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CVD graphene layers are intrinsically polycrystalline; depending on grain size, their structure at the atomic
level is scarcely free of defects, which affects the properties of graphene. On the one hand, atomic-scale
defects act as scattering centers and lead to a loss of carrier mobility. On the other hand, structural
disorder at grain boundaries provides additional resistance in series that affects material conductivity.
Graphene chemical functionalization has been demonstrated to be an effective way to improve its
conductivity mainly by increasing carrier concentration. The present study reports the healing effects of
sulfur doping on the electrical transport properties of single-layer CVD graphene. A post-growth thermal
sulfurization process operating at 250 °C is applied on single layers of graphene on Corning-glass and Si/

SiO, substrates. XPS and Raman analyses reveal the covalent attachment of sulfur atoms in graphene
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a significant improvement in hole mobility as revealed by Hall measurements and related material
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conductivity. Typically, Hall mobility values as high as 2500 cm? V™! s7 and sheet resistance as low as

rsc.li/nanoscale-advances 400 Ohm per square are measured on single-layer sulfurized graphene.
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Introduction

Since its isolation in 2004 by Geim and Novoselov,* graphene (“a
single carbon layer of the graphite structure, describing its
nature by analogy to a polycyclic aromatic hydrocarbon of quasi-
infinite size”?) has attracted the attention of the scientific
community because of its extraordinary properties. Among
these, the strong ambipolar electric field effect allows graphene
to feature very high carrier mobility. While the reputation of
graphene has reached unprecedented levels, the graphene
puzzle continues to be enriched with new pieces that fuel new
expectations, from the point of view of fundamental scientific
knowledge and industrial applications. However, over nearly 20
years, many problems regarding graphene have been solved,
e.g., the optimization of CVD growth processes. However, some
problems remain open and must be solved to ensure that gra-
phene layers are further considered for increasingly sophisti-
cated industrial applications.

Significant improvements have been made on the CVD gra-
phene growth front with the development of methodologies for
(a) metal-catalyst-free direct growth on substrates,>* which
simplifies device fabrication and prevents problems related to
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the graphene transfer procedure and (b) the production of
single-crystal monolayer graphene, mainly through the opti-
mization of the crystallinity of the copper catalyst,*® which leads
to graphene exhibiting high-quality transport properties.
Regarding the healing/doping of polycrystalline graphene,
which is grown with conventional CVD methodology, signifi-
cant improvements have been made using various approaches,
such as post-thermal annealing,” plasma post-treatment® and
heteroatomic doping.” It is well known that graphene prepara-
tion by CVD yields layers with defects, i.e., structural/topological
and chemical defects.’** Depending on the specific process or
methodology used, micrographically, the graphene layer
appears to be composed of “individual bricks:” the grains.
Grains of varying size and orientation are joined together by
grain boundaries (i.e., edges), which determine most of physical
and chemical properties.* ™ In particular, many studies report
the role of grain boundaries in determining the overall
conductivity of the graphene layer. Q. Yu et al.'® have reported
interesting findings concerning the detrimental effect of the
grain boundaries on electronic transport and that avoiding the
grain boundaries is beneficial for improving mobility. The
effectiveness of the grain boundary in affecting the electrical
transport of CVD-grown polycrystalline graphene has been fin-
gerprinted by Tsen et al.*® In their paper, they investigate how
and under which circumstances the electrical transport is
influenced by the grain boundaries. Surprisingly, it was found
that electrical conductance may improve by one order of
magnitude for the grain boundaries with better interdomain
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connectivity. Thus, the better the stitching among grains the
better the electrical transport properties. Moreover, other
topological defects, such as C-vacancies and Stone-Wales
structures, wrinkles, folds, cracks and chemical defects, i.e.,
oxygen functional groups covalently bonded to carbon, can
affect graphene properties and determine its use in technolog-
ical applications.”*>*

Given the crucial role of defects in determining the proper-
ties of graphene, it is important to control their formation
during graphene growth and to find a way to repair existing
defects. To date, many approaches have been developed to
tackle this problem. Among different approaches, the recon-
struction of the graphene structure, e.g., the filling of vacancies
with carbon atoms from external sources and heteroatom
insertion (N, B, S, and P), are reported to have the most efficient
curing of defects in graphene.>*® Importantly, the presence of
grain boundaries and C-vacancy defects is essential for intro-
ducing heteroatoms in the basal plane of carbons, to tune the
chemical-physical properties for specific applications.?

