High-quality multilayer graphene on insulators via metal catalyst
alloying in layer exchange with Bayesian optimization
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The use of alloy catalysts in metal-induced layer exchange synthesis,
supported by machine learning techniques, has been demonstrated
to contribute to the improvement of multilayer graphene quality
directly formed on a glass substrate. This advancement facilitates
low-temperature synthesis and broadens the potential applications
of multilayer graphene in next-generation devices.

The exceptionally high electrical and thermal conductivity,
combined with the mechanical robustness of multilayer
graphene (MLG), enable its application across various fields.t
The primary challenge for practical implementation lies in
fabricating high-quality MLG uniformly on diverse substrate
types.2 Since commonly used substrates have limited heat
resistance, minimizing the synthesis temperature of MLG is
essential. While the transfer method is well-established for
producing high-quality graphene,3-5 it remains challenging to
achieve large-area and uniform MLG formation via this route.
Recently, low-temperature synthesis of MLG has been achieved
using vapor-phase growth®10 and solid-phase growth,1-13 both
leveraging the precipitation phenomenon from metal catalysts.
Prior studies have demonstrated that metal-induced layer
exchange (MILE), originally developed for group IV
semiconductors such as Si and Ge,4-16 is also effective for MLG
Unlike the cooling-based
precipitation approach, MILE employs a metal layer as a
template for the MLG, allowing uniform deposition over a wide
area with precise thickness control.20-22 We identified eight
metals capable of enabling MLG formation via MILE, and
observed that Ni, Co, and Fe, in particular, facilitate low-
temperature synthesis.2324 This method, with synthesis
temperatures as low as 350 °C, is suitable for flexible devices
that utilize heat-resistant plastic substrates.252¢ Conversely, the
cooling-based precipitation approach has the advantages of
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having better MLG quality and lower synthesis temperatures
when employing alloy metals.27-2° Similar effects have been
reported for MILE in group IV semiconductors.39 However, the
use of alloy catalysts in MILE for forming MLG, or for other
semiconductor materials, has yet to be explored. Additionally,
machine learning techniques, such as Bayesian optimization,
have recently been applied in materials development.30-3> This
study focused on Ni, Co, and Fe, known for their effectiveness
in low-temperature MLG formation via MILE, to investigate the
effect of alloying on MILE growth behavior. Bayesian
optimization was used on ternary alloy catalysts, which proved
effective in enhancing MLG quality.

Fig. 1(a) provides a schematic illustration of the MILE
process. Following metal deposition, an amorphous carbon (a-
C) film was continuously deposited in 50 nm layers on a SiO;
glass substrate at room temperature. All depositions were
performed via radio-frequency magnetron (RF) sputtering
(Sanyu Electron SVC-700RF, base pressure of 6.0 x 10~ Pa)
under an Ar plasma. The RF power was maintained at 50 W for
metal deposition and 100 W for a-C deposition. The deposition
rate was 2.2 nm/min for C. Alloy catalyst deposition was
achieved by affixing metal sheets onto a sputtering target (Fig.
1(b)). The alloy composition was controlled by varying the
surface area of the metal sheets. Since the deposition rate
depended on both the type and area of the metal sheet, a
variable sputtering time (4—6 min) was used to achieve a metal
film thickness of 50 nm. The purity of both C and the metals was
99.9%. The metal composition was determined by energy-
dispersive X-ray (EDX) spectrometry using an Oxford AZtec
analysis attached to a scanning electron microscopy (SEM)
system (Hitachi-High-Tech SU7000; voltage: 15 kV). After
deposition, the films were heat-treated at 600 °C for 1 h in a
furnace (Koyo Thermo Systems KTFO35N1) with an Ar
atmosphere. Following heat treatment, the surface metal layer
was removed using a dilute nitric acid solution (6%) for 10 min.
Upon removing the metal layer, MLG was observed to uniformly
cover the substrate surface (Fig. 1(c)).



