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Theoretical calculations have predicted that silicon doping can modifies the electronic 

structure of graphene; however, it is difficult to synthesize high-quality silicon doped graphene 

(SiG), thus the electrical properties of SiG have still remained unexplored. In this study, 

monolayer SiG film was synthesized by chemical vapour deposition using triphenylsilane 

(C18H15Si) as the sole solid source, which provides both carbon and silicon atoms. The silicon 

doping content is ~ 2.63 at%, and silicon atoms are incorporated into graphene lattice with 

pure Si-C bonds. Furthermore, electrical studies reveal that the as-synthesized SiG film shows 

a typical p-type doping behaviour with a considerably high carrier mobility of about 660 

cm2/Vs at room temperature. In addition, due to the single doping structure of Si–C bonds, the 

SiG film can be expected to be used as an excellent platform for studying silicon doping 

effects on the physical and chemical properties of graphene.  

 

Introduction 

Graphene has attracted a great deal of attention due to its 
extraordinary electronic properties, such as high mobility, 
room-temperature quantum Hall effect and the modulated 
bipolar field effect characteristics.1-4 For pristine graphene (PG), 
the valence and conduction band of graphene intersects at K 
point, which reveals that graphene is a zero-gap 

semiconductor.5,6 Recently, it has been demonstrated that 
electronic band structure of graphene can be stably modulated 
by heteroatom doping, which will tailor its electrical and 
chemical properties.7-9 

Until now, it has been reported that nitrogen, boron and 
sulfur atoms can be successfully doped into graphene and 
modulate its electrical and chemical properties.10-15 Besides 
above heteroatom doping, theoretic research shows that the 

silicon (Si) doping can also remarkably modulated the 
electronic structure of graphene, which may open a band gap or 
enhance the catalytic performance of graphene.16-21 However, it 
is difficult to dope silicon atoms into graphene lattice with 
stable Si-C bonds, because the atomic radius of silicon atom 
(117 pm) is much larger than that of carbon atom (77 pm).  
   Recently, some groups directly experimentally monitored 
silicon atom in unintentional doped graphene,22-24 which 
revealed that silicon atoms can stably incorporated into 

graphene lattice. Most recently, Lv et al. reported the chemical 
vapour deposition (CVD) synthesis of Si-doped graphene 
(SiG).25 However, the electrical properties of SiG have still 
remained unexplored. In addition, it is noted that, for the work 
reported in Ref. 25, the SiG film has two types of Si-bonding 
configurations (Si-C and Si-O). It hinders a conclusive study of 
Si doping effect on the physical and chemical properties of 
graphene, because the different types of Si-bonding 

configurations may correspond to different properties. Thus, it 

is still a challenge to synthesize SiG film with pure Si-bonding 
configurations.    

   In this study, monolayer SiG film has been synthesized by 
using triphenylsilane (C18H15Si) as the sole solid source, which 
can provide not only the carbon atoms, but also silicon atoms.   
Silicon atoms are successfully doped into graphene lattice with 
pure Si-C bonds, and the silicon content is ~ 2.63 at%. 
Furthermore, electrical studies reveal that as-synthesized SiG 
film shows a p-type doping behaviour, and its mobility is ~ 660 
cm2/Vs, which can be comparable to that of boron-doped 

graphene.13 According to our knowledge, it is the first time to 
use the sole source of both carbon and silicon for growing SiG 
film with pure Si-C bonds, and investigate its electrical 
properties.  

Experimental  

    Synthesis of SiG film. The SiG film was synthesized by 
using the CVD method as follows. Firstly, 25-μm-thick Cu foil 
(Alfa Aesar, item no. 13382) used as growth substrate was 
loaded into the hot center inside the tube furnace, and a 
ceramics container with ~ 100 mg triphenylsilane used as the 
sole source was placed outside the hot zone, as shown in Figure 
1. Secondly, the system was evacuated with a vacuum 
background of lower than 1×10-3 Pa, and then the Cu foil was 
annealed at 1050 oC in a 30 sccm H2 and 50 sccm Ar for 20 min 

for removing its surface oxide layer. Thirdly, the temperature of 
Cu foil was decreased to the growth temperature (800 oC), and 
then the triphenylsilane was mildly sublimated with the heating 
belt at 100 oC by using the heating belt; the growth time was 
~30 min, and the flux of H2 and Ar remained unchanged. 
Finally, the system was cooled to room temperature with a 
cooling rate of 50 °C /min in H2/Ar ambience.     
    Synthesis of PG film. The PG film was synthesized on the 