Among different heteroatoms, sulfur is distinct due to its
“desmalusogeny” property, i.e. its ability to catenate with itself
but also with carbon.***" A significant example is the vulcani-
zation process in which sulphur forms cross-links between
layers.*> More specifically, the crosslinking of aromatic
compounds by sulphur has been deeply investigated by the H.
Akamat group in the past.*® They describe how the polycyclic
aromatic nuclei crosslink with each other through sulfur-
bridges, which act as good electron transport paths and yield
the aromaticity of the molecule.

Furthermore, theoretical works report that provided the
formation energy of sulfur doping is not too high and a suitable
source of sulfur atoms is used, it may be possible to synthesize
sulfur-doped graphene with important changes in the elec-
tronic structure.**® Taking advantage of these knowledge
bases, our recent research focuses on investigating the influ-
ence of sulphur doping and crosslinking on graphene. In the
present paper, we report results obtained for the thermal sul-
furization of CVD graphene and how the effect of sulphur
insertion in the graphene basal plane on its transport
properties.

Materials and methods
CVD-graphene growth and transfer

The catalytic CVD-growth methodology is as follows: graphene
was grown on a 25 mm copper foil of 10 x 10 cm? size. The
copper foil was inserted into a quartz tube of the thermal-
furnace CVD reactor. The quartz tube was evacuated to
a vacuum better than 10~ torr and heated to 990 °C under an
H, gas flow of 10 sccm (0.05 torr) that was maintained for
20 min after the temperature was stabilized. In the second
phase, i.e., the growth phase, CH, (5 sccm) was added to the gas
feed for a growth time of 20 min. After the growth phase, the
furnace was moved from the growth zone to realize the rapid
cooling of the graphene/copper foil.

The graphene layer was then transferred to the substrate
(Corning-glass, SiO,/Si, PET) using the thermal release tape
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(TRtape). The sized sheet of TR-tape was applied on a piece of
graphene/copper foil and pressed by a laminator. Copper was
removed in an ammonium persulfate solution (20 g L™"), and
the floating sheet of graphene/TR-tape was rinsed in DI water
and air-dried. Graphene was directly transferred onto the
substrate by hot-pressing the graphene/TR-tape (at ~100 °C),
releasing the tape.

Sulfurization process

For the thermal sulfurization process, single-layer graphene was
heat treated in the presence of an excess amount of sulfur
(powder 99.98%) on Corning glass and Si/SiO, substrates in
a stainless steel batch reactor (see Fig. S1 in ESIt). The process
was carried out under a He inert atmosphere at a constant
temperature of 230 °C for 2 h.

Characterizations

The morphology of the graphene layer (in terms of grain size,
wrinkles, multilayer islands and crakes) was evaluated, as done
in our previous studies***” using optical microscopy and Raman
spectroscopy. Typical grain size ranged between 50 and 200
pm?,

XPS measurements were performed on as-prepared samples
using a theta probe spectrometer (Thermo VG Scientific)
equipped with a monochromatic Al Ka X-ray source (1486.6 eV)
operated at 15 kV and a spot size of 400 mm, corresponding to
a power of 70 W. Survey and high-resolution (C1s, O1s, Cl2p,
and S2p) spectra were recorded in the FAT (fixed analyzer
transmission) mode at pass energy of 150 and 50 eV, respec-
tively. All spectra were acquired at a take-off angle of 37° with
respect to the sample surface. A flood gun was used to balance
the surface charging. The Cis signal for the sp” graphitic
component of the Cls spectrum (284.5 eV) was used as an
internal standard for charging correction. The high-resolution
spectra were fitted with mixed Gaussian-Lorentzian peaks
after performing Shirley background subtraction. The standard
deviation in the peak position was £0.1 eV.

Raman spectra of pristine and sulfurized graphene were
recorded with a LabRam HR (Horiba JY) system. All spectra were
acquired at room temperature with 532 nm laser light and
captured using 100x objective lens magnification with
a focusing laser spot less than 1 pm in diameter. The laser
power was kept at 1.0 mW to avoid the laser-induced heating
effect.

The electrical properties of the graphene layers are assessed
by measurements of sheet resistance, resistivity, Hall mobility
and majority carrier density. The measurements are performed
on a graphene layer of 1 x 1 cm?® on SiO, (300 nm)/Si substrate.
The carrier mobility is measured under a 0.3 T magnetic field at
room temperature using the Hall and Van der Pauw (4-probe
configuration) measurement system from MMR Technologies.