The layer exchange behavior of the samples using single-
element metal catalysts was investigated after thermal
annealing. Fig. 2(a) presents the out-of-plane 9-29 XRD patterns
of the samples prior to metal removal. The XRD patterns were
obtained for the samples using a diffractometer (Rigaku
SmartLab) equipped with a Ge monochromator (wavelength:
1.54 A) and a Cu-Ka radiation source (voltage: 40 kV, current:
30 mA). The incident angle was varied from 20° to 60° in steps
of 0.01°. In all samples, a peak corresponding to the C(002)
planes of graphite was observed near 27°, indicating the
formation of MLG with orientation parallel to the substrate.
Additionally, diffraction peaks originating from each catalyst
metal were detected. Notably, the Co sample exhibited a strong
preferred orientation along the (111) plane, which may be of
interest for applications in magnetic thin films. Fig. 2(b)—(d)
show the surface SEM images after removal of the metal films.
Each sample exhibited surface topographies with different
roughness features. Given that, in the principle of MILE, the
metal acts as a template for MLG formation, these
morphological differences likely reflect variations in the metal
layer morphology during the annealing process.151? Fig. 2(e)
displays the EDX spectra obtained from the MLG surfaces after
metal removal. For all samples, the residual metal contentin the
MLG layer was below the detection limit (~1%), confirming the
effective removal of the catalyst metal.

Raman spectroscopy (JASCO NRS-5100; spot diameter: 5
pum; excitation wavelength: 532 nm) was used to investigate the
compositional modulation of Nii-xCox, Nii-yFey, and Coi--Fe;
binary alloys and their effectiveness in synthesizing MLG via
MILE. Fig. 3(a)—(c) presents the Raman spectra collected from
the backside of all samples, revealing characteristic peaks near
1350, 1580, and 2700 cm™1, which correspond to the D, G, and
G' bands, respectively, of the graphitic structure.3® These
observations indicate that layer exchange occurred in all
compositional variants, resulting in successful MLG synthesis on
SiO, substrates. Fig. 3(d)—(f) shows the G/D intensity ratio, an
indicator of MLG crystallinity, derived from the Raman spectra
in Fig. 3(a)—(c). In each of the binary alloys, the G/D ratios
surpassed those obtained using the corresponding single-
element metal catalysts, reaching 3.8 for x = 0.02, 5.6 for y =
0.75,and 4.5 for z = 0.14.

The influence of Ni;—x-yCoxFey ternary alloy composition on
the G/D ratio was investigated and optimized using machine
learning. We executed Bayesian optimization using a Gaussian
process regression algorithm in the Python library GPyOpt, with
expected improvement as the acquisition function. The
parameters used for Bayesian optimization are summarized in
Table 1. In the initial stage, five samples with randomly selected
Ni1-x-yCoxFey compositions were prepared, and their G/D ratios
were evaluated. As depicted in Fig. 4(a), the G/D ratio was
particularly high in the region delineated by blue lines (x = 0.2—
0.6, y = 0.1-0.5). Bayesian optimization began from the sixth
sample (Fig. 4(b)), utilizing the properties of the five randomly
selected samples as initial data points. Through this process, the
highest G/D ratio of 6.5 was achieved in the eighth sample,
surpassing all previously investigated compositions of single
and binary alloys. Subsequently, the expected improvement
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diminished with an increasing number of samples, converging
to nearly zero after the ninth sample. This outcome indicates
that the Bayesian optimization process sufficiently explored the
parameter space in the mathematical model. The resulting G/D
ratio is higher than that of most low-temperature-synthesized
MLGs.37-41

To understand the origin of the enhanced crystallinity
observed in MLG synthesized with alloy catalysts, we consider
several possible effects?2’-2%, Alloying is known to alter key
thermodynamic and kinetic parameters that govern graphene
formation. One such factor is the surface energy of the metal
catalyst, which influences the wetting and dewetting behavior
of the metal layer during annealing. A tailored surface energy in
the alloy system may lead to more uniform precipitation and
ordering of carbon atoms during the layer exchange process.
Moreover, the formation of specific alloy phases can locally
affect the solubility and diffusivity of carbon in the catalyst layer.
For instance, the addition of Fe is known to increase carbon
solubility relative to pure Ni or Co,*? while also influencing the
phase stability of the metallic layer. Such changes can modulate
the carbon transport dynamics and promote controlled
segregation at the catalyst—substrate interface. Additionally,
the presence of multiple metal species in a ternary alloy can
moderate the reaction kinetics, reducing excessive nucleation
or stacking faults that commonly occur in fast-growth regimes.
This may result in more gradual carbon precipitation and
facilitate the lateral expansion of graphene domains, thereby
enhancing the overall crystallinity. In this context, the
Nio.35C00.44F€0.21 cOMposition may represent an optimal balance
between catalytic activity and growth kinetics. Taken together,
these effects suggest that alloying not only modifies the
nucleation behavior but also influences the subsequent growth
and stacking process of MLG through complex interplays among
surface energy, carbon solubility, and phase stability.

