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and Masayoshi Umeno*

Microwave plasma chemical vapor deposition is a well-known method for low-temperature, large-area

direct graphene growth on any insulating substrate without any catalysts. However, the quality has not

been significantly better than other graphene synthesis methods such as thermal chemical vapor

deposition, thermal decomposition of SiC, etc. Moreover, the higher carrier mobility in directly grown

graphene is much desired for industrial applications. Here, we report chemical doping of graphene

(grown on silicon using microwave plasma chemical vapor deposition) with carbon dots to increase the

mobility to a range of 363–398 cm2 V�1 s�1 (1 � 1 cm van der Pauw devices were fabricated) stable for

more than 30 days under normal atmospheric conditions, which is sufficiently high for a catalyst-free,

low-temperature, directly grown graphene. The sheet resistance of the graphene was 430 U ,�1 post-

doping. The novelty of this work is in the use of carbon dots for the metal-free doping of graphene. To

understand the doping mechanism, the carbon dots were mixed with various solvents and spin coated

on graphene with simultaneous exposure to a laser. The significant information observed was that the

electron or hole transfer to graphene depends upon the functional group attached to the carbon dot

surface. Carbon dots were synthesized using the simple hydrothermal method and characterized with

transmission electron microscopy revealing carbon dots in the range of 5–10 nm diameter. Doped

graphene samples were further analyzed using Raman microscopy and Hall effect measurements for

their electronic properties. This work can open an opportunity for growing graphene directly on silicon

substrates with improved mobility using microwave plasma CVD for various electronic applications.
1. Introduction

Since Geim et.al. discovered graphene in 2004, this two-
dimensional (2D) material has gained considerable attention
due to its exceptional properties.1 A few of the unique properties
such as high electrical conductivity, chemical and mechanical
stability, tunable work function, excellent transmittance,
mobility, etc.2–9 make graphene an ideal choice for the fabrica-
tion of electrical devices and their subsequent applications in
the eld of photonics. However, it is most important to have
control over the electrical transport to develop any device using
graphene.

Typically, graphene grown using thermal chemical vapor
deposition (TCVD) involves a transfer process. Moreover, the
high temperature ($1000 �C) used for the graphene growth in
TCVD, is not feasible for different types of substrates.10
enter for Advanced Technology, Nagoya
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0617
Furthermore, during the transfer process, the graphene sample
undergoes various chemical treatments which may damage the
graphene surface. Therefore, transfer-free direct growth of gra-
phene on silicon is of utmost importance, especially for electrical
applications. To overcome this,many researchers have prompted
to use other synthesis methods such as Plasma CVD, thermal
decomposition of SiC, etc. Thermal decomposition is again
a high-temperature process. Microwave Plasma CVD on the other
hand, generally forms vertically aligned carbon structures but by
controlling experimental parameters, laterally grown graphene
can be synthesized directly on silicon substrates.11Directly grown
graphene is advantageous in terms of excess time and cost
involved in the transfer process.12,13 Though, the electrical
properties such as sheet resistance and mobility are ordinary at
the moment for the graphene synthesized using microwave
plasma CVD. The high mobility graphene is highly anticipated
for industrial-grade electronic applications. There are some
reports on methods for enhancing mobility and other electronic
properties of graphene; such as, surface decoration with several
molecules or metal ions or gases has been used so far to change
the band structure of graphene for different electrical applica-
tions. For example, Abuelwafa et al. used gold nano particles to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduce sheet resistance of graphene to 271 U ,�1. Turyanska
et al. demonstrated use of colloidal quantum dots increase the
graphenemobility by the spatial correlation between defects with
opposite charges. Furthermore, Fei et al. in 2019 have shown in
their report that graphene has ultra-high ability to interact with
gaseous molecules.14–16 Doping can be categorized into two types
viz. physical and chemical doping. Physical or substitutional
doping is generally achieved by replacing a few carbon atoms
with the desired substitute during the synthesis process (gener-
ally used for opening band gap in graphene). However, this kind
of doping disorder getting induced in graphene structure might
reduce graphene mobility.17–19 On the other hand, in chemical or
surface doping, several possibilities and approaches can be
explored without actually damaging the graphene structure and
enhancing its electronic properties. Various chemical moieties
like metal ions, gaseous molecules, organic solvents, etc. have
been used for doping graphene surfaces so far by various
researchers.20

For the rst time, a carbon material in the form of carbon
dots (C-dots) has been attempted for chemical doping of
microwave plasma CVD synthesized graphene surface pre-
sented in this work.

