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Chemical vapor deposition(CVD)-synthesized graphene is potentially an alternative for tin-doped indium
oxide (ITO) transparent conductive films (TCFs), however its sheet resistance is still too high to meet
many demands. Vanadium oxide has been widely applied as smart window materials, however, no study
has been reported to use it as dopant to improve the conductivity of graphene TCFs. In this study, we
firstly reported that VO doping can effectively lower the sheet resistance of CVD-graphene films while
keeping its good optical properties, whose transmittance is as high as 86-90%. The optimized VOx-doped

gf}l/)wgorr:;;lene graphene exhibits a sheet resistance as low as 176 2/0J, which decreases by 56% compared to the undoped
VO, doping graphene films. The doping process is convenient, stable, economical and easy to operate. What is more,
Stability VOy can effectively increase the work function(WF) of the film, making it more appropriate for use in

solar cells. The evolution of the VO species annealed at different temperatures below 400 °C has been
detailed studied for the first time, based on which the doping mechanism is proposed. The prepared VO

Optical properties
Doping mechanism

doped graphene is expected to be a promising candidate for transparent conductive film purposes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Transparent conductive films (TCFs), which possess both high
electrical conductivity and high optical transmittance, are widely
used in industry, especially in information (displays) and solar cell
architecture (window glass) [1-3]. Up to now, tin-doped indium
oxide (In,03:Sn, abbreviated ITO) has been the most commonly
used TCFs material [1]. However, ITO has some drawbacks such as
its instability in the presence of acid or base, limited transparency
in the near-infrared region and the lack of flexibility, as well as
its increasing price due to the rareness of the indium element on
earth [4]. Despite of the great potential of chemical vapor deposi-
tion(CVD) synthesized graphene to substitute for ITO TCFs in the
future [5], its sheet resistance is still too high to replace ITO films,
especially in fields demanding low sheet resistance, such as solar
cells. For instance, with the same transparency of 85% at 550 nm,
graphene films usually exhibit sheet resistances in the range of
100-500 2/0, about several times higher than that of ITO coun-
terparts. What’s more, the work function (WF) of graphene TCFs
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needs to be adjusted to match with the energy levels of semicon-
ductor layers for decreasing the energy loss in solar cells. The WF of
undoped graphene is around 4.5 eV [6], however, it is more desir-
able to be increased to above 5 eV as the cathode material to match
with the HOMO levels of most organic acceptors for accelerating the
carrier injections. Therefore, graphene needs to be modified from
both the sheet resistance and the WF aspects for implementing
photovoltaic purposes.

Doping is considered as a promising route to improve the carrier
concentration and therefore improve the electrical conductivity.
Due to the p-type semiconductor nature of graphene under ambi-
ent condition on the SiO, [7], p-type dopants are more effective
in decreasing its sheet resistance by introducing more hole carri-
ers [2]. There are many p-type dopants that have been discovered
to lower the sheet resistance of graphene and modify its WF, such
as organic molecules (TFSA [8], DDQ [9], F4-TCNQ [10]), inorganic
salt/acid (HNOs [11], AuCl3 [12,13], SOCl, [14]), metal particles
[1,2,15,16] and metal oxide [17]. However, organic molecules are
generally unstable in the ambient air, while, AuCl; is too expensive
as dopants. In contrast, metal oxide draws much more attention
in recent years due to its low price, efficient doping effect and
higher stability. Typically, molybdenum oxide (MoOs3 ) was reported
to effectively dope graphene, by which the sheet resistance of the
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Fig. 1. (a) Raman spectra of the undoped graphene. (b) Flowchart of the experimental procedure and (c) photographs of undoped graphene, doped graphene annealed at

room temperature (RT), 150°C and 300 °C, respectively, from left to right.

graphene decreased from 465 /0] to 270 2/01 [17]. However, the
thermal evaporation method they adopted is severe in vacuum
degree and complicated in operation, as well as an annealing atmo-
sphere of Ar, which increases the cost. Vanadium oxide (VOx) is a
well-known high work-function material and has been commonly
used as an effective hole extraction layer within organic photo-
voltaic devices [18,19]. Therefore, it is expected that holes will be
injected from VOy to semiconductors with lower work function, i.e.,
a p-type doping of the semiconductor is expected to occur. Further-
more, it can be easily deposited with cheap solvent-based methods,
such as sol-gel method, etc [20,21]. All these properties make VOx
an effective doping candidate for graphene.

In the present study, we reported the successful doping of
graphene by VOx for the first time. A significant reduction in
sheet resistance as well as an effective increment of the WF was
observed. Doping conditions, especially thermal treatment temper-
atures, were optimized for obtaining the utmost doping effect. The
finding may offer an effective way to turning the properties of the
graphene TCFs for transparent conductive films purposes.