Results and discussion

The effectiveness of post-treatment for heteroatoms-doping of
CVD graphene layers depends on the nature of the defects, such

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as carbon vacancies, topological defects (e.g. Stone-Wales
defect), chemical impurities (e.g., oxygen-containing functional
groups: carboxylic, carbonyl, and hydroxyl), grain size and
edges. Studying the graphene treatment process with elemental
sulfur offers specificity due to the peculiarity of sulfur to be able
to give rise to many functionalities, especially when it interacts
with condensed aromatic structures.* The sulfurization process
and S-C bond configurations in S-doped graphene (G:S) are
schematically represented in Fig. 1. Briefly, a single layer of
pristine graphene, as transferred on different substrates, and
sulfur molecules in the gas phase, as evaporated from the yellow
sulfur powder (cyclic octatomic molecules S8), react at 230 °C to
produce sulfurized graphene. It is well known that the key step
in such a reaction is the opening of the S8 ring (the most
abundant sulfur allotrope in the gas phase®) to form a linear
biradical chain at a temperature higher than 432 K.*®

In schemes, in addition to the typical chemical functional-
ities of pristine CVD graphene,* a highlight is structural
defects, mainly carbon vacancies present at the grain bound-
aries. Let us remember that the intra-grain width may typically
be in the range of 3-5 nm." Proposed C-S bonding configura-
tions have been suggested by many theoretical and experi-
mental studies, which focus on understanding the role of sulfur
in relevant properties and several applications.****** Impor-
tantly, the scheme shows sulfur-bridges (-C-S-S-C-) between
graphene “bricks” to be involved in a sort of vulcanization
process, whereby the structure is reknit at graphene boundaries
to extend, presumably, the m-electron conjugation system and,
hence, the electron transport paths.** Other sulfur-based
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Fig. 1 Schematic of the sulfurization process. Top: as-prepared CVD
graphene (pristine graphene) with grain boundary highlighted in blue.
Bottom: graphene after sulfurization. Red represents oxygen atoms,
blue is for hydrogen atoms and yellow is for sulfur atoms. Several
oxygen- and sulfur-chemical functionalities are displayed.
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functional groups include thiol, thiophene, thiopyran and
dithiolium ring. Among these thio-polycyclic aromatic struc-
tures, the 5-atom dithiolium ring, also known as thio-thio-
phthen,* has been reported to be very stable in its cationic
form.**

In addition to doping graphene exclusively with sulfur by
treatment with elemental sulfur, multi-heteroatom doping by
SOCl, can provide a synergistic effect for the modification of the
transport properties. In a previous study on chemical doping
with SOCl,, we demonstrated the presence of sulfone (C-SO,-C)
and sulfoxide (C-SO-C) in the graphene structure (framework),
as well as their contribution to the p-doping activity.>* Here, we
also report and discuss the effectiveness of SOCIl, doping after
thermal sulfurization.

To chemically fingerprint the sulfurized graphene layer and
identify the S-C bonding, we performed X-ray photoelectron
spectroscopy (XPS). Fig. 2 reports XPS spectra for C1s and S2p
electronic states for single-layer pristine graphene after sulfur
doping at 250 °C, followed by SOCI, doping at 140 °C. Fitting of
the C1s spectra of pristine graphene and S-graphene is used to
identify the types of oxygen- and sulfur-containing groups. As
shown in Fig. 2a, the C1s spectrum of pristine graphene can be
deconvoluted into six peaks at 284.5 (1), 285.5 (2), 286.5 (3)
287.6 (4), 288.9 (5), and 290.0 eV (6) that can be associated to
carbon atoms in following configurations C sp?, C-OH, C-O-C,
C=0, O=C-O0 and a shake-up peak. After sulfurization (see
Fig. 2b), C1s spectrum deconvolution reveals peaks at about
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Fig. 2 High-resolution (0.9 eV) Cls and S2p XPS spectra for single-
layer graphene on Si/SiO, substrates as grown (pristine graphene),
after sulfurization (Graphene : S) and subsequent treatment with thi-
onyl chloride (Graphene : S: SOCL,). (a) Cls-spectra deconvolution is
performed with six peaks at 284.5 (1), 285.5 (2), 286.5 (3) 287.6 (4),
288.9 (5), 290.0 eV (6) that can be correlated to carbon atoms in
following configurations: C sp?, C—OH, C-O-C, C=0, O=C-0 and
the shake-up peak. (b) Cls spectrum of Graphene:S, the deconvo-
lution shows peaks at about same energies with only component 2
slightly increasing due to the additional contribution of C-S bond
configurations. (c) and (d) S2p-spectra deconvolution of Graphene: S,
after sulfurization, and subsequent treatment with SOCl, showing the
relative amount of C-S-C and C-SO,-C sulfur configurations at
164 eV and 168.3 eV, respectively.
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same energies with a slight increase in only one component.
The fact that after the sulfurization process, there are no
changes in the number of deconvoluted peaks, other than
a little increase in the intensity of one component (2) can be
interpreted as follows: sulfur atoms do not substitute oxygen
atoms, but they only compensate for the regions of defects.

