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This study presents a straightforward method to allow transfer-free
graphene growth on SiO,/Si substrates, with Mo serving as a
sacrificial layer, which could be easily removed by simple air blow-
ing. Such a route eliminates the need for chemical etching of metal
catalysts. The resulting 2-inch graphene wafer shows electrical
uniformity and minimal metal residue.

Since graphene was first successfully exfoliated by Novoselov
et al. in 2004," it has been extensively studied as a two-dimen-
sional material with many attractive properties, such as high
transparency,” excellent carrier mobility,> and favorable
mechanical robustness.* In this sense, graphene films on
insulating substrates hold significant potential for applications
in the fabrication of field-effect transistors, light-emitting
diodes and photovoltaic devices.””

Among the explored methods for graphene preparation,
chemical vapor deposition (CVD) has emerged as a reliable
route for producing high-quality graphene films because of its
exceptional controllability and scalability. In general, there are
several main CVD strategies aimed at synthesizing graphene
over insulators towards electronic/optoelectronic devices:*°
(i) the direct growth on a target insulating substrate, (ii) the
catalytic growth on metal films followed by transfer onto a
target insulating substrate, and (iii) the interfacial growth on a
target insulator by the introduction of a sacrificial metal layer,
which could be etched away afterwards. Nevertheless, owing to
the catalytic inertness and carbon migration difficulty of
insulators, daunting challenges remain in the direct growth
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of graphene, which typically results in poor growth quality,
limited controllability, and small domain sizes.'*™** The metal-
assisted route has been proven as an effective strategy in
facilitating precursor decomposition, reducing the migration
barrier of active carbon species and improving the growth
quality. For instance, wafer-scale single-crystal graphene was
synthesized on Cu(111) by carefully controlling the annealing
step of the substrate.'® In addition, high-quality graphene can
be produced by depositing a Ni or Cu/Ni alloying layer, which
allowed carbon atoms to dissolve into the bulk of the
catalyst."”'® Upon cooling, supersaturated carbon precipitates
at the interface between Ni and the insulating substrate, form-
ing a graphene film. Despite the enhancement in the graphene
quality, removing the catalytic metal layer and/or transferring
the graphene after growth is tedious and problematic. Any
metallic or organic residues would further impact the ultimate
properties of the thus-obtained graphene."’

Inspired by these considerations, we propose herein an
innovative transfer-free graphene growth method by utilizing
Mo as a growth booster, which could be easily removed by air
blowing. This approach eliminates the need for post chemical
processing to remove the metal layer or transfer the produced
graphene. The resulting graphene film on the 2-inch SiO,/Si
wafer exhibits excellent uniformity, with no detectable metallic
residues as confirmed by elemental analysis.

Fig. 1a schematically depicts the transfer-free growth of
graphene. Briefly, a Mo layer with a thickness of ~200 nm
was sputtered onto the SiO,/Si substrate, followed by the
oxidation to MoOj in air at 350 °C. The MoO; layer was then
carbonized at 900 °C in a methane-rich atmosphere. By further
increasing the system temperature to 1080 °C while reducing
the methane concentration, the graphene growth could be
initiated. After cooling down to room temperature, the coverage
layer was completely removed using N, or air gas blowing
(Fig. S1, S2 and Movie S1). Fig. 1b shows a photograph of a
2-inch Si0,/Si wafer before (left panel) and after (right panel)
graphene preparation with Mo deposition. Upon air blowing,
no noticeable metallic residues were visible over the surface
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Fig. 1 (a) Schematic of the graphene preparation process. (b) Photograph
of a 2-inch wafer with 200 nm Mo sputtered (left) and few-layer graphene
grown (right) after air blow treatment. (c) Sheet resistance map. (d) Sheet
resistance statistical data. (e) Raman spectra and (f) white light interfe-
rometer characterisation of the as-grown graphene.

