditions on its properties.

2. Experimental

2.1. Materials and methods

Monolayer CVD-grown graphene on copper foil was purchased
from Graphenea and SiO,/Si substrates (wafers) were pur-
chased from Graphene Supermarket. Graphene on SiO,/Si
samples were prepared by transferring CVD-grown graphene
on SiO,/Si substrates. To protect the graphene and reduce
cracks during the transfer process, a layer of polymethyl meth-
acrylate (PMMA) was spin-coated on top of the graphene/
copper foil stack at 7700 RPM to act as a buffer layer.
Subsequently, the PMMA/graphene/copper film stack was
floated on a solution of ammonium persulfate (APS) (0.07 g
mL™" in H,0) for 12 hours to remove the copper layer. The
PMMA/graphene stack was then rinsed by floating it on two
consecutive ultra-pure DI water baths for up to 1 hour per
bath. The PMMA/graphene film was transferred onto the SiO,/
Si substrate by carefully scooping it from under the water.
Next, the PMMA/graphene/substrate stack was baked on a hot-
plate for 1.5 hours at 180 °C to enhance the adhesion of gra-
phene to the substrate. Finally, the PMMA/graphene/substrate
was submerged in acetone overnight to remove the PMMA
layer. The sample was subsequently annealed at 250 °C for
5 hours to eliminate any remaining PMMA residue on the gra-
phene surface.

In addition, the sample corresponds to the hexamethyl-
disilazane (HMDS) coating with configuration HMDS/graphene
on SiO,/Si structure, where the HMDS treatment was applied
after the graphene transfer process. The HMDS coating treat-
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ment involved immersing the substrate in an HMDS solution
at room temperature for 12 hours so as to form a uniform self-
assembled monolayer on the substrate surface (see SI).

Annealing method. After the sample preparation process, all
graphene on SiO,/Si samples were subjected to a subsequent
annealing process. Annealing was performed using a Lenton
Tube furnace in a quartz glass tube containing ~20 mg of
sulfur placed at one end, adjacent to the sample, in a sealed
system under a static vacuum (~1 x 10> mbar). The quartz
tube was cycled between vacuum and N, (to remove air/
oxygen) on standard Schlenk line apparatus before being left
under static vacuum and inserted into the furnace. Each
sample was purged with N, gas before being sealed under
vacuum with the elemental sulfur. The samples were annealed
in this sulfur environment for 10 minutes at temperatures of
300 °C, 400 °C, or 500 °C. Some of the samples were further
annealed at 800 °C in a vacuum for 15 minutes. Similarly,
samples of graphene with HMDS coating were annealed under
the same condition; annealed in the sulfur environment for
10 minutes at a temperature of 400 °C, followed by annealing
at 800 °C in a vacuum for 15 minutes. After annealing all
sulfur condensed to the other side of the tube furnace where it
was cooler, leaving no residue at the original sulfur location.

Electrodeposition of WS, on Gr. A WS, film was grown on
HMDS-coated graphene using the electrodeposition method,
with [NEt,],[WS,Cl,] as the precursor. The electrolyte solution
consisted of 5 mM [NEt,],[WS,Cl,] and 0.1 M [N"Bu,]Cl as the
supporting electrolyte. Electrodeposition was performed in a
three-electrode system using an Autolab potentiostat
(nAUT70706). A platinum disc (1 cm diameter) served as the
counter electrode, while an Ag/AgCl electrode (0.1 M [N"Bu,]Cl
in CH,Cl,) was used as the reference electrode. Detailed
electrochemical characterization of [NEt,],[WS,Cl,] is available
in our previous work."®'” WS, was deposited potentiostatically
at —1.7 Vvs. Ag/AgCl for 5 minutes. After the electrodeposition,
the substrates were rinsed with fresh CH,Cl, solvent followed
by isopropyl alcohol and dried. Following deposition, the WS,
films were annealed at 400 °C in N, gas with sulfur under
reduced pressure (~1 x 10~> mbar) for 1 hour to induce crystal-
lization. The sample was annealed following the same pro-
cedure as the graphene samples with HMDS coatings.

2.2. Characterization

Surface defects were analyzed using optical images captured
with an Olympus System BX51 compound optical microscope
equipped with a 100x objective lens. Atomic force microscopy
(AFM) images were acquired using an Asylum MFP-3D instru-
ment in tapping mode, equipped with SCOUT 70 tips.

Raman characterization was performed using the HORIBA
LabRAM HR Evolution Raman spectrometer. Raman spec-
troscopy was conducted using a laser with a wavelength of
532 nm (corresponding to an excitation energy EL = AwL = 2.33
eV). The set-up included an optical fibre and a 100x objective
lens with a numerical aperture (NA) of 0.8, resulting in a laser
spot size of 0.4 pm. An ND filter was used in order to maintain
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the laser power below 2 mW. The Raman peak positions were
calibrated with reference to the silicon peak at 520.7 cm™.

XPS characterization was conducted using a Thermo Fisher
K-Alpha+ spectrometer. The XPS measurements employed an
Al radiation source operating at the Ko+ line (hv = 1486.6 eV).
To ensure accurate spectroscopic analysis, the measurements
were performed in an ultrahigh vacuum chamber with a base
pressure of 5 x 10° bar.

Electrical measurements. Graphene was patterned using
optical lithography, and 10/60 nm Cr/Au was then deposited
onto the samples using a thermal evaporator. Finally, the lift-
off process was performed using acetone to remove the photo-
resist. Two-probe measurements were used to measure the
electrical characteristic (resistance) at room temperature using
a B1500A Semiconductor Analyzer.