In particular, the increase in component (2) is due to the
additional contribution in the C-S bond configurations. This
assignment is confirmed by the analysis of the XPS S2p spec-
trum in Fig. 2c and d. S2p spectra show the presence of two
different chemical forms: (a) the peak centred at 164 eV
(resulting from the overlapping of two spin-orbit splitting
peaks, 2p*/? at 163.8 and 2p*/? at 165.1 eV) is attributed to C-S,~
C chemical bonding in thiophene-like structures and (b) the
peak at higher binding energy, centred at 168.3 eV (peak
deconvolution at 168 and 169.3 eV), which is attributed to
sulfone (C-SO,-C) and/or sulfoxide (C-SO-C).**** The predom-
inance of (-C-S,~C-) sulfur chemical forms is evident in gra-
phene sulfurized with only sulfur. Following doping with SOCl,,
extra sulfoxides functionalities (-C-SO,-C-) are introduced,
while maintaining (-C-S,-C-) functionalities already present in
the sulfurized graphene basal plane.

Samples were also characterized by Raman spectroscopy.
Fig. 3 shows a typical Raman spectrum of sulfurized graphene
(S-G) extracted from Raman mapping (see linear scan map in
Fig. S2f) of as-grown graphene transferred on a Si/SiO,
substrate and subjected to sulfurization by annealing at 230 °C
for 2 h. For comparison, the spectra of pristine graphene before
(p-G) and after annealing are also shown in an inert helium
atmosphere (ann-G) for 2 hours at 230 °C without sulfur.

For the annealed sample, in comparison with pristine gra-
phene, 2D and G peak positions, the relative intensity ratio, and
the full width at half-maximum (FWHM) do not show signifi-
cant changes. However, in the low wavenumber region, the
spectrum of annealed graphene shows two additional low-
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Fig. 3 Raman spectra of sulfurized single-layer graphene (G:S) on
SiO,/Si (blue line) in comparison with the pristine graphene (p-G)
single-layer (black line) before and after annealing (ann-G) at 230 °C
(red line).
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intensity peaks: a narrow peak centered at 1130 cm " and
a band at 1520 cm™'. These two peaks are similar to those
attributed to the presence of trans-polyenes in C-based
materials.**** Details of the origin of these “new” dispersive
Raman peaks have been discussed by Ferrari et al*® and
attributed to C-C and C=C stretching bond vibrations in ¢rans-
polyacetylene chains, whose different lengths within the gra-
phene sheet can also explain the dispersive behaviour.
Furthermore, in our previous study,*® we discussed the revers-
ible photothermal trans-to-cis switching of polyene. This
phenomenon also occurs in the annealed sample studied here:
the peaks disappear, ie., the polyene chain switches to cis-
isomer, when the annealed sample is irradiated (see Fig. S31).

For sulfurized graphene (G : S), a comparison of p-G and ann-
G showed substantial changes in spectra including the broad
tail band between 1100 and 1600 cm ',%° the bands of
thiophene-derived Raman modes in the range 1400 to
1550 cm ™' *52 as well as the fingerprint data of G and 2D peaks.
By overlapping the spectra (see Fig. 4) that have been normal-
ized, it is possible to better highlight variations that are
observed following the treatment with sulfur and, therefore,
different regions to be associated with possible C-S
functionalities.

In the Raman spectrum of sulfurized graphene (G:S), there
is cogent evidence that graphene is doped. For example, the
ratio of peaks, as well as the shift in and the width of the G
peaks, follow what has been described by Das et al.>® In fact,
following the sulfurization process, significant changes are
observed: there was a blue shift and narrowing of the G peak;
the 2D/G peak intensity ratio reduced to almost one and,
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Fig. 4 Raman characterization demonstrating the significant change
in the G peak following the sulfurization process. (a) Overlay of
sulfurized graphene (G: S) with pristine graphene (p-G), which high-
lights the largest variation in intensity ratio /,p/lg for sulfurized gra-
phene. (b) and (c) Detail of the G and 2D peaks, respectively, showing
the shift following the sulfurization process.
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importantly, the intensity of the D-peak was very low (typically
located at 1353 cm™'). The last observation indicates that
almost negligible defect density can be caused by the structural
defects generated in the layer due sulfurization process and by
any possible contaminants. However, the relative shift of the G
and 2D peaks shows anomalous behaviour, when compared
with conventional pure-doping observations. Based on the
change in the 2D/G ratio (from 2 in pristine graphene to
approximately 1 in sulphur-graphene) and sharp decrease in the
FWHM (from 13 cm ™' to 8 cm™ ') of the G-peak, a significant
blue shift of the G-peak is expected. At the same time, a blue
shift of the 2D peak is anticipated, thus confirming p-doping
and increase in the Fermi energy.**** We observe a small blue-
shift of the G peak (Awg = 5 cm™ ') and a redshift of the 2D
peak (Aw,p = 3 em ™). An important consideration to keep in
mind is that the difference in electronegativity of the S and C
atoms® could be too small to promote significant charge
transfer in the C-S bond configurations. Thus, the chemical
doping induced by the S atoms in the m-basal plane would
appear negligible. However, the inclusion of a sulfur atom,
being larger than a carbon atom, especially when involved in
a sulfur-bridge, can induce strain in graphene and conse-
quently, could cause a redshift in the 2D and G Raman peaks.*®
Thus, the concurrent effect of strain and increase in the Fermi
energy (p-doping) can explain the anomalous variation in the
2D and G peaks shift observed after sulfurization.>”