across its entire wafer area. Fig. 1c and 1d present the sheet
resistance mapping and related statistical data for the prepared
graphene. The average sheet resistance of the measured
81 points reaches 1276 Q sq ' with a standard deviation of
19.9 Q sq ', demonstrating the wafer-scale uniformity of the
graphene. As displayed in Fig. le, a representative Raman
spectrum of the produced graphene film exhibits an Ip/I; ratio
of 0.34 and an I,p/Ig ratio of 0.53. The full width at half
maximum (FWHM) of the 2D peak is 68.4 cm . And these
results suggest the few-layer graphene formation.’>' Atomic
force microscopy measurements were performed to further
evaluate the layer numbers of the graphene film. A trench with
a depth of nearly 2.8 nm was observed (Fig. S3), indicating that
the graphene film comprises ca. 8 layers.>” The white light
interferometer measurement of graphene over the 112 X
112 pum? area shows a surface roughness of 0.59 nm (Fig. 1f).
A varied characterisation toolbox was employed to identify
the content of the Mo-based catalyst layer at each preparation
stage. In the initial stage after Mo sputtering, the surface
morphology of the substrate showcases uniformly fine particle
aggregation, as evidenced by the scanning electron microscopy
(SEM) image in Fig. 2a. The corresponding X-ray diffraction
(XRD) pattern manifests two prominent signals at 33.1° and
40.5° (blue curve, Fig. 2f). The strong peak at 40.5° corresponds
to Mo(110) (JCPDS 89-5023). Note that its FWHM exceeds 1°,
indicative of internal stress in the sputtered Mo layer. The peak
at 33.1° is likely owing to the surface oxidation to MoO; when
exposed to air.>* As shown in Fig. $4, the corresponding Raman
peak at 995 cm™" could be ascribed to MoO;.>**> The energy-
dispersive spectroscopy (EDS) results confirm the presence of
Mo and O elements (Fig. S5). Upon 350 °C oxidation treatment,
the surface morphology of the Mo layer presents notice-
able bulging (Fig. 2b). The XRD pattern respectively shows a
marked increase/decrease in the peak intensity of MoOz;/Mo
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Fig. 2 SEM images of the substrate after (a) Mo sputtering, (b) oxidation,
(c) carburization, and (d) graphene growth. (e) Elemental composition at
each stage examined by EDS analysis. (f) XRD patterns of the substrate at
each preparation stage. (g) XPS Mo 3d spectrum of the as-prepared
graphene.

(pink curve, Fig. 2f). The Raman peak at 995 cm ™' becomes
relatively stronger compared to that in the previous stage,
indicating further oxidation into MoO;.

After carburization at 900 °C, the substrate surface manifests
a cracking morphology with discernible gaps between the
grains (Fig. 2c¢). The diffraction pattern of the carbonized
sample matches well with hexagonal B-Mo,C (JCPDS 35-0787),
affording featured signals at 34.4° (100), 38.1° (002), 39.4° (101),
52.2° (102), and 61.5° (110) (purple curve, Fig. 2f). According
to the EDS analysis, the atomic composition of Mo, O and
C element, respectively, reaches 4.0%, 2.7% and 52.5%, indi-
cating that the majority of MoO; transformed to Mo,C in this
stage (Fig. 2e). After graphene formation, the surface is covered
by a uniform film (Fig. 2d), where the EDS analysis shows no
sign of Mo element (Fig. 2e). To further probe the purity of
graphene prepared by our method, X-ray photoelectron spectro-
scopy (XPS) and inductively coupled plasma mass spectrometry
(ICP-MS) were employed. The high-resolution Mo 3d XPS
spectra display no obvious signals; the ICP-MS results also
reveal a Mo content of less than 0.002%, implying that the
obtained graphene is free of Mo residues (Fig. 2g and Fig. S6).

It is interesting to find that the processing duration of the
carburization stage determines the difficulty level with respect
to Mo sacrificial layer removal. To investigate the removal
essence, the Mo oxidation and graphene growth parameters
were kept identical, with varied carburization duration set at
5, 10 or 20 min for comparison. The resulting samples were
characterised by optical microscopy (Fig. S7). In terms of the
carburization for 5 min, the pre-deposited Mo layer could not
be detached from the substrate surface using air blowing. As for
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the sample carburized for 10 min, parts of the layer were
removed. In contrast, for the sample carburized for 20 min,
complete layer removal could be realized. Moreover, surface
cracking textures were observed for all carburization cases, with
related traces remaining in the graphene films. Raman spectra
collected specifically in the grain (light-coloured) and grain
boundary (dark-coloured) regions, respectively, manifest the
Ip/I; ratio at 0.4 and 0.19 (Fig. S8), suggesting that the grown
graphene is apparently thicker at the grain boundaries as
compared to that at the grains. It is also worth-noting that
the Ip/lg ratios differ significantly between the two regions.
A possible explanation is that the substrate beneath the grain
boundaries is directly exposed to the gas-phase environment,
whereas the substrate beneath the grain regions represents a
confined growth system, in which a confined space is formed
between Mo,C and the substrate. Such a regional difference
might alter the graphene growth mode, resulting in disparities
in both thickness and defect density.>®

Such a phenomenon might be attributed to the diffusion of
active carbon species through the grain boundaries of the
formed Mo,C, as schematically depicted in Fig. 3a. As the
carburization progresses, the gradually boosted number of
grain boundaries readily creates migration pathways for the
active carbon species, allowing graphene to deposit onto the
SiO,/Si substrate. It is worth-noting that the carburization of
Mo typically precedes the growth of graphene because of the
strong affinity between Mo and carbon. After the formation of
Mo,C, the growth of graphene begins to occur.?’