2.3. DFT simulation

The DFT calculations reported here are based on
CRYSTAL23."®2° The range-separated hybrid exchange-corre-
lation functional HSE06>' was adopted to reduce self-inter-
action error, the non-negligible influence of which on the elec-
tronic structures of graphene-based systems has been widely
reported in the literature.?*® A 6-21G* basis set modified for
condensed matter calculations was used for carbon (C),*’
while Pople’s 6-31G* basis set was used for sulfur (S).>® All-
electron DFT was performed in order to study the binding
energy of the S 2p orbital. Models with 2-dimensional (2D)
periodicity were generated for doped graphene, with the non-
periodic direction aligned to the z axis. A 24 x 24 Monkhorst-
Pack mesh was generated to sample the first Brillouin zone
(1BZ) of the graphene primitive cell, which achieves an accu-
racy <10~° Hartree per atom. Considering the semi-metallic
nature of graphene, the finite temperature Mermin smearing
of 10™* Hartree was used. The convergence criterion of total
energy is 10~® Hartree. All the structures are fully relaxed with
the BFGS algorithm. The convergence criteria are 3 x 107*
Hartree per Bohr for the energy gradient and 1.2 x 10~ Bohr
for displacement. The optimized lattice constant of graphene
is 2.45 A, which agrees well with the value obtained by X-ray
diffraction (2.46 A).?° For comparison with experimental data,
carrier concentrations at Fermi level and 300 K were computed
with the BOLTZTRA keyword.>

A series of 2D supercells, including 4 x 4, 5 x 5, 8 x 8 and
10 x 10, was used to simulate various defect densities which
correspond to samples annealed with S at different tempera-
tures. A 6 x 6 k-point mesh was used for 4 x 4 and 5 x 5 super-
cells, while a 3 x 3 k-point mesh was used for 8 x 8 and 10 x 10
supercells. The chosen k-point meshes explicitly sample the
Dirac cone, which is folded to the K point of supercell 1BZs in
all cases. The defect formation energy of the substitution
mechanism, E?ub, is the energy needed to substitute a C atom
with a S atom from the pristine graphene lattice:

E?ub — 1

L [(Esc + nuc) — (Ec + nps)] (1)
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Esg (Eg) is the total energy of S-doped (pristine) graphene, yuc
(us) is the chemical potential of a single C (S) atom in gra-
phene (Sg molecule), and 7 is the number of S atoms in the
simulation cell. The formation energy of incorporation mecha-
nism, Ei"°, is the energy needed to incorporate an S atom into
an existing vacancy:

; 1
B = 2 [Esc — (Bve + nug)] (2)

where Ey is the total energy of graphene with vacancy defects.

3. Results and discussion

3.1. Impact of sulfur annealing on graphene’s structural
integrity

Two sets of samples were annealed under different conditions.
The first set was annealed in the presence of sulfur at tempera-
tures of 300 °C, 400 °C, and 500 °C, and the second set was
annealed at 300 °C, 400 °C, and 500 °C with sulfur and then at
800 °C in vacuum. We employed high temperature annealing
because the crystallinity of the TMDCs can be improved at elev-
ated temperatures.”® Additionally, the majority of TMDCs
grown via CVD are synthesized at temperatures above
700 °C.>'** Another graphene sample was annealed at 800 °C
in vacuum to be used as a reference sample. Fig. 1 shows the
evolution of the graphene sample under different annealing
conditions, while Fig. S1(a) shows a typical graphene surface
before annealing with islands of multilayer graphene (dark
purple spots) resulting from the CVD graphene growth
process.>® However, in the sample which underwent 800 °C
vacuum annealing, the graphene starts to display defects, with
the presence of etched pit spots, as shown in Fig. 1(a).
Samples annealed at 300 °C, 400 °C, and 500 °C under sulfur
conditions (Fig. S1(b)-(d)) show no visible indications of
etched pits spots. However, samples that underwent annealing
with sulfur followed by annealing at 800 °C in vacuum
(Fig. 1(b)-(d)) exhibit noticeable faded spots indicating etched
pits on the graphene surface with some spots are circled with
red dash. The presence of the etched pits becomes more pro-
nounced with increasing annealing temperature in the pres-
ence of sulfur. To estimate the etched area, 6 images (140 pm
x 105 pm) at 100x magnification were taken for each sample
and were processed in black and white. Analysis revealed that
the sample annealed at 800 °C in vacuum had an etched area
of 2.3% of the total area. Meanwhile, annealing at 300 °C with
sulfur followed by at 800 °C in vacuum resulted in an etched
area of 7.3%, whereas the corresponding annealing at 400 °C
resulted in an etched area of 8.5%, and that at 500 °C resulted
in an etched area of 11.0% (Fig. S2). To conduct a more
detailed assessment of the presence of etched pits on the gra-
phene surface, samples were characterized using AFM and the
results are shown in Fig. 1(e)-(h). The dark spots in AFM
images correspond to etched pits. Colored lines were drawn on
each AFM image to extract the line profiles of the etched pits,
as shown in Fig. 1(i). The etch profiles revealed that the pit

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Graphene surface defects under various annealing conditions. (a) Graphene exhibits initial defects with the emergence of etched pit spots
after 800 °C vacuum annealing. Samples annealed at (b) 300 °C, (c) 400 °C, and (d) 500 °C with sulfur followed by 800 °C vacuum annealing exhibit
prominent etched pits, the prevalence of which intensifies with increasing annealing temperature. (e)—(h) AFM images of graphene annealed at: (e)
800 °C vacuum, (f) 300 °C in sulfur + 800 °C vacuum, (g) 400 °C in sulfur + 800 °C vacuum, (h) 500 °C in sulfur + 800 °C vacuum, with the dark
spots in AFM images correspond to etched pits. The AFM analysis validates the presence of etched pits (line profile of etched pits) on the graphene
surface resulting from sulfur annealing, and (i) etch pits profile measured with AFM.
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depths varied, reaching up to approximately 2 nm, with widths
ranging from 50 nm to 500 nm. This analysis confirmed the
presence of etch pits in the graphene resulting from sulfur
annealing.