Carbon dots are zero-dimensional carbon nanomaterials
discovered accidently during the purication of SWCNTs. C-dots
have gained immense light owing to their exceptional properties
like quantum connement, surface traps, tunable uorescence,
and photostability.21 They prove to be very economical to
synthesize using minimum chemicals, easy to the procedure and
have long-term stability. Due to their important properties, they
have found a place in a wide range of applications like elec-
tronics, sensors, drug delivery, catalysis, SERS, etc.21–26 The main
agenda behind using carbon dots for doping graphene in the
presence of surface traps which might help in enhancing the
mobility of graphene. Also, carbon dots can be synthesized with
dopants like Na, N, K, S, P, Co, etc. which can further improve the
doping quality of the graphene surface.27 In this paper, carbon
dots were synthesized from citric acid by the hydrothermal
method, puried, and used for doping of graphene (synthesized
directly on n-type silicon (n-Si) using microwave plasma CVD)
surface in the presence of laser radiation to enhance the gra-
phene mobility. The novelty of the present report resides in the
use of C-dots for the doping of graphene.
2. Experimental
2.1 Graphene synthesis

The experiment was performed on n-Si with a resistivity of 1
U cm, (1 � 1 � 0.1 cm) using microwave plasma CVD (Shinko
Seiki, Japan) (Fig. 1a). The parameters used for graphene
synthesis were the same as reported in our previous report.11,28

All the chemicals were purchased from Merck. The glass wares
were washed with Aquaregia and dried at 100 �C before use.
2.2 Carbon dot synthesis and purication

5 gm of citric acid was dissolved in 15 ml of NaOH–ethanol
solution (1 M NaOH : absolute ethanol in ratio 1 : 1). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
solution was heated at 200 �C on a hot plate till an orange color
solution was obtained. 15 ml of 1 M NaOH was added dropwise
to this orange solution under stirring conditions. This nally
obtained solution was dialyzed against distilled water for 6
hours to get pure carbon dots. The solution in the beaker was
dried at 60 �C in Petri plates for 8–10 hours to obtain dry powder
from carbon dots.
2.3 Doping study

The carbon dots were dissolved in different solvents (ethanol,
methanol, acetone, and nitromethane) at the concentration of
1 mgml�1 and the solution thus formed was added dropwise on
the graphene surface subjected to a laser beam illumination for
1 minute. The sample was rinsed lightly in the corresponding
solvent and dried at 100 �C for 1 minute. NUV101E Nichia Ltd.
LASER with wavelength 400–406 nm (consisting of LD Slot
Module generating up to 10 W by bundling 20 bers coupled
laser diodes) was used with a diverging lens having a divergence
angle 8� to irradiate silicon samples during graphene doping
with C-dots. Using a diverging lens with laser restricts localized
heating of the silicon surface, because of which the bulk resis-
tance and surface morphology of the silicon substrate remains
unchanged. Laser spot size was 1 � 1 cm (area 1 cm2). Hall
measurements were performed before and aer the doping
process.
2.4 Characterization

The graphene sample and carbon dots were analyzed with UV-
Vis spectrophotometer (V-770), Fourier Transform Infra-red
spectroscopy (FTIR) (Jasco 4700), and Raman spectroscopy
having a laser excitation energy of 532 nm in Renishaw In Via
Laser Raman Microscope. Size and crystallinity of the carbon
dots were observed using TEM (JEOL 2100F). Hall effect
measurements were performed using Lakeshore 8400 Series
(Toyo Corporation, Japan) with the van der Pauw technique.
Morphological survey of graphene before and aer doping was
done by JSM-7001F – A eld emission scanning electron
microscope (FE-SEM) irradiates the surface of a sample with an
electron beam, detects the bounced electrons, and observes the
sample.
3. Results and discussion
3.1 Synthesis of graphene and C-dots