Cu foil by using the common CVD method, where CH4 was 
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used as carbon source. The detailed process can be seen in our 
previous work.4    
    Transfer process of SiG and PG films. For 

characterizations and measurements, SiG and PG films were 
transferred onto the target substrates by using PMMA as the 
supporting layer. The detailed process can be seen in our 
previous work.4    

Characterizations. X-ray photoelectron spectroscopy was 
performed on a Kratos XSAM800 using Al Ka radiation (144 
W, 12 mA, 12 kV). The silicon doping content is calculated by 
Si/C=(ASi/SSi2p)/(AC/SC1s), where ASi and AC are the area of 

Si2p and C1s peaks, SSi2p and SC1s are the corresponding 
sensitive factors. The high-resolution transmission electron 
microscope image was taken with an FEI Tecnai G2 
microscope. Raman spectroscopy was performed on a 
Renishaw Spectrometer (514 nm). The Kelvin probe force 
microscope (KPFM) was measured using Bruker Dimension 
Icon, and the Co/Cr tip was employed to test the contact 
potential difference between tip and film; the lift-height of tip 

was 5 nm. 
Device fabrication and electrical measurements. For 

electrical measurements, the field-effect transistors were 
fabricated by using standard photolithography after transferring 
the SiG or PG film onto the 300 nm SiO2/Si substrate. The 
Ti/Au (30/50 nm) film was deposited as source and drain 
electrodes; the 300 nm SiO2 and n++ silicon layers acted as the 
gate dielectric and back-gate electrode, respectively. The 
electrical measurements were carried out with an Agilent 

4155B semiconductor parameter analyzer in air at room 
temperature. 

Results and discussion 

Figure 1 shows the schematic illustration for the synthesis of 

SiG film on Cu foil by CVD method, where triphenylsilane was 
used as the sole solid source, which provide both carbon and 
silicon atoms. For comparison, the PG film was also 
synthesized by the common CVD method, which was reported 
in our previous work.4 

 

Fig. 1 Schematic illustration for the CVD synthesis of SG film 
by using triphenylsilane as the sole carbon and silicon source. 
 

In order to study the silicon doping content and configuration, 

the X-ray photoelectron spectroscopy (XPS) measurements 
were performed after transferring the SiG films onto the 
sapphire substrate. As shown in Figure 2a, compared with 
sapphire substrate, C1s peaks appear in the XPS spectra of SiG 
and PG films, which correspond to the carbon atoms of 
graphene. Figure 2b shows the high-resolution Si2p XPS 
spectra of SiG and PG films. One can observer that the Si2p 
peak appears in the XPS spectrum of SiG film, which indicates 

that silicon atoms are incorporated into graphene. Furthermore, 

the Si2p peak can be deconvoluted into two peaks at binding 
energies of ~ 101.1 eV and ~ 102.0 eV, which correspond to the 
Si2p3/2 and Si2p1/2 energy positions of Si-C, respectively.26-28 

More significantly, other Si components cannot be detected, 
such as Si-O at around 103~105 eV reported in Ref. 25.  The 
SiG film with pure Si-bonding configurations can serve as an 
excellent platform to study doping effects of the physical and 
chemical properties of graphene.  
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Fig. 2 (a) XPS spectra of sapphire, PG/sapphire and 

SiG/sapphire. (b) High resolution Si 2p XPS spectra of SiG and 
PG films transferred onto sapphire substrates.   
 
   Furthermore, from XPS spectra shown in Figure 2a, one can 
observe that the C/O atom ratio of SiG film is higher than that 
of PG. It is noted that O peaks for SiG and PG film are mainly 
originated from the sapphire substrates. However, considering 
the same substrate effect for both SiG and PG film, the higher 

C/O atom ratio of SiG film corresponds to the higher O content 
of SiG film than that of PG film. On the other hand, the 
possibility of Si-O formation can be excluded from the XPS 
studies shown in Figure 2b. Therefore, we can conclude that 
silicon doing causes the more absorption of O2 molecules on 
graphene film. It implies that doped Si-C structures in graphene 
have low absorption energy for gas molecules, and SiG film 
can be used as an excellent candidate for gas detection.29,30 In 
addition, the Si content (Si/C) of as-synthesized SiG film is ~ 

(a) 

(b) 
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2.63 at%, which is comparable to that of SiG reported in Ref 25 
(~ 1.75 at%) and silicon doped reduced graphene oxide 
reported in Ref. 31. 