To gain further insight into the presence of sulfur, an X-ray
photoelectron spectroscopy (XPS) analysis was conducted
specifically focusing on the sulfur 2p (S 2p) region. The results
shown in Fig. 2 confirm the presence of sulfur in the samples
annealed at 300 °C, 400 °C, and 500 °C. This is evident from
the appearance of the S 2p peak at 163.3 eV, 163.1 eV, and
164.1 eV for samples annealed in the presence of sulfur at
300 °C, 400 °C, and 500 °C respectively. This peak corresponds
to the C-S-C bond.*® Another prominent peak at approxi-
mately 164.3 eV, 164.4 eV, and 165.5 eV for samples annealed
at 300 °C, 400 °C, and 500 °C respectively indicates a splitting
of the C-S—-C bond peak, which is probably due to the relativis-
tic effects of S 2p. These peaks suggest the formation of a
covalent bond between sulfur and carbon. However, in
samples annealed at 300 °C, 400 °C, and 500 °C with sulfur
followed by 800 °C in vacuum, the intensity of peaks corres-
ponding to the C-S-C bond is relatively small. As shown in
Fig. 2(b), the intensity increases with the rise in annealing
temperature with sulfur, where values of its atomic concen-
tration relative to carbon are estimated to be 2.03%, 3.53%,
and 4.18% for samples annealed at 300 °C, 400 °C, and 500 °C
with sulfur respectively. Further annealing at 600 °C and
700 °C with sulfur leads to an increase in sulfur according to
the XPS analysis, as shown in Fig. S3(a)-(b). However, the S 2p
peaks nearly vanish in all samples that subsequently undergo
annealing at 800 °C in vacuum, with atomic concentrations in
all cases of less than 1.1%. This indicates that the annealing
process involving sulfur potentially triggers the formation of
covalent bonds with carbon. Consequently, the subsequent
annealing at 800 °C in vacuum leads to the evaporation of

——300°C sulfur ——300°C sulfur + 800°C vac

(a)

ﬂw/ﬂ

M -

——500°C sulfur + 800°C vac

Intensity (a.u)

——500°C sulfur

168 162 165 168

Binding Energy (eV)

162 165
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sulfur, which correlates with the observed increase in etched
pits on the graphene layer.

The potential role of residual oxygen in defect formation
during thermal treatments is indeed important to consider,
particularly under high-temperature conditions. To address
this concern, we included a comparative analysis based on our
prior study,” in which graphene was exposed to oxygen-rich
environments at high temperatures. In that work, while electri-
cal degradation (e.g., p-doping and increased resistance) was
observed due to oxygen adsorption and weak covalent
bonding, no significant etching or pit formation was observed.
These findings indicate that oxidative processes alone do not
account for the extensive structural damage (etch pits)
observed in our sulfur-annealed samples.

Moreover, we analyzed the O 1s region for samples
annealed under sulfur at 300 °C, 400 °C, and 500 °C
(Fig. S4(b)-(d)). All sulfur-annealed samples exhibit a relatively
sharp O 1s peak centered between 531.8 eV and 532.7 eV,
representing a slight shift from the ~532.6 eV signal observed
in pristine graphene (Fig. S4(a)). This shift may originate from
S-O bonding or oxidation of sulfur residues. In contrast,
typical reduced graphene oxide, formed under oxidative con-
ditions, exhibits a broad and multi-component O 1s peak due
to various oxygen-containing functional groups such as
hydroxyl (C-OH), carbonyl (C=0), epoxy (C-O-C), and car-
boxyl (0=C-0),***® which are not noticeable in our samples.
This suggests minimal direct oxidation of graphene during
sulfur annealing. Thus, these results support our conclusion
that the enhanced etching observed after post-annealing at
800 °C is driven by the desorption and rearrangement of
sulfur-induced defects, such as C-S—-C bonds, rather than oxi-
dative etching. The degree of etching correlates with the initial
sulfur content (as confirmed by XPS S 2p data), further reinfor-
cing the sulfur-specific nature of the defect mechanism.

(b)

N I IS
L 1 1

Atom. conc. (at. %)

300°C (S)

400°C (S) 500°C (S) 300°C (S)+ 400°C (S) + 500°C (S) +

800°C (vac) 800°C (vac) 800°C (vac)