2. Experimental details
2.1. The preparation of graphene

Graphene samples were grown on 2 cm x 2 cm copper foil (99.8%
Alfa) with a thickness of 25 wm in the quartz tube furnace sys-
tem using ambient pressure chemical vapor deposition (APCVD)
method. The copper foil was pretreated at 1000 °C for 30 min with
H, in the quartz tube at a flow rate of 100 sccm. After preheat-
ing procedure, the temperature was increased to 1050 °C in 5 min,
then a mixture of methane (CH4), hydrogen (H; ) and argon (Ar) gas
was flown into the tube. Six minutes later, the furnace was rapidly
cooled down to room temperature in 10 min.

2.2. The transfer of graphene

The copper foil with graphene grown on was deposited a film
of poly[methyl methacrylate] (PMMA) by spin coating 46 mg mL~!

PMMA solution in chlorobenzene, which was then exposed at
room temperature for 5min. The ammonium persulfate (1M
(NH4),S,0g) solution was used to etch away the copper foil at
room temperature for 12-18 h. After etching, the remaining PMMA-
coated graphene was carefully dipped into deionized water to
remove any residual etchant. The PMMA-coated graphene sheet
was then transferred and tightly adhered onto quartz substrates.
Afterwards, PMMA was thoroughly removed by immersion in an
acetone bath for 30 min. Finally, the graphene film on quartz sub-
strate was annealed in H; for 1 h at 400 °C to remove the remaining
PMMA.

2.3. Doping and annealing procedure

The VO(OC3H7)3 (purity 99%, Sigma-Aldrich) was diluted with
isopropanol at the volume ratio of 1/70. Then, this solution was
spin coated onto graphene-on-quartz substrates at 4000 rpm for
30s. Afterwards, the doped graphene film was annealed at different
temperatures in air or Ar atmosphere.

2.4. Characterization of the graphene films

The sheet resistance of the doped graphene was measured by
4-point probe method (Loiesla-Ax Mcp-T370). The optical prop-
erties of the VOx-doped graphene layer were characterized with
UV-vis spectroscopy (Lambda 950, Perkin Elmer). X-Ray Diffrac-
tion (XRD) (Bruker D8 CEVANCE) was used to characterize the
phase evolution of vanadium pentoxide. Field emission scan-
ning electron microscope (FESEM) (SU8220) was used to examine
the surface of the p-doped graphene layer. Raman spectroscopy
(DXR Raman Microscope) and X-ray photoemission spectroscopy
(XPS)(ESCAlab 250) were used to characterize the doping mecha-
nism. Scanning Kelvin Probe (SKP5050) measurements were used
to characterize the WF of graphene films before and after dop-
ing.
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Fig. 2. (a) Sheet resistance of undoped graphene and graphene doped in air and Ar as a function of annealing temperature. The sheet resistance of pure VOy film is not shown.
(b) Sheet resistance of the doped graphene film annealed at 300°C in air versus standing time.

3. Results and discussion

3.1. Sheet resistance, work function and transmittance of the
doped graphene films

The graphene film used in this study was of 2 cm x 2 cm size,
which was prepared by APCVD method. The Raman spectra of the
undoped graphene are shown in Fig. 1a. The value of Ip/Ig ~0.20
confirms the low defect characteristics of the undoped graphene
[22,23]. Additionally, the intensity ratio of 2D band to G band
is around 1.67, which indicates that most of the graphene is of
monolayer to bilayer [24]. Fig. 1b and ¢ shows the typical process
for fabricating VOx-graphene films. The graphene TCFs consist of
three layers, including quartz substrate, graphene layer and VOy
film. Firstly, the as-grown graphene TCFs were transferred onto
quartz substrates. Afterwards, a thin and uniform VOx layer was
deposited by spin-coating method. Finally, the VOx-graphene film
was annealed at various temperatures for 1h in air to further
enhance the doping degree, which was the most essential step of
the preparation.

Fig. 2(a) shows the sheet resistance of the undoped graphene
and the doped graphene films after annealing at various temper-
atures in air. It can be seen that the undoped graphene exhibits a
sheet resistance about 400 2/00J, which is significantly reduced by
50% to 200 2/0J after doping by VOy at room temperature (RT). It is
worth noting that the sheet resistance of pure VOy film deposited on
quartz substrates is too large to be measured, while, the sheet resis-
tance of graphene decreases sharply after depositing a layer of VOy
layer. This indicates that the doping process is highly efficient. We
tried to find the optimum annealing temperature by measuring the
sheet resistance. Interestingly, we find that the sheet resistance of
the graphene films doped in air does not change monotonically with
the temperature. The sheet resistance of doped graphene mildly
increases from 200 £2/0 to 480 2/0 as the temperature increases
to 150°C. While, in the region of 150-300 °C, it shows a decreasing
tendency and a minimum value of 176 €2/0J was obtained at 300°C,
corresponding to a 56% reduction compared with the initial value
of 400 2/0 for the undoped graphene. However, the sheet resis-
tance further increases to 2000 €2/0 at 400°C. We attribute this
sharp increase of sheet resistance to the pronounced distortion in
graphene induced by thermal annealing [25], witnessed by a sim-
ilar sharp increase of bare graphene at this temperature. It can be
seen that doped graphene treated at 300°C in air shows the low-
est sheet resistance, evidencing the most effective doping under
this condition. In contrast, the doped graphene after Ar annealing
shows higher sheet resistance. For instance, the lowest sheet resis-
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Fig. 3. Work Function of undoped graphene and graphene doped in air and Ar as a
function of annealing temperature.