Silicon sample was examined with Raman spectroscopy aer
the deposition process. Fig. 1b shows a typical Raman spectrum
of graphene on silicon formed in microwave plasma CVD.
Prominent G, 2D peaks can be observed in the spectrum with
a D-peak conrming the formation of graphene on silicon
samples. As-synthesized graphene contains defects conrmed
by d-peak in the Raman spectra hindering mobility. These
defects might be caused by various defect sites, smaller grain
sizes, grain boundaries, etc. To enhance the mobility of as-
synthesized graphene, we have used carbon dots as a medium
of charge transfer among the defective sites.
RSC Adv., 2022, 12, 20610–20617 | 20611
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Fig. 1 Schematic diagram of microwave plasma CVD and Raman spectrum of the corresponding graphene.
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The synthesized and puried C-dots (mentioned in Section
2.2) are easily soluble in water and were used for further
analysis. The visual observation of the C-dot solution in
ambient light and UV light shows the uorescence of carbon
dots (Fig. 2a). The C-dot solution displays a bright greenish
blue uorescence in UV light. UV-Vis spectroscopy shows
a distinct peak at 288 nm indicating the formation of C-dots
(Fig. 2c). A single absorbance peak signies that the struc-
ture of C-dots is compact and mostly homogenous nano-
particles are formed in the solution. An absorbance peak in
the UV-region is typical for C-dots and is attributed to the n–
p* transition of C]O (presence of carboxyl/hydroxyl groups)
and p–p* transitions due to C]C stacking.29,30 It can be
observed that the background absorbance is almost nil which
can be an indication of less content of impurities in the
sample.

Further morphological analysis of C-dots was performed
using TEM. The aqueous solution of C-dots was coated on
a TEM grid and subjected to analysis. Fig. 2b shows spherical C-
dots in the range of 5–10 nm size and Fig. 2d displays a high-
resolution TEM image of a single C-dot of size 6–7 nm
(Fig. 2d). The inter lattice pattern is visible and constant and
was found to be 0.24 nm which corresponds to the (001) facet of
graphite.31–34

FTIR was also performed for investigating the functional
groups attached on C-dots surface. FTIR spectra show a wide
range of surface peaks. A few minor peaks were observed in the
range of 3400 cm�1 to 3600 cm�1. Also, several small sharp
peaks were observed between 670 cm�1 to 900 cm�1. All these
peaks are attributed due to the presence of N–H stretch and
primary or secondary amine groups. A sharp strong peak at
1620 cm�1 is observed due to N–H bending vibrations. These
peaks mainly arise due to the precursor citric acid used for the
synthesis of C-dots hence resulting in nitrogen-doped carbon
dots. A wide range of small, and low-intensity peaks were
observed in the range of 2500–3300 cm�1 which are visible due
to the O–H stretch vibrations of carboxylic acids owing to NaOH
functionalization of the C-dot surface. A sharp peak was
observed at 1270 cm�1 and 1500 cm�1 which could be due to the
C–H bend or C–O stretch vibrations arising from the surface
passivation of dots.
20612 | RSC Adv., 2022, 12, 20610–20617
3.2 Doping process

The C-dots suspended in various solvents were added dropwise
onto the graphene sample and were exposed to the laser until
the solvent evaporates. 1 � 1 cm van der Pauw devices were
fabricated for the Hall measurements before and aer the
doping process and the results are presented in Table 1.

It is clear from the table that the graphene samples treated
with C-dots suspended in ethanol, acetone, and methanol show
an increase in mobility and decrease in carrier concentration
aer the doping process. Whereas, C-dots suspended in ethanol
give a three-fold increase in mobility as compared to C-dots
suspended in acetone and methanol which show a two-fold
increase in mobility. On the contrary, in the case of C-dots
suspended in nitromethane, the mobility of the sample drasti-
cally decreases and carriers increase aer the doping process.
This could be a result of improper interaction of C-dots with
graphene surface since C-dots are sparingly soluble in nitro-
methane solution and therefore, the surface groups might be
partially exposed. However, C-dots suspended in ethanol,
acetone, and methanol display a similar pattern of interaction
with graphene surface as C-dots are easily soluble in these
solvents (also, all three solvents belong to a similar group of
organic compounds and the impact might be similar in the
doping process).