Fig. 2 Presence and bond formation of sulfur characterized by XPS. (a) High-resolution XPS spectra of the sulfur 2p (S 2p) region confirms its pres-
ence in samples annealed at different temperatures under sulfur conditions. Peaks corresponding to C—S—C bonds show splitting and are observed
at approximately ~163 eV and ~165 eV. (b) Quantification of the S 2p peak intensities reveals increases at higher annealing temperatures with sulfur,
where atomic concentrations relative to carbon are estimated at 2.03%, 3.53%, and 4.18% for samples annealed at 300 °C, 400 °C, and 500 °C
respectively. Conversely, samples annealed at 800 °C in vacuum exhibit a significant reduction in S 2p peaks.
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3.2. Strain and doping effects on graphene
The Raman spectrum was analyzed, and the results are presented
in Fig. 3. In addition to the typical D, G, and 2D peaks (wp, wg
and w,p, respectively), other notable peaks (Fig. S5) at 1265 cm™,
1432 cm™ and 1558 cm™" respectively are observed in samples
annealed at 300 °C, 400 °C, and 500 °C under sulfur conditions.
These peaks are indicative of carbon-sulfur bonding, as also
observed by Odunmbaku et al.,*® and the peak at 1558 cm™" is
believed to originate from C-S vibration due to the out-of-plane
or antisymmetric stretching vibrations v3 of CS,.*> The intensi-
ties of these peaks increase with higher annealing temperatures
under sulfur conditions, but almost vanish in samples that
undergo further annealing at 800 °C in vacuum, as shown in
Fig. 3(b). This is in accordance with the XPS results shown in
Fig. 2(a) which reveal the evaporation of sulfur.

To investigate spatial variations in defect density, the inten-
sity ratio of the D and G bands (Ip/Ig) was mapped across the
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graphene surface (Fig. S6). While the spatial resolution of the
Raman mapping is limited by the laser spot size (~3 pm), the
maps qualitatively illustrate the distribution of defects.
Analysis of Ip/Ig across the mapped regions (Fig. S6(d)) reveals
a clear trend: defect density increases with an annealing temp-
erature. This supports our conclusion that sulfur-induced
defects become more prevalent as the annealing temperature
rises.

Furthermore, the Raman spectra analysis of the samples
indicates notable upshifts in wg and w,p, compared to those of
the intrinsic graphene which are typically observed at around
1583 cm™' (»%) and 2678 cm™" (wY,) respectively.*® The wg
peak appearing at 1596 cm ™" for sample annealed at 300 °C in
sulfur. This peak gradually upshifts to 1600 cm™" for the
sample annealed at 500 °C in sulfur followed by 800 °C in
vacuum. Similarly, the w,p peak appears at 2689 cm™" for the
sample annealed at 300 °C in sulfur. Then gradually upshift to
2701 cm™ for sample annealed at 500 °C in sulfur followed by

(b) |

300°C under sulfur
+800°C vac
G o

Intensity (a.u.)

300°C under sulfur

T T T
2000 2400 2800

(c)

2700 - .

Intrinsic
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No anneal

T T
1580 1590

T
1600 1610

G-peak position (cm-1)

Fig. 3 Raman spectroscopy analysis of graphene samples annealed under various conditions. (a) Raman spectra depicting the D, G, and 2D peaks
(wp, wg and w2p) in addition to distinct peaks at 1432 cm™ and 1558 cm™ observed in samples annealed at 300 °C, 400 °C, and 500 °C under sulfur
conditions and at those temperatures with subsequent 800 °C in vacuum, where the intensities of the peaks show a temperature-dependent
increase. (b) Comparison of samples annealed at 300 °C with sulfur and those at 300 °C with sulfur + 800 °C vacuum, showing that in the latter the
convoluted peaks almost disappear which is consistent with the XPS results indicating the evaporation of the sulfur. (c) Analysis of correlation of
2D-G peak positions (wg and w,p) against the associated strain and doping levels, with reference lines adapted from Lee et al.*! Data points below
the red dashed line indicate doped but strain-free graphene, while those above the blue dashed line indicate strained but doping-free graphene.
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800 °C in vacuum. These shifts could be attributed to either
doping or strain or a combination of both.*!

The correlation between the 2D-G peak positions (wg and
w,p) and strain/doping is depicted in Fig. 3(c), and the plot
includes reference lines for strain and doping as previously
reported by Lee et al.*' Lee and co-workers proposed a method
to quantify strain (¢) and doping (n) in graphene using Raman
spectra in a correlation analysis of wg and w,p to determine &
and n separately based on prior assumptions and experimental
data. Both experimental*®>™® and theoretical’’° studies have
shown that, for single-layer graphene (SLG) with constant &
and varying n or vice versa, the positions of the G and 2D
peaks in the wg and w,p vector form a straight line (rep-
resented by the blue dashed line for pure strained graphene
and the red dashed line for pure doped graphene). Thus, data
points falling below the red dashed line indicate doped but
strain-free graphene, whereas data points above the blue
dashed line indicate strained but doping-free graphene. Data
points falling under the strain line and above the red line indi-
cate both strained and doped graphene. The intrinsic gra-
phene which is free from doping and strain is represented by
peaks at around 1583 em™" () and 2678 cm™" (wY,) at the
meeting point of the blue dashed and red dashed lines. The
analysis of our samples reveals that increasing the annealing
temperature under sulfur conditions leads to a greater impact
of doping and strain on the graphene, while further annealing
at 600 °C and 700 °C in the presence of sulfur leads to the
strain and doping becoming saturated (Fig. S7). The strain
observed in graphene can be attributed to the differences in
thermal expansion coefficients between graphene and the
underlying substrate. Previous studies such as that by Ryu
et al.>" have reported that the annealing of graphene on SiO,
substrates at 300 °C results in significant structural defor-
mation, causing the formation of sub-nanometer-high ripples
with a lateral quasi-period of several nanometers. These obser-
vations suggest that strain arises from the corrugation or rip-
pling of the graphene sheet.>