In order to investigate the microstructure of SiG film, 
transmission electron microscope (TEM) was used. Figure 3a 
shows the high-resolution TEM image of random edge of SiG 
film, indicating monolayer structure. Furthermore, the 
uniformity of monolayer SiG film was investigated by 
measuring the optical transmittances. As shown in Figure 3b, at 
550 nm, the SiG film has an optical transmittance of ~ 96.7%, 
which is very close to that of PG film (97.0%). It implies that 

the as-synthesized monolayer SiG film has high uniformity.  
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Fig. 3 (a) HRTEM image of SiG film. The bar is 5 nm. (b) UV-
vis transmittance spectra of SiG and PG films transferred onto 
PET substrates. 
 

Raman spectroscopy was used for further studying the 
structure properties of SiG films. Figure 4a shows the typical 

Raman spectra of SiG and PG films transferred onto SiO2/Si 
substrates. Compared with PG film, a new band (G’, ~ 1623 
cm-1) near the G band appears and the intensity of 2D band 
decreases with respect to that of G band for SiG film, which 
were also observed in reported heteroatom doped graphene 
films.10-14 More significantly, our Raman studies reveal that 
silicon doping causes the increase of 2D band position from 
2687.5 cm-1 to 2691.3 cm-1, and the increase of the G band 
position from 1585.0 cm-1 to 1593.9 cm-1. Previous reports 

demonstrated that p-type doping caused the upshifts of both 2D 
and G band positions; in contrast, n-type doping caused the 
downshift of 2D band position and upshift of G band 
position.13,32 So we can conclude that silicon doping is p-type 

doping. Further, the doping hole concentration can be estimated 
from the Raman shift of G band position (~8.9 cm-1), and the 
corresponding value is ~ 1.2×1013 cm-2.33 
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Fig. 4 (a) Typical Raman spectra of SiG and PG films 
transferred onto SiO2/Si substrates. (b) Enlarged D and G bands 
of SiG and PG films. Raman mapping of ID/IG of (c) SiG and (d) 

PG at the 50×50 μm2 scale, respectively.  
 
In addition, from Raman spectra shown in Figure 4b, we also 

noticed that after silicon atoms are doped into the graphene, the 
D band intensity of SiG film rises rapidly. This is due to the 
structural defects induced by silicon doping, including doped 
silicon atoms, bonding disorders and vacancies in the graphene 
lattice.10-14 Furthermore, previous report demonstrated that the 

crystallite size (La) of graphene can be estimated from
10 4 1

a D G(2.14 10 ) ( )L I I    ,34 where λ is the wavelength (514 

nm), and ID/IG is the ratio of D to G bands intensities). From the 
Raman mapping of ID/IG of SiG and PG film shown in Figure 

4c and 4d (50×50 µm2), the average values of ID/IG for SiG 
and PG are ~ 3.19 and ~ 0.13, which correspond to crystallite 
size of ~ 5 nm and ~ 129 nm, respectively. It indicates that the 
silicon doping causes the decrease of the crystallite size of 
graphene. The similar phenomena have also observed in other 
heteroatom doped graphene films reported previously.32,35 

For further studying the electronic structure of SiG films, 
Kelvin probe force microscopy (KPFM) was used to study the 
work function by measuring the contact potential difference 

between the tip and films, as shown in Figure 5. During the 
KPFM scanning, the topography of film will be recorded in the 
first pass, and then the voltage difference between tip and film 
will be recorded in the second pass. Actually, the recorded 

voltage difference is the contact potential difference (𝑉𝑐𝑝𝑑 ), 

which is given by 𝑉𝑐𝑝𝑑 = (𝜑𝑡𝑖𝑝 − 𝜑𝑓𝑖𝑙𝑚)/𝑒 , where 𝜑𝑡𝑖𝑝  and 

𝜑𝑓𝑖𝑙𝑚  are the work function of tip and film, respectively.36 Thus, 

the work function of film could be given by 𝜑𝑓𝑖𝑙𝑚 = 𝜑𝑡𝑖𝑝 −

𝑒𝑉𝑐𝑝𝑑 , and the variation of work function can be expressed by 

∆𝜑𝑓𝑖𝑙𝑚 = −𝑒∆𝑉𝑐𝑝𝑑 , which is independent of the tip. Figure 5a 

shows the topography of SiG film. Figure 5b and 5c show the 
surface potential maps of SiG and PG films, respectively. 
Figure 5d shows the histogram of surface potential. One can see 
that the contact potential difference decreases by ~ 232 mV, 

which shows the work function increases and the Fermi energy 
downshifts by 232 meV after doping silicon. Therefore, one can 
conclude that silicon doping shows p-type doping 

(a) 

(b) 

(b) (a) 

(c) (d) 
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characteristics, corresponding to the downshift of Fermi 
energy.37 

 

Fig. 5 (a) Topography and (b) surface potential map of SiG film. 