Fig. 3a–d shows comparative Raman spectra of graphene
before and aer doping with C-dots dissolved in various
solvents. Fig. 3a shows the evolution of the D + D0 peak aer
doping of graphene with C-dots dissolved in ethanol. Also, shi
in the G peak of 1.4 cm�1. D/G ratios of graphene used for the
doping process are 1.22, 1.33, 1.21, and 0.95 for ethanol,
methanol, nitromethane, and acetone respectively and the D/G
ratio of graphene aer the doping process are 1.26, 1.10, 0.91
and 0.89 for ethanol, methanol, nitromethane, and acetone
respectively. Similarly, the G/2D ratio of graphene used for the
doping process is 1.12, 1.07, 1.41, and 1.32 for ethanol, meth-
anol, nitromethane, and acetone, respectively, and the G/2D
ratio of graphene aer the doping process are 1.13, 1.44, 1.72
and 1.81 for ethanol, methanol, nitromethane, and acetone,
respectively (Table 2). The shis in D/G and G/2D peak Raman
intensity ratios suggest that the graphene is successfully doped
with C-dots. However, sample doped with ethanol show there is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Visual observation of C-dots in ambient light and UV light (b) TEM image of C-dots (red arrow pointing C-dots) (c) UV-Vis spectrum (d)
HRTEM image of a single C-dot with inter lattice spacing (0.24 nm) marked in red lines (e) FTIR of C-dots.

Table 1 Mobility of graphene before and after doping with C-dots dissolved various solvents

C dots dissolved in

Graphene mobility,
cm2 V�1 s�1

Carrier concentration,
X 1013/cm�2

Graphene sheet R,
kU ,�1

Before Aer Before Aer Before Aer

Ethanol 102.8 363 73.5 21 0.83 0.43
Acetone 1.99 4.7 110 42 2.86 3.16
Nitromethane 32.7 9.14 7.29 31.6 2.41 2.16
Methanol 33.2 67.4 32.9 17 0.57 0.54

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 20610–20617 | 20613
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Fig. 3 Raman spectra of graphene before (Orange) and after (Blue) doping with C-dots dissolved in (a) ethanol (b) acetone (c) nitromethane and
(d) methanol, FESEM image of (e) as-synthesized graphene (f) after C-dot doping (ethanol).

Table 2 Id/Ig and I2d/Ig peak ratios of graphene before and after
doping with C-dots dissolved in various solvents

Before doping Aer doping

Id/Ig I2d/Ig Id/Ig I2d/Ig

Sample 1 1.22 0.89 1.26 0.88
Sample 2 1.32 0.93 1.1 0.69
Sample 3 1.2 0.71 0.91 0.58
Sample 4 0.95 0.75 0.88 0.55
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an increase in D/G ratio whereas others show a drastic decrease.
Similarly, in the case of G/2D ratio, the graphene doped with C-
dots in ethanol shows almost the same G/2D ratio before and
aer the doping process, whereas other samples show a drastic
increase in the G/2D ratios. This information suggests that
there could be two types of doping mechanisms in the doping
process with C-dots when used with ethanol and other solvents.
This can be veried with data of G-peak position shis aer the
doping process. For morphological survey high-resolution SEM
20614 | RSC Adv., 2022, 12, 20610–20617
is performed. Fig. 3e shows as-synthesized graphene and
(Fig. 3f) aer doping with C-dots. SEM images reveal C-dot
decoration onto graphene surface without any photochemical
process due to laser irradiation.
3.3 Probable mechanism

Raman spectra indicate a shi in the G-band of graphene aer
doping with carbon dots dissolved in various solvents. G-band
is found to shi with 1.4 cm�1 towards higher energies when
doped with C-dots in ethanol, whereas G-band shis towards
lower energies when doped with C-dots in acetone, nitro-
methane, and methanol.

In doped graphene, the shi in Fermi energy can be esti-
mated using the shi in G-peak position.35,36 The excess charge
due to doping might expand or contract the crystal lattice
resulting in stiffening and soening of phonons causing a shi
in the G-peak position.37

Fig. 4a shows the shi in G-band by 1.4 cm�1 towards higher
energy (for C-dots in ethanol labeled 1 in the gure), 0.7 cm�1