Strain and doping in graphene samples can be quantified
by deriving values from the peak shift in the Raman (wg and
w,p)*>® using established equations provided in SI. Initially,
the carrier concentration indicates p-type doping with n ~ 4.0
x 10" em™, which increases significantly after annealing at
300 °C, 400 °C, and 500 °C with sulfur to reach n ~ 1.3 x 102
cm ™2, Further annealing at 800 °C in vacuum after sulfur treat-
ment enhances the doping effect, whereas samples annealed
only at 800 °C exhibit lower carrier concentrations. Strain
values also increase with sulfur annealing, showing compres-
sive strain of up to +0.58% which remained high even after
subsequent vacuum annealing at 800 °C. The results suggest
that sulfur enhances both doping and strain effects during the
annealing process. We then prepared new samples and
annealed them at 300 °C, 400 °C, and 500 °C in vacuum for
comparison with the sulfur-annealed samples. The results of
Raman analysis (Fig. S8) show that the samples annealed
without sulfur were only slightly strained compared with those
annealed in the presence of sulfur. This further supports the
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conclusion that the strain was originally induced by sulfur
annealing.

3.3. Defect (sulfur-doping) formation in graphene by DFT
calculation

Considering the experimentally characterized C-S-C bond, the
DV-2S defect, featuring two C-S-C bonds, is modelled at
various densities (as detailed in the section 2), where 2 neigh-
boring C atoms in the same primitive cell are substituted by 2
S atoms. Previous DFT studies also reported a MV-1S
defect,*>> where a C atom is substituted by a non-convention-
al tricoordinate S atom. Fig. 4(a) and (b) illustrates the fully
relaxed structures of DV-2S and MV-1S in the 5 x 5 supercell.
In DV-2S, the higher S concentration induces more significant
repulsion and local strain, pushing S atoms above the plane
and generating out-of-plane ripples across the sheet.
Interestingly, as defect density decreases, the height of S
atoms increases while the area of the induced out-of-plane
ripple decreases, which probably indicates the increasingly
localized influence of DV-2S. In comparison, the tricoordinate
S of MV-1S is closer to the graphene plane due to lower repul-
sion. The height of the S atom also increases as defect density
decreases, following a similar trend to that in DV-2S. The
ripple in MV-1S is almost negligible and is limited to the 3
nearest neighbors of S.

XPS spectra reveals the correlation between doping and the
shift in the S 2p peak. In order to identify the preferred struc-
ture in S-doped graphene, the binding energy of S 2p orbital is
computed based on Koopmans’ theorem, which approximates
the binding energy BE by BE = —E, where E is the ionization
energy.’® Fig. 4(c) and (d) illustrates the shift at various carrier
densities. In both DV-2S and MV-1S, the majority charge car-
riers are holes as in the synthesized S-doped graphene. The
measured carrier density (~8.3 x 10" to ~1.3 x 10'* cm™?) also
lies in the simulated ranges for both defects. The binding
energies of DV-2S follow a similar pattern but with a difference
of ~3 eV, which might be due to the approximation used. It
should also be noted that DV-2S is a relatively simple model of
a C-S-C bond. Other probable S-doped defects can be experi-
mentally characterized,”” which is beyond the scope of this
work. MV-1S has been reported as an n-doped metal by Tucek
et al.,” while in this study it is characterized as a p-doped
semiconductor. That is probably due to the lower concen-
trations of S used here, as the metallic transition is reported by
Denis et al.>* around 4 at%. Although the computed binding
energy of MV-1S shows better agreement with the XPS data, its
evolution with carrier density exhibits an opposite trend,
suggesting a distinctly different chemical environment.

To further probe these defect structures, the Becke electron
localization functions (ELF) up to the third nearest neighbors
were calculated for both DV-2S and MV-1S and are illustrated
as in Fig. 4(e) and (f) using the 8 x 8 supercell for graphical
purposes. In both cases, prominent electron localization is
observed around S atoms, attributed to their paired electrons.
For DV-28S, there is a repulsion between the two S lone pairs, as
evident from the shape of ELF where the red regions point in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Top and side views of (a) DV-2S and (b) MV-1S in a 5 x 5 supercell. (c) and (d) Evolution of binding energy with carrier density. (e) and (f)
Distribution of ELF around DV-2S and MV-1S. VESTA 20 is used to visualize the atomic structures.>®>°

opposite directions. In contrast, for MV-1S, the red region for
the lone pair points away from the graphene substrate due to
the repulsion with the delocalized electrons. Compared to
DV-2S, MV-1S exhibits a stronger coupling between C and S
atoms, as indicated by its shorter bond length, and higher
magnitudes of electron density (p) and Laplacian (V?p) at bond
critical points (BCP). These properties, summarized in
Table S1, provide valuable insights into the nature of the C-S
bonds. Furthermore, a comparison of the ellipticities reveals
that the electron density in the S-C bond is more preferentially
accumulated within the graphene plane for MV-1S (ellipticity
of 0.120) than for DV-2S (ellipticity of 0.113).%°

Since an increased etching area is observed in S-doped gra-
phene after vacuum annealing, substitution’ is assumed to be
the dominant S-doping mechanism, where C atoms in the
pristine graphene lattice are replaced by S atoms. Furthermore,

