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Abstract: The metal-free synthesis of graphene films on Si substrates, the most common commercial
semiconductors, is of paramount significance for graphene application on semiconductors and in
the field of electronics. However, since current research mainly uses C-H gas as the carbon source in
chemical vapor deposition (CVD), and Si does not have a catalytic effect on the decomposition and
adsorption of C-H gas, it is challenging to prepare high-quality graphene on the Si surface directly. In
this work, we report the growth of graphene directly on Si without metal catalysis by CVD using CO
was selected as the carbon source. By controlling the growth temperature (1000-1150 °C), a process of
2-5 layers of graphene growth on silicon was developed. The electrical performance results showed
that the graphene film had a sheet resistance of 79 Q/sq, a resistivity of 7.06 x 1077 Q-m, and a
carrier migration rate of up to 1473.1 cm? V1.5, This work would be a significant step toward the
growth of graphene on silicon substrates with CO as the carbon source.
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performance of the graphene [14,15]. In addition, in the process of graphene preparation,
the evaporation of catalytic metal will lead to metal pollution in the graphene. Therefore, it
is urgent to study the decomposition, adsorption, and etching mechanism of the carbon
source on the Si surface, as this would make it possible to enhance the surface mobility of
the adsorbed carbon and further improve the performance of these films on the Si surface,
thereby enlarging the applicability of graphene in electronics and other industries.

The main processes of preparing graphene with metal-free catalysis on the Si surface
include the decomposition of a carbon source on the substrate surface, the adsorption
of activated carbon, and the purification and etching of film layers by auxiliary gas [16].
Therefore, it is crucial to select a suitable carbon source that the Si substrate can catalytically
decompose, forming an induction layer that can adsorb and nucleate carbon atoms and
control the growth quality of graphene. Currently, in most cases, C-H gas is used as the
carbon source and Hj as an auxiliary gas. However, the as-prepared graphene is inevitably
doped with a certain amount of hydrogen, which reduces the transfer rate of electrons
and carriers in the resulting graphene films [17]. Some researchers [18] have used CHy4 as
a carbon source, as well as replacing Hy with CO, to prepare a graphene film on copper
sheets; those researchers then compared the resulting graphene with that prepared with
CHjy and Hj as the reaction gases. It was found that by using CO, instead of Hj, the carbon
content of the hydrogen-containing sp® structure in the graphene film decreased, and the
electron and carrier transmission rate of the graphene film was higher, compared with the
sample prepared using H,. Afterwards, the same researchers also successfully prepared
large-scale and uniform graphene films on the surface of Si and SiO, using CHy and CO,
as the reaction atmosphere [19].

In summary, combined with calculations derived from thermodynamic theory, it can
be observed that if CO is used as a carbon source in CVD, not only a sufficient amount
of activated carbon atoms can be generated, but also CO can react with the Si substrate
to form a SiC-5i0O; induced deposition layer in situ. At the same time, this method can
spontaneously generate CO, with an etching effect, so it is expected that it could be used to
realize the direct preparation of high-quality graphene on the Si surface.

Therefore, in this paper, a metal-free catalytic preparation of graphene on the Si
surface by CVD was carried out with CO as the carbon source. The properties of the
films were analyzed by various morpho-structural methods, such as Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). The
mechanism for the metal-free catalytic nucleation, growth, and etching of graphene on a Si
surface under the condition of using CO gas as carbon source also was investigated.

2. Experimental Methods
2.1. Preparation of Graphene Films

First, 10 mm x 10 mm x 0.4 mm single-crystal Si wafers (100 crystal orientation) were
ultrasonically cleaned in acetone, ethanol, and deionized water for 20 min. After natural
drying, they were put in a corundum crucible. Then, the crucible was placed in the uniform
temperature zone of a CVD tube furnace (NBD-T1700, Nuobadi Material Technology Co.,
Ltd., Zhengzhou, China) to prepare graphene films on the Si surface.

During the preparation, the flow rate of CO gas was 10-20 mL/min, and the gas
pressure in the furnace chamber was 200-300 Pa. Samples were prepared with 1000 °C/3 h,
1100 °C/3 h, and 1150 °C/3 h processes, and the influence of different reaction temperatures
on the preparation of graphene was studied. Additionally, 800 °C/1 min, 900 °C/1 min,
1000 °C/1 min, and 1100 °C/1 min samples were prepared to compare and study the
interface reaction process between CO and the Si substrate.