The cross-sectional structure of the Nii-x-yCoxFey sample
(with x = 0.44 and y = 0.21) which exhibited the highest G/D
ratio was examined using transmission electron microscopy
(TEM). The electron microscope (Themis Z; Thermo Fisher
Scientific Inc.), equipped with a dual EDX detector (XFlash® 6-
100; Bruker Co.) and spectrometer (Quantum 970, Gatan Inc.),
was operated at 80 kV. Cross sections of the samples were
prepared using a focused ion beam microscope (Helios Nanolab
600i). The sample surface was coated with a carbon film to
protect it during the focused-ion beam process. As seen in the
high-angle annular dark-field scanning TEM image in Fig. 5(a)
and the corresponding EDX elemental mappings in Fig. 5(b)—(f),
a uniform NiCoFe layer is formed on top of MLG. These findings
indicate that MLG was directly formed on the SiO; substrate
through layer exchange, facilitated by the NiCoFe alloy catalyst.
The electron diffraction pattern in Fig. 5(g) confirms that the
C{002} planes of MLG are oriented parallel to the substrate,
consistent with observations for single-element metal
catalysts.!® Furthermore, the electron energy-loss spectra in Fig.
5(h) exhibit pronounced m* and o* peaks characteristic of
graphitic structures.*® These sharply defined peaks corroborate
the high crystalline quality of the MLG layer.

This journal is © The Royal Society of Chemistry 20xx



Conclusions

The effect of alloy catalysts on MLG synthesis via MILE was
investigated. The results indicate that the binary and ternary
alloys of Ni, Co, and Fe yield a higher G/D ratio than single-
element metal catalysts. By employing Bayesian optimization in
a machine learning framework, we efficiently identified the
optimal composition of the Nii-x-yCoxFey ternary alloy catalyst,
achieving a G/D ratio as high as 6.5. This enhancement in MLG
crystallinity is likely attributable to the altered graphene
nucleation density induced by alloying, which highlights the
effectiveness of alloy catalysts in MILE. The insights gained from
this study not only advance the synthesis of MLG but may also
prove beneficial for developing various functional materials,
thereby contributing to progress in next-generation electronics
research.
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Fig. 1. Fabrication of the samples. (a) Schematic of the sample preparation. Photographs of the (b)

sputtering target used for alloy metal deposition and (c) resulting sample after metal removal.
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Fig. 2. Characteristics of the samples with single-element metals. (a) 6-20 XRD patterns before metal

removal. SEM images of the (b) Fe, (c) Co, and (d) Ni samples and (e) EDX spectra after metal removal.
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measurements. (a-c) Raman spectra and (d-f) G/D intensity ratio for the (a,d) Ni1-«Cox, (b,e) Nii.,Fe, and
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Fig. 5. Characterization of the cross-section of the Nio35C00.44Feo.21 sample. (a) High-angle annular dark-

field scanning TEM image. EDX elemental mapping of (b) C, (c) Ni, (d) Co, (e) Fe and (f) Si. (g) Electron

diffraction pattern and (h) electron energy-loss spectra of the MLG layer.
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Table 1. Summary of the parameters used in Bayesian optimization.

Expected
Experiment # X y G/D intensity ratio improvement

1 0.10 0.78 2.6

2 0.55 0.12 34

3 0.03 0.19 3.9

4 0.29 0.39 4.4

5 0.24 0.29 5.1

6 0.49 0.15 52

7 0.56 0.30 2.6 0.61033

8 0.44 0.21 6.5 0.32329

9 0.26 0.13 3.0 0.00652
10 0.36 0.29 5.1 0.00138
11 0.34 0.16 3.6 0.00071
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