This journal is © The Royal Society of Chemistry 2025

both V,(5-9) and V,(5-8-5) have been experimentally observed
in graphene,® ® and so an ‘incorporation’ mechanism might
exist simultaneously, where S atoms are incorporated into
existing vacancy defects. The defect formation energies of
DV-2S and MV-1S are listed in Table 1 and, in all cases, for-
mation energies increase with defect density leading to a more
extended structural deformation across the sheet. For the
dominant ‘substitution’ mechanism, the formation energies of
DV-2S are 0.59 to 0.74 eV lower than those of MV-1S, and the
difference is more prominent at lower densities, making DV-2S
energetically more favorable. Formation energies via the ‘incor-
poration’ mechanism (Ei"®) show that the incorporation of S
atoms stabilizes the defect-laden structure, with only the one
exception of DV-2S at the highest density considered. The
stabilization of V,(5-8-5) by S also suggests the interesting
possibility that S atoms might accumulate around more

Nanoscale, 2025, 17, 20504-20518 | 20511
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Table 1 Defect densities and formation energies of DV-2S and MV-1S

Density of S )

(x10" cm™ EP (eV) Ein¢“ (eV)
Supercell DV-2S  MV-1S  DV-2S  MV-1S DV-2S  MV-1S
10x 10 3.85 1.92 3.30 4.04 -0.48  —4.13
8x8 6.03 3.00 3.35 4.12 -0.42  —4.10
5%5 15.41 7.64 3.50 4.18 -0.14  —4.03
4x4 23.93  11.88 3.62 4.21 0.17  —4.01

“For DV-28, the formation energy of the V,(5-8-5) divacancy is used as
Eyg; for MV-1S, the formation energy of the V;(5-9) monovacancy is
used. The nomenclature used in previous research®*°® is employed for
vacancies.

extended defects with similar structures, such as dislocations®®
and linear armchair defects.®” The value of EI"® for MV-1S is
significantly higher due to the saturation of the under-co-
ordinated C. However, fast transitions from V;(5-9) towards
the more stable V,(5-8-5) have been observed,”” indicating
that the under-coordinated C might not exist in a stable state
under ambient conditions due to its high reactivity.

By comparing the binding energies and formation energies
of DV-2S and MV-2S, it can be concluded that, for the S-doped
graphene synthesized in this work, C-S-C is the dominant
bonding type between S and C. To investigate the electronic
properties of S-doped graphene, the electronic structures of
DV-2S are analyzed next.

In order to characterize the charge transfer between S and
C, the net charge is calculated as the difference between the
Mulliken population and the nuclear atomic charge (16 for S
and 6 for C) and the results are shown in Fig. 5. The charge
transfer per atom is less than 0.1e due to the similar electrone-
gativities of S (2.58) and C (2.55). The averaged charge transfer
converges to negligible values beyond the third nearest neigh-
bors of DV-2S, indicating its localized influence on the elec-
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tronic structure of graphene. Interestingly, the most charge-
accumulated and charge-depleted atoms are the nearest and
the second-nearest neighbors of DV-2S. The delocalized =
band electrons in graphene might contribute to this phenom-
enon, while the out-of-plane S atoms are limited by the more
localized electron states. As the defect density decreases,
charge transfer becomes even more localized around the
defect, where the charge accumulation at S increases and the
oscillation of averaged charge transfer decreases. The observed
trend is consistent with the evolution of structural distortions
of DV-28S.

The electron band structure and projected density of states
(DOS) of DV-2S are shown in Fig. 6. The 6-fold symmetry of
graphene’s first Brillouin zone (1BZ) is broken due to the
DV-2S defect,®® and so the illustrated path is adopted to
sample Dirac point. In all cases, the Fermi level is below the
Dirac point, so graphene is p-doped by DV-2S, which is more
prominent at higher defect densities, showing good agreement
with experimental results. The unique linear dispersion of
pristine graphene at the Dirac point is preserved, indicating
that the influence of S-doping on carrier mobility might be
negligible. The projected DOS shows localized defect levels of
approximately —0.36 to —0.67 eV, whose position relative to the
Dirac point is almost constant in all cases. Therefore, it can be
inferred that p-doping might decrease with defect density,
reducing the energies of both the Dirac point and the defect
state.

3.4. Protective role of HMDS coating during sulfur annealing

Further investigation into the annealing conditions of gra-
phene was conducted by applying a protective coating on its
surface to mitigate damage caused during sulfur annealing. In
this study, graphene samples on 90 nm SiO, were coated with
self-assembled monolayers (SAMs) of HMDS using the immer-
sion method. The choice of HMDS was based on previous
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Fig. 5 (a) Charge transfer averaged over the i nearest neighbor of DV-2S. (b) Distribution of charge transfers up to the third nearest neighbors of
DV-2S as a function of the supercell size n x n (n = 4, 5, 8, 10) of the primitive cell with a lattice parameter of 2.45 A.
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the electronic structures.

research which demonstrated that graphene coated with
HMDS can withstand high-temperature annealing.'> HMDS
has also been shown to effectively protect graphene during
plasma exposure while maintaining its electrical properties
intact.®® The graphene-HMDS samples as shown in Fig. S9
were annealed at 400 °C under sulfur conditions for
10 minutes, followed by vacuum annealing at 800 °C for
15 minutes. In the images, no visible etched pits can be
observed on the graphene surface, in contrast to the samples
without HMDS coating. Furthermore, the AFM results show
that the surface roughness is as low as 0.373 nm. This suggests
that the HMDS coating effectively protected the graphene
surface from damage during the annealing process.
Subsequently, Raman spectra were acquired for the gra-
phene-HMDS samples under three distinct conditions: before
annealing, after the 400 °C sulfur annealing, and then after
the 400 °C sulfur annealing followed by the 800 °C vacuum
annealing. The analysis focused on the G and 2D peaks, as
illustrated in Fig. S9. The observations before annealing indi-
cated only a minor level of doping in the graphene-HMDS
sample (n ~ 4.0 x 10'" em™>) without any noticeable strain.
After subjecting the sample to annealing at 400 °C in the pres-
ence of sulfur, there was a slight increase in doping (n ~ 5.7 x
10"" em™) with minimal strain effects (¢ ~ +0.37%). This
outcome is notably different from that found in earlier gra-
phene samples without HMDS coating, which exhibited