(c) Surface potential map of PG film. (d) Distribution of surface 
potential of SiG and PG film. 

In order to investigate the effect of Si doping on the electrical 
properties of graphene, back-gated field effect transistors (FETs) 
based on PG and SiG films were fabricated by UV 
photolithography and measured in air at room temperature. 
Figure 6a shows the drain-source current (Ids) versus voltage 
(Vds) curve of s representative SiG FET under zero gate voltage 

(Vg=0). The linear Ids versus Vds curve indicates that the contact 
between metallic electrode and SiG film is ohmic.  Figure 6b 
shows the typical transfer characteristics of PG and SiG FETs. 
The Dirac point for PG film is ~ + 63 V; in contrast, the Dirac 
point for SiG film is large than + 100 V. The upshift of Dirac 
point indicates that the silicon doping is p-type doping. 
Furthermore, the doping hole concentration (p) can be 

estimated from 
SiG0

Dirac PG

C
p V

e
   , where C0 is the back-gated 

capacitance with the value of 11.5 nF/cm2, e is the electron 

charge, and 
SiG

Dirac PG
V

 
is the difference of Dirac points between 

SiG and PG film. As a consequence, we can get that the value 
of doping hole concentration caused by silicon doping is larger 
than 2.65×1012 cm-2, which is consistent with above Raman 
studies. 
   Based on the above Raman, KPFM and electrical studies, we 
can confirm that silicon doping shows typical p-type doping 

characteristics. The corresponding doping mechanism can be 
explained by the following two reasons. (1) Doped silicon 
atoms: Theories calculation demonstrated that when the doped 

silicon content was lower than 16.6 at%，the Fermi level of 

SiG was lower than the middle of the gap, indicating p-type 
characteristics.19 Furthermore, experiential report also revealed 
that doped silicon atoms caused the increase of hole 
concentration in nitrogen and silicon co-doped reduced 
graphene oxide.31 (2) Absorbed O2 molecules: It is well known 
that absorbed O2 molecules can withdraw electrons from 
graphene, resulting p-type doping.38,39 On the other hand, the 
above XPS studies reveal that more O2 molecules are absorbed 
on SG than PG film, which is due to the doped Si-C structures 

with low absorption energy. Thus, besides doped silicon atoms, 

the absorption of O2 molecules caused by silicon doping also 
contributes to the p-type doping for SG film. 

In addition, the carrier mobilities (μ) of PG and SG films can 

be estimated as 0/m dsg L WC V  , where 
ds

m ds g 0.8 V
d d

V
g I V


  is 

obtained from Figure  6b; L and W are the length (40 µm) and 
width (6 µm) of graphene channel, respectively. The estimated 
room-temperature hole mobilities of PG and SG films are ~ 

1135 and ~ 660 cm2/Vs, respectively. The decrease of mobility 
caused by silicon doping is mainly due to the doped silicon 
atoms as scattering centres for carriers. However, we also 
notice that, the room-temperature carrier mobility value of SiG 
film is considerably high, which is close to the best value of 
reported nitrogen or boron doped graphene films synthesized by 
CVD method.13,14,40 We believe that the silicon atoms doped 
into graphene with pure Si-C bonds (not the Si-O bonds) is  

important for the high mobility of our SiG film.   
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Fig. 6 (a) Ids-Vds plots of a typical SiG FET under Vg=0V. (b) 
Transfer characteristic of FETs based on PG and SiG films 

(Vds=0.8V). 

Conclusions 

We have synthesized monolayer SiG film by using CVD 
method, where triphenylsilane was used as the sole carbon and 
silicon source. The XPS studies have confirmed that silicon 
atoms are doped into graphene, and revealed that the silicon 

content is ~ 2.63 at%. More significantly, the silicon atoms are 

(b) 

(a) 
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incorporated into the graphene lattice with the single doping 
structure of Si-C bonds. Furthermore, Raman, KPFM and 
Raman, KPFM and electrical studies all reveal that silicon 

doping is p-type doping. In addition, electrical studies indicate 
that the as-synthesized SiG film has a considerably high carrier 
mobility of about 660 cm2/Vs at room temperature. We are 
convinced that the SiG film not only will be widely used in 
electrical devices, but also can serve as an excellent platform 
for studying silicon doping effects on the physical and chemical 
properties of graphene due to its single doping structure of Si-C 
bonds. 
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Silicon-doped graphene film was synthesized by CVD using triphenylsilane as sole carbon and silicon 

sources. The silicon-doped graphene exhibits strong p-type feature and has a large hole mobility of 660 

cm
2
/Vs. 
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