The strain can be roughly estimated, following sulfurization,
by the analysis of aman peaks parameters I(2D)/I(G) and FWHM
(G), which are independent of the strain; this can also be done
by the position of the G and 2D peaks depending on the Fermi
energy and strain.>**®, Hence, we can approximately evaluate
the Fermi energy for graphene before and after sulfurization
(see Fig. S5t) and further estimate the corresponding position
of the G and 2D peaks for sulfurized graphene. The observed
large difference in the peak position between expected and the
experimental values (APos(G) = 7 ecm ' and APos(2D) =
13 cm™ "), especially for the 2D peak confirms the existence of
tensile strain of approximately 0.25%.>7*° To investigate the
effect of sulfurization on the transport characteristics of gra-
phene, we measured the Hall mobility, sheet resistance, and
carrier density for single-layer graphene before and after sul-
furization. Data for eight samples are shown in Fig. 5. The Hall
mobility doubles going from about 1445 cm”> V' s~" on average
to about 2530 cm? V™! s7!; at the same time, the sheet resis-
tance decreases from about 1130 Q [~ to about 670 Q (077,
whereas the carrier density does not show, on average, any
variation. These findings further substantiate the interpretation
of Raman's fingerprint data. The increase in mobility, while
maintaining constant carrier mobility, induces an increase
(downwards) in the Fermi level, i.e. hole-doping and leads to
observed changes in Raman features of the G and 2D peaks, as
described in the above scenario (see summarized data of Raman
and electrical measurements in Table S1t). The observed
changes in the transport properties can be read via a simple
model that essentially consists of the interrelation among Fermi
energy, carrier density and Fermi velocity: Er = h |vp|y/TTn.>
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graphene (G:S) measured through a Hall device with Van der Pauw
geometry (4-probe configuration). The yellow star indicates data
measured on sulfurized graphene and subsequently doped with thi-
onyl chloride (SOCL,) (the dash-dotted lines in the figures are only
a guide for the eye).

When we perform sulfurization, the system evolves toward
higher carrier mobility and p-doping, i.e., the Fermi level moves
over an amount, AEg, while maintaining constant hole carrier
density. This can be explained by a small renormalization of the
band structure that gives rise to a constricted Dirac cone shape
and, consequently, increases Avg of Fermi velocity.

The observed improvement in the electrical performance of
graphene upon sulfurization is also confirmed by Hall
measurement performed on the sulfurized sample that had
been subsequently treated with SOCIl, and whose Raman spec-
trum shows a further doping effect (see Fig. S47). Typically, the
sheet resistance of a single layer decreases further to 330 Q 0"
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while maintaining a high carrier mobility (see data marked with
a yellow star in Fig. 5).

Conclusions

In conclusion, we have demonstrated enhancement in the
electrical performance of CVD graphene on glass and SiO,
substrates by post-treatment thermal sulfurization. The pres-
ence of defects and, specifically, the grain boundaries can
reduce the electrical conductivity of polycrystalline graphene.
We found that using sulfur vapour at high temperatures to
induce sulfur chemical reactions with graphene, sulfur is
incorporated into graphene with a reknitting of the structure at
the grain boundaries. Hall mobility measurements showed the
hole mobility to almost double and, therefore, a decrease in the
sheet resistance of sulfurized graphene occurred compared to
pristine graphene at ambient conditions.

The observed improvement in the electrical performance of
graphene after sulfur thermal treatment is highly encouraging
as it can have beneficial effects on the performance of sensors
(i.e., signal intensity, detection sensitivity and response times)
as well as other emerging devices.
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