This journal is © The Royal Society of Chemistry 2025

increased strain (¢ ~ +0.56%) along with higher doping (n ~
1.2 x 10"* em™?) after the 400 °C sulfur annealing. However, in
the case of the graphene-HMDS sample, only a slight strain
effect (¢ ~ +0.37%) was observed when annealed with sulfur at
400 °C followed by further annealing at 800 °C under vacuum.
This was accompanied by a marginal reduction in doping with
a concentration of n ~ 5.4 x 10"" em ™. This finding could have
been influenced by the reduced presence of sulfur in the gra-
phene-HMDS sample as compared to previous graphene
samples, where the S 2p peaks are considerably lower, exhibit-
ing atomic concentrations relative to carbon at approximately
0.29% and 1.15% for samples annealed at 400 °C with sulfur
and at 400 °C with sulfur followed by 800 °C in vacuum
respectively.

This outcome suggests that the HMDS coating successfully
protected the graphene from damage during the annealing
process, as indicated by the reduction in strain and doping
levels. This protection was particularly evident when annealing
was performed in sulfur-rich conditions followed by high-
temperature annealing. These results align with our findings
that the occurrence of etched pit damage on the graphene
surface was significantly reduced with the implementation of
HMDS coating.

The presence of sulfur on the graphene surface contributes
to an increase in resistance in graphene devices. Furthermore,
an increase in annealing temperature under sulfur conditions

Nanoscale, 2025, 17, 20504-20518 | 20513
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leads to higher resistance compared to pristine graphene, as
illustrated in Fig. S10(b), where the changes in resistance rela-
tive to pre-annealing are estimated to be 190%, 370%, and
160% for samples annealed with sulfur at 300 °C, 400 °C, and
500 °C respectively (Fig. 7). It is noteworthy that samples
annealed under sulfur conditions followed by annealing at
800 °C in a vacuum exhibited almost no conductivity, with re-
sistance levels recorded in the GQ for samples annealed with
sulfur at 300 °C, 400 °C, and 500 °C followed by 800 °C in
vacuum. However, the samples treated with HMDS showed sig-
nificantly less increase in resistance compared with the
untreated samples. This improvement suggests that the
coating with HMDS enables the deposition of TMDCs onto gra-
phene without compromising its quality.
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Relative change in resistance (%)
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Fig. 7 Influence of sulfur annealing on graphene resistance. A notable
increase in resistance is seen with higher annealing temperatures under
sulfur conditions. The relative change in resistance compared to pre-
annealing is quantified as 190%, 370%, and 160%-for samples annealed
with sulfur at 300 °C, 400 °C, and 500 °C respectively. Remarkably,
samples subjected to sulfur annealing followed by an 800 °C vacuum
annealing exhibit nearly negligible conductivity, with resistance levels
reaching GQ for all samples annealed with sulfur followed by annealing
at 800 °C in vacuum. Meanwhile, the application of HMDS leads to a sig-
nificantly lower increase in resistance compared to uncoated samples.
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The performance of HMDS-coated graphene compared to
bare graphene under sulfur annealing is summarized in Table 2:

3.5. Implications for TMDC growth on graphene

For HMDS to be integrated into the process of the growth of
TMDCs on graphene, it is essential that its presence does not
compromise the quality of the TMDC film. Therefore, we de-
posited a thin film of WS, on HMDS-coated graphene using
the electrodeposition method. As a precursor, [NEt,],[WS,Cl,]
was employed as a single-source compound that readily dis-
solves in CH,Cl, electrolytes."®'” Fig. 8(c) presents Raman
spectra focusing on the WS, region, which has been deconvo-
luted into several peaks through Lorentzian fitting. The first
order E'y(I') mode corresponds to the in-plane lattice
vibration’® and exhibits peaks at 357.2 cm™'. It overlaps
slightly with the second order longitudinal acoustic mode (2LA
(M)) originating from the coupling of the electronic band
structure with lattice vibration,”® which exhibits peaks at
350.1 cm™'. Meanwhile, the first order A;,(I") mode signifying
out-of-plane lattice displacement’® is observed at 419.0 cm™.
The shift difference between the E',,(I') and A.y(I') peaks is
measured at 61.8 cm™'. Furthermore, the intensity ratio
between the 2LA(M) and A;g peaks has been calculated to be
1.77. These peak positions and intensity ratios align consist-
ently with the established characteristics of the WS, Raman
spectra documented in prior studies,'® which suggests that
comparatively high-quality WS, has been deposited onto the
HMDS-coated graphene. A subsequent XPS analysis (Fig. 8(e)
and (f)) focused on the tungsten 4f (W 4f), sulfur 2p (S 2p),
and carbon 1s (C 1s) regions. Two distinct doublets were
observed in the W 4f region. The first was identified as related
to WS, formation, exhibiting binding energies of 32.4 eV and
34.5 eV corresponding to W 4f5,, and W 4f;, respectively, and
the second doublet observed at a higher binding energy (W
af,, ~ 35.5 eV and W 4f;,, ~ 37.8 eV) is associated with oxi-
dation (W®" peaks) and could be linked to surface oxidation
leading to WO; formation. Meanwhile, the S 2p region with S
2p12 and S 2p;/, peaks corresponding to WS, formation were
recorded at 162.0 eV and 163.2 eV respectively. Again, this
suggests that a comparatively high-quality WS, has been de-
posited on the HMDS-coated graphene.