2.2. Characterization of Graphene Films

The surface morphology of graphene was investigated by SEM (JSM6700F, JEOL,
Toyama, Japan), and the characteristics, such as the defect degree and number of graphene
layers, were measured using a laser confocal Raman spectrometer (InVia Qontor, Renishaw,
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Wotton-under-Edge, England) with a wavelength of 532 nm. A surface element phase
analysis of the silicon wafer was performed by XPS (ESCALAB 250Xi, Thermo Fisher Scien-
tifc, Waltham, MA, USA). The surface volt-ampere characteristics, carrier concentration,
electron mobility, electrical conductivity, and Hall coefficient of the aforementioned samples
(the test size was 5 mm x 5 mm) were measured using a multifunctional physical property
measurement system (CFMS-14T, Cryogenic, London, England).

3. Experimental Results and Discussion
3.1. Surface Micromorphology

Figure 1 shows the morphology of Si substrates deposited in a CO atmosphere at
different temperatures. It can be seen that when the preparation temperature was 1000 °C
(Figure 1a), significant grain boundary defects appeared on the Si surface; the diameter of
each grain was about 16.7 um, and the surface was relatively rough. When the preparation
temperature was 1100 °C (Figure 1b), the grain boundaries on the surface of the Si substrate
completely disappeared, showing a cloud-like morphology with many pit-like defects, and
the surface was uneven with undulations. When the preparation temperature reached
1150 °C (Figure 1c), the surface was similar to that of the sample prepared at 1100 °C/3 h
(Figure 1b), the surface roughness continued to increase, and the grain boundaries were
reduced. Moreover, defects (such as small pits, bumps, and so on) appeared on the film
layer, as also shown in the Raman analysis results presented in the following part.
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Figure 1. SEM images of the Gr surface topographies (a) 1000 °C, (b) 1100 °C, (c) 1150 °C.

3.2. Surface Composition

XPS peak41 software (CUHK, Hongkong, China) (version 41) was used to fit the data
of the Si substrate after deposition in a CO atmosphere at different temperatures; the results
are shown in Figure 2. The elemental concentration of the graphene films is shown in
Table 1. The error of the deconvolution process (X?) was controlled to within a value of
15, which shows that the fitting results are reliable. It can be seen from Figure 2 that the
three elements (5i, C, and O) on the surface of the sample mainly existed in three forms:
Si-C bonds (101 and 283.5 eV), Si-O bonds (103.5 eV), and spz—C bonds (284.7 V) [20,21].
Comparing and calculating the XPS results of the samples, it can be seen that the surface
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composition of the samples at 1000 °C/3 h was mainly 59.8% Si-C, 16.9% Si-O, and 23.3%
sp?-C. When the reaction temperature was increased to 1100 °C/3 h, the Si-C content on
the surface of the sample changed little (reducing to 56.3%), but the Si-O content dropped
by 4.8% (reducing to 12.1%), while sp2—C increased to 36.1% (with an increase of 8.4%).
When the reaction temperature was further increased to 1150 °C/3 h, the Si-C content and
5i-O content on the surface of the sample decreased significantly, while the Si-C content
decreased to 32.9% (with a decrease of about 41%), and the Si-O content decreased to 5.9%
(with a decrease of about 51%). Finally, the content of sp?-C increased significantly to 61.2%

(with an increase of 93%).
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Figure 2. XPS spectra fitting of Si peak and C peak (a) 1000 °C—C peak, (b) 1100 °C—C peak,
(c) 1150 °C—C peak, (d) 1000 °C—Si peak, (e) 1100 °C—Si peak, (f) 1150 °C—Si peak.

Table 1. Elemental analysis of XPS.