In comparison with the conventional post-treatment routes
of CVD-grown graphene such as film transfer and/or chemical
etching, the metal removal approach developed in this work
offers certain advantages in both operational simplicity and
processing speed. In detail, previously reported methods for
multilayer graphene synthesis using metal catalysts with post-
processing durations are summarized (Table S1). It is evident
that the etching-based metal removal procedures normally
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Fig. 3 (a) Schematic of graphene growth and Mo sacrificial layer removal.
(b) DFT calculation results of the binding energy between the graphene-
SiO,, Mo,C-graphene, Mo,C-SiO,, MoO3-SiO,, and Mo-SiO, interfaces.
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require immersion in etchants for hours and additional trans-
fer processes, whereas our air blowing method enables com-
plete removal within 60 s. To gain insight into the ease-of-
removal feature of carburized Mo, density functional theory
(DFT) calculations were carried out to quantify the interfacial
binding strength in the system. As presented in Fig. 3b,
the calculated binding energy between graphene and Mo,C is
2.15 eV, which is 30% of that between MoO; and SiO,, as well as
40% of that between graphene and SiO,. The relatively weak
binding energy between graphene and Mo,C facilitates its
separation without detaching the graphene from the SiO,
substrate. In contrast, the binding energy value between
MoO; and SiO,, as well as between Mo and SiO,, reaches 7.3
and 7.9 eV, respectively (calculation details available in the SI).
Such a strong binding strength accounts for the incompetence
to fully remove the Mo-based sacrificial layer prior to complete
carburization.

To evaluate the optoelectronic application potential of the
as-produced graphene/Si material, a GaN-based photodetector
was constructed. The optical response of the graphene-based
GaN metal-semiconductor-metal (MSM) photodetector under
a 400 nm photo-illumination is shown in Fig. 4a. In the absence
of illumination, the dark current increases from 0.29 to 15.8 nA
as the applied bias voltage is increased from 5 to 20 V. The
corresponding photocurrent increases from 1.46 to 42.5 nA.
These results indicate a stable and reproducible photo-
response behaviour. Fig. 4b shows the time-resolved photocur-
rent of the photodetector in response to the turn-on and turn-
off of 400 nm photo-illumination (5.31 pW ¢cm™?), demonstrat-
ing the capability of detecting the light signals. Note that the
responsivity (R) and specific detectivity (D*) are important
metrics for quantifying the performance of photodetectors.?®
Among them, R is a parameter that describes the sensitivity of a
photodetector, reflecting its ability to convert an optical signal
into an electrical signal, as characterised by the relationship
between the output signal of the photodetector and the input
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Fig. 4 (a) /I-V and (b) /-t profiles of the GaN-based MSM photodetector
under 400 nm photo-illumination. (c) The R and (d) D* plot as a function of
applied bias voltage.
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radiation. The R here could be calculated using the equation:

R— Ion — Tgark
P, A

where I, and Iga are the photocurrent and dark current,
respectively, P, is the incident light power density (0.0531 W m™?),
A is the wavelength of incident light (400 nm) and A is the effective
area of the photodetector (0.0137 cm?®). As shown in Fig. 4c, the
R increases from 0.87 pA W™ to 0.307 A W' with an increasing
bias voltage up to 20 V, and the exponential increase in respon-
sivity with the bias voltage confirms favourable photo-response
performance.”® As another core indicator, specific detectivity (D¥)
describes the ability to detect light in the presence of noise, which
could be calculated by:

D= 7\/212
V2eliark

where e is the elementary charge. Our photodetector exhibits a
D* value of 1.6 x 10° Jones at 20 V (Fig. 4d).

In conclusion, we present a clean and transfer-free strategy
for the growth of uniform few-layer graphene on SiO,/Si sub-
strates using a Mo sacrificial layer. In contrast to the prevailing
Cu- or Ni-involved routes, the Mo-base layer could be comple-
tely removed by an air-blowing process, eliminating the need
for post-treatment such as chemical etching. The resulting
graphene film shows no detectable metallic residues and
exhibits excellent uniformity with low surface roughness. In
combination with instrumental characterisations and DFT
calculations, we reveal that Mo transforms to Mo,C during
the carburization, enabling graphene growth and facilitating
subsequent catalyst removal. Our method significantly reduces
contamination risks and offers promising potential for scalable
integration of graphene-based optoelectronic devices.
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