(C-dots in methanol labeled 2 in the gure), 3.5 cm�1 (C-dots in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Shift in G band of graphene after C-dot doping (b) band diagram.
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nitromethane labeled 3 in the gure) and 1.8 cm�1 (C-dots in
acetone labeled 4 in the gure) towards lower energy aer
doping. Using the amount of G-band shi and doping carrier
concentration, Fermi energies were estimated for all the
samples using the graph of change in D-peak position to gra-
phene fermi energy with graphene doping as a ref. 37. For
obtaining changes in carrier concentration, Hall effect
measurements were performed on all the above samples. Table
1 shows carrier mobilities and concentrations before and aer
the doping of graphene samples with C-dots. The change in
Fermi energy for samples 1–4 was estimated to be 0.2 eV, 0.1 eV
less than 0.1 eV, and less than 0.1 eV respectively, using the shi
in G-peak shown in Fig. 4a.37 This information shows that the
maximum change in Fermi energy is in the case of C-dots-
ethanol doping of graphene, indicating higher charge transfer
between graphene and C-dots. The mobility was also found to
increase to 398 cm2 V�1 s�1 (stable up to one month upon
repeated measurements at normal atmospheric conditions, see
Fig. S1 provided in ESI†) due to such a higher shi in Fermi
energy of the C-dot–graphene system. It is also observed that the
2D/G ratio is highest for C-dots–graphene, indicating better
optical phonon transfer supporting the charge transfer process
in the C-dots–graphene system.

Thus, two types of dopingmechanisms are observed in the C-
dots–graphene system as shown in Fig. 4b. First, when C-dots
act as an electron acceptor, the Fermi level of the graphene
shis down by 0.2 eV as observed with C-dots (in ethanol)
Table 3 Evolution of graphene mobility in case of direct growth using p

Method of synthesis Sub

S. Zheng et al.38 MWPCVD Al2O
Wei et al.39 PECVD SiO
RV et al.40 MWPCVD Qua
Okigawa et al.41 MWPCVD Cop
Na Li et al.42 PECVD Cop
This work MWPCVD Si

© 2022 The Author(s). Published by the Royal Society of Chemistry
graphene doping. Holes from C-dots ow into graphene
increasing the p-type doping level of the graphene pushing the
Fermi level to �5.7 eV from �5.5 eV. Secondly, when the C-dots
act as electron donors, the Fermi level pulled up by 0.2 eV as
observed in the other doping cases. For C-dots dissolved in
other solvents than ethanol, the electrons ow into the gra-
phene reducing the p-type doping level of the graphene pulling
the Fermi level of graphene to �5.3 eV from �5.5 eV. The
functional groups attached to C-dots might be playing a crucial
role in such an up and down shi of Fermi level while doping.
This information can be useful in tuning the graphene energy
level for applications such as photodetectors, solar cells, gas
sensors, etc.

We have also collected data on sheet resistance and mobility
for the period of 30 days and the graph shows that the electronic
properties of graphene remain stable up to 30 days (Fig S1†).

Researchers have attempted various growth techniques to
improve the graphene mobility of transfer-free graphene. Table 3
above shows that graphenemobility of plasma CVD graphene has
been increasing over the years and this work presents the highest
graphene mobility for graphene grown directly on semi-
conducting substrate using microwave plasma CVD. The
researchers have used substrates other than silicon to grow gra-
phene, whereas graphene grown directly on silicon can be useful
in many ways as reported in this work. Also, the use of C-dots for
metal-free the doping of graphene can be advantageous in various
applications demanding absence of metal contaminations.
lasma CVD

strate Mobility (cm2 V�1 s�1) Ref.

3 16 38
2/Si 32 39
rtz 97 40
per 100 41
per 309 42

398 This work

RSC Adv., 2022, 12, 20610–20617 | 20615
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4. Conclusion

Carbon dots play a crucial role in improving the mobility of
graphene by shiing the Fermi level of graphene up or down by
0.2 eV depending on the functional group attached to their
surfaces offering either electron or hole transfer. Change in
Fermi level was calculated using G-peak shi in Raman spectra
of doped graphene. Carbon dot doping also increases the 2D/G
peak ratio. The highest mobility was found to be 398 cm2 V�1

s�1 stable up to 30 days at normal atmospheric conditions.
Carbon dot doped graphene could lead to transfer-free, metal-
free, high-mobility graphene synthesized at low temperatures
using plasma CVD. Carbon dot doping can surely be used for
graphene Fermi level tuning. Therefore, it could lead to desired
graphene synthesis depending on the end application.
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