Sample (Temperature)

Si-C (at%)

Si-O (at%)

sp2-C (at%)

Binding Energy (eV)
1000 °C
1100 °C
1150 °C

283.5
59.8
56.8
32.9

103.5
16.9
12.1

59

X2
284.7
23.3 3.31
36.1 7.02
61.2 14.43

Figure 3a shows the results of a surface Raman spectroscopic analysis of the Si substrate
after deposition in a CO atmosphere. It can be seen that there were no D, G, or 2D peaks in
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the Raman shift range of 1000-3000 cm ! on the sample prepared at 1000 °C/3 h, indicating
that the C content was too low at this time; this is consistent with the XPS results of C
element (Figure 2a). When the reaction temperature increased to 1100 °C, a significant D
peak (1350 cm 1), G peak (1580 cm 1), and 2D peak (2690 cm~!) appeared on the surface of
the sample, indicating that a graphene film layer had formed. Further calculation showed
that the 2D peak width of graphene was 50.79 cm~! (see Figure 3b), and the I,p/Ig was
about 0.91. It could also be observed that the number of graphene layers on the Si surface
was close to 2 [22,23]. When the reaction temperature increased to 1150 °C, significant
graphene characteristic peaks (D peak, G peak, and 2D peak) remained, in which the
graphene 2D peak width increased to 55.86 cm~! (see Figure 3b) and the Ip/Ig was
reduced to 0.76. The calculation shows that there were three to five graphene layers.
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Figure 3. Raman spectra of Gr films at different heat treatment temperatures (a) and 2D peak intensity (b).

Through our analyses of the microstructure and composition of graphene samples, it
can be seen that with CO as the reactive carbon source, SiO,, SiC, and spz-C were formed
on the Si surface. When the temperature reached 1100 °C, sp?-C could exist in the form of
graphene, indicating that a metal-free catalytic preparation of graphene on the Si surface
had occurred [24]. However, when the temperature further increased to 1150 °C, the surface
sp?-C content increased significantly because the reaction was too violent, increasing the
defects in the graphene and reducing its quality.

3.3. Analysis of the Formation Mechanism

It can be seen that during the CVD reaction at 1100 °C/3 h, CO could react with the Si
substrate at the interface, and finally, a Si/(SiC + SiO,)/Gr multilayer structure could form.
Therefore, to study the formation mechanism of the multilayer structure, CVD treatments
at 800 °C/1 min, 900 °C/1 min, 1000 °C/1 min, and 1100 °C/1 min were carried out in a
CO atmosphere and a surface XPS analysis was performed (Figure 4). It can be seen that
when the temperature was higher than 800 °C, the surface of the sample was mainly Si
and SiO,, indicating that at this time, Si reacted with CO, forming SiO; on the surface of
the silicon wafer. However, the content of SiO, was relatively small, and the XPS could
still detect the matrix. When the temperature increased to 900 °C, the sample surface was
still dominated by Si and SiO,, and the XPS diffraction peak characteristics were the same
as those at 800 °C. In contrast, when the temperature reached 1000 °C, the characteristic
peaks changed significantly: the Si peak disappeared, the SiO, peak almost disappeared,
and a prominent SiC diffraction peak appeared, which indicated that a (SiC + SiO,) layer
was formed at this time. Additionally, the thickness of the layer was relatively high and the
graphene completely covered the Si substrate. When the temperature continued to rise to
1100 °C, the characteristic peaks of SiC on the sample surface were sharper, the full width at
half height was smaller, and the characteristic peaks of SiO, could hardly be found. These
results show that CO gas reacts with a Si substrate from 800 °C to form SiO, first, followed
by SiC, with SiC + SiO; forming together on Si substrates [25,26].
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Figure 4. XPS spectra of specimen surfaces with different preparation temperatures.

Based on the above analysis and thermodynamic calculations, a reaction mechanism
for preparing graphene films on silicon surfaces using CO as a carbon source is presented
in Figure 5. At 800-900 °C, Si will react with O (the O generated by CO cracking) in CVD
to form a SiOy layer on its surface (Equation (1)) [25]. When the temperature increases to
1000 °C, the CO in the CVD will undergo a cracking reaction to generate [C] and CO;, and
the newly generated [C] will react with the SiO; on the surface to generate SiC (Equations
(3) and (4)) [26,27]. In addition, [C] will diffuse into the interior through the mixed layer
of SiO, and SiC and continue to react with SiO, and Si to generate SiC, increasing the
thickness of the SiC and SiO; layers (Equations (4) and (5)). On the other hand, the mixed
layer of SiO, and SiC generated on the surface creates conditions for [C] to aggregate,
nucleate, diffuse, and grow, finally forming a uniform graphene layer. In addition, the CO,
produced in the CVD reaction during graphene growth will also etch the graphene film,
inhibiting the accumulation of [C] in the direction perpendicular to the silicon wafer and
promoting the growth of graphene in the plane direction, thereby reducing the number of
graphene layers and improving the quality of the film layers [18].