Table 2 Performance comparison of HMDS-protected graphene and bare graphene under Sulfur annealing

Parameter Bare graphene

HMDS coated graphene

Etched pits
subsequent high-temperature annealing

After 400 °C sulfur annealing: ~1.2 x 10" cm™
After 800 °C vacuum annealing: ~1.9 x 10'® cm
After 400 °C sulfur annealing: ~+0.56%

After 800 °C vacuum annealing: ~+0.54%
Atomic concentrations relative to carbon: ~3.53%

Doping level (1) 2

-2

Strain ()

Sulfur content (S

2p peaks) (400 °C sulfur) and ~1.06% (400 °C sulfur + 800 °C)
Resistance change 300 °C sulfur: ~190%
(%) 400 °C sulfur: ~370%

500 °C sulfur: ~160%
800 °C vacuum: GQ (negligible conductivity)

20514 | Nanoscale, 2025, 17, 20504-20518

Visible etched pits observed after sulfur annealing and

No visible etched pits observed, even after sulfur annealing at
400 °C and vacuum annealing at 800 °C

After 400 °C sulfur annealing: ~5.7 x 10" cm™
After 800 °C vacuum annealing: ~5.4 x 10" cm
After 400 °C sulfur annealing: ~+0.37%

After 800 °C vacuum annealing: ~+0.37%
Atomic concentrations, significantly reduced sulfur content:
~0.29% (400 °C sulfur) and ~1.15% (400 °C sulfur + 800 °C)
400 °C sulfur and 800 °C vacuum: ~480%

2
-2

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Multifaceted characterization of WS, on HMDS coated graphene. (a) Optical image captured at 100x magnification illustrating successful
WS, deposition on graphene. (b) AFM image providing insight into the WS, morphology on graphene. (c) Raman spectra focusing on the WS, region,
revealing distinct peaks corresponding to the in-plane lattice vibration (Elzg(l")), longitudinal acoustic mode (2LA(M)), and out-of-plane lattice displa-
cement (Alg(l“)). (d) Raman peak analysis of graphene emphasizing G and 2D peaks in correlation analysis of 2D—G peak position with strain and
doping. Minor doping is observed with elevated strain. (e) XPS analysis targeting the tungsten 4f (W 4f) region, indicating the presence of WS, with
characteristic doublets and a second doublet associated with oxidation. (f) XPS analysis focusing on the sulfur 2p (S 2p) region, highlighting peaks
corresponding to WS, formation. The S 2p1/2 and S 2p3/2 peaks are recorded at 162.0 eV and 163.2 eV, respectively. These comprehensive analyses
collectively affirm the successful deposition and characteristics of WS, on HMDS-coated graphene.

Evidence of the quality of the electrodeposited WS, is
further supported by previous STEM studies that compared
electrodeposited MoS, and WS, films grown on graphene elec-
trodes to those grown using chemical vapor deposition (CVD)
and other techniques.'®*® STEM measurements revealed the
formation of polycrystalline MoS, and WS, layers with domain
sizes ranging between 10-50 nm.

These findings support the conclusion that high-quality
WS, film has been deposited on the HMDS-coated graphene.
Maintenance of the integrity of graphene after sulfur anneal-
ing using HMDS enables the growth of TMDCs using electro-
deposition or CVD on graphene, thereby facilitating appli-
cations requiring the low resistivity of graphene.

4. Conclusion

This study explores the interaction of sulfur with graphene at
different annealing temperatures, its impact on the properties
of graphene and its integration with transition metal dichalco-
genides. It is demonstrated that the annealing of graphene at
high temperatures in the presence of sulfur leads to significant
etching, the extent of which increases at higher annealing
temperatures. Additionally, substantial post-annealing degra-
dation in the electrical properties of the graphene was
observed.

This journal is © The Royal Society of Chemistry 2025

DFT calculations were performed on two hypothetical
defects, MV-1S and DV-2S, in order to identify the favourable
defect structure in sulfur-doped graphene. Having computed
the XPS binding energy and defect formation energy, a DV-2S
defect with C-S-C bonds was identified as the most favourable
type. This defect induces p-doping in graphene, with doping
levels increasing alongside defect density, as also seen in
experimental observations. As defect density decreases, both
structural distortion and charge transfer become more loca-
lized around the sulfur atoms, while the energy between the
Dirac point and defect level remains almost constant.

Although defects in sulfur-doped graphene may be more
complex than the DV-2S type studied, the strong correlation
between theoretical and experimental data suggests that the
properties analysed are dominated by the C-S-C bond rather
than the specific defect structure. Therefore, the findings of
this study not only further our understanding of the structure
and electronics of sulfur-doped graphene but also provide a
reference for future research on other defects involving the C-
S-C bond.

Furthermore, we found that the application of self-
assembled monolayers of HMDS on graphene improves its
quality and preserves its properties during high-temperature
sulfur annealing. This enables the deposition of high-quality
TMDCs onto the graphene without compromising its integrity.
In essence, this work lays the foundations for the develop-
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ments of the controlled growth of TMDC materials on gra-
phene via chemical vapour deposition or electrodeposition,
thereby unlocking their potential incorporation in high-per-
formance electronic and optoelectronic devices.
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