Si + 20,—5i0, @
CO—[C]+O 2)
2CO—[C] + CO, ®3)
SiO, + C—SiC + CO, 4
Si + C—SiC ®)

3.4. Electrical Properties of Graphene Films

The four-probe method was used to estimate graphene films’ resistivity and sheet
resistance. During the measurements, four graphene electrodes measured the current
between adjacent electrodes and the voltage between another pair of adjacent electrodes.
As shown in Figure 6, when no magnetic field was applied, its volt-ampere characteristic
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curve was a straight line passing through the origin, indicating that the experimental
electrode was in good ohmic contact with the graphene (Equation (6)) [28]:

m U
p= ﬁ?d (6)

where [ is the current flowing through the film, U is the voltage generated by the current
flowing through the film, and d is the thickness of the film, In is mathematical function.
Here, thickness d of the graphene was 1.7 nm (the number of graphene layers was ~5),
and the resistivity of the film layer was calculated to be 7.06 x 10=7 O-m. Moreover,
the experimentally measured sheet resistance of the graphene film was only 79 ()/sq.
Thus, it can be seen that using CO as a carbon source could avoid the hydrogen doping
that occurs due to the presence of C-H gas in traditional graphene preparation methods.
Furthermore, the content of the sp3 (C-H) structure in the arrangement of C atoms will
not increase due to the locally formed point defects, improving the electrical properties
of the graphene film [26,29]. The resistance value reached the same level as graphene
prepared by metal catalysis (such as a copper foil surface) [30]. The performance was
outstanding, and there was no need for subsequent peeling and transfer. This could
enhance the commercial /applicability prospects of this approach.

Figure 5. Mechanism of Gr formation on Si surface at 1100 °C by CVD.

A magnetic field was applied to the sample to measure the Hall effect of the graphene
film. The applied magnetic field was 1.5 T. According to the Formula [19,31,32]:

Ry=—-x— (7)

®)
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where B is is the strength of the magnetic field, e is electron charge (1.60 x 10~ C)
and d is the thickness of graphene. The Hall coefficient (Ry) could be calculated as
1.04 x 10~7-m3.c™1, the carrier concentration (1) as 0.6 x 10%® m~3, and the carrier mi-
gration rate (u) as 1473.1 cm?-V—1.S~1, respectively. In addition, since the size of the
electrical performance test of the general graphene film was in the micron range, and the
sample used in this experiment had the size of 5 mm x 5 mm, graphene defects were
inevitably introduced during the tests. Therefore, the electrical performance of the film
layer was slightly reduced.
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Figure 6. Electrical performance testing of Gr on Si surface (a) electrical performance test diagram,
(b) voltammetry curve.

4. Conclusions

In summary, catalyst-free direct growth of graphene on silicon wafer using a simple
chemical vapor deposition method was demonstrated by SEM, Raman, and XPS characteri-
zations. The graphene film layer was directly prepared on the surface of the silicon wafer
under the condition of a metal-free catalyst with CO as the carbon source.

Above 800 °C, Si would react with O in a CVD tube furnace to form a SiO, layer on
the silicon wafer. When the temperature rose above 1000 °C, CO was decomposed into
activated carbon atoms and CO,. The as-formed active carbon atoms would react with SiO,
to form SiC. The in situ generated SiC and SiO, could promote the generation of activated
carbon atoms, nucleate and grow on their surfaces, and connect to form a graphene film.

The number of graphene layers grown at 1100 °C was between two and three, while
that at 1150 °C was between three and five. By increasing the temperature, the number
of defects in the graphene increased. The electrical performance results showed that the
obtained graphene film had a sheet resistance of 79 (3/sq, a resistivity of 7.06 x 10~7 Q-m,
and a carrier migration rate of up to 1473.1 cm? V-1.571,
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