tance of Ar-annealed doped graphene is 200 2/0 at RT, which is
13.6% higher than the lowest value of air-treated one.

We compared the doping effect of VO for graphene with that
of the commonly used dopant-HNOs3. The maximum sheet resis-
tance reduction by VOx doping was 56% for 300 °C air-treated ones,
which is much higher than the 43% decrease caused by HNOj;
doping reported by others [26]. Our VOx-doped graphene also
demonstrates a higher stability than HNO3-treated ones. Fig. 2(b)
shows the stability of doped graphene with the lowest sheet resis-
tance, i.e., the 300°C air-treated one. It can be seen that the sheet
resistance after 700 h standing is measured to be 280 £2/(J, a 59%
increase from the initial value. This is indicative of a higher stability
than some other dopants, for instance, the HNO3; doped graphene
exhibits a 90% increase of the sheet resistance after 480h in air
[27]. While in another work, the sheet resistance of AuCl3 and FeCl;
doped CVD graphene increases by about 80% compared with the
initial value after 100 h [26].

Work function is another important parameter of the TCFs
besides sheet resistance. Increasing the WF of graphene cathode
can help to form Schottky contact, which can enhance the carrier
injection, thereby improving the efficiency of device [28]. Fig. 3
shows the WF of doped graphene measured by KP (Kelvin Probe)
analysis. After treatment, the WF of the film increases by 0.4eV,
from 5.3eV to 5.7eV. This clearly evidences that a p-type dop-
ing process of graphene by VOx has occurred. As the WF of VOx is
1.2-1.5eV higher than that of graphene [29], a large dipole will take
place at the graphene/VOy interface for the VOx-coated graphene
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Fig. 4. Raman spectra of the undoped graphene and doped graphene annealed at
different temperatures in air.

sample in our study. Some electrons will transfer from the graphene
to VOx for achieving charge neutrality at the interface, i.e., a p-type
doping effect occurs for graphene. This electron transfer process
causes a Fermi level alignment at the interface and leads to an
increase of the WF of graphene. The WF change can also be consid-
ered as ameasure of the doping degree. The more the holes injected
to graphene are, the larger the WF change is caused. Based on this
criterion, the doping degree is assumed to reach its minimum at
150°C, which is consistent with that unveiled by sheet resistance.

We note that the WF of graphene measured by our work (5.3 eV)
is slightly higher than the widely reported values of 4.2-4.6eV
[8,13,28-32]. This is partly ascribed to the undoped graphene
exposing to the air for several days, which will lead to p-doping
effect [25]. Besides, the measured WF values for ITO (4.96 eV) and
fluorine-doped tin oxide(FTO) films (4.59eV) are also 0.1-0.2 eV
higher than those (4.7-4.9 eV for ITO and 4.4 eV for FTO) reported
by others [2,33]. This discrepancy should be indicative of the differ-
ence in measuring conditions. Both of these two factors contribute
to the slightly higher WF of the undoped graphene.

To further characterize the doping degree at various tempera-
tures, which is reflected by sheet resistance and WF, Raman spectra
measurements were further conducted due to their high sensitivity
to the structural and electronic properties of graphene [34,35]. As
seen in Fig. 4, The main D, G and 2D features of the Raman spec-
tra of graphene are found to arise at about 1350 cm~!, 1580 cm™!
and 2650 cm~!, respectively. The D-peak reflects the defects of the
graphene [34]. As is illustrated in Fig. 4, the Ip/I; ratio for doped
graphene treated at different temperatures are all around 0.2-0.4,
similar to that of 0.2 for undoped graphene. This result means that
the VOx doping does not cause substantial defects to the graphene,
even after annealing at elevated temperatures [34,43]. This is rea-
sonable as no lattice distortion in graphene is caused by the charge
transfer doping process in our work. Similar phenomenon has also
been observed in graphene doped with AuCl; [13] and thermally
evaporated MoOy [17]. The G-peak, which is excited by the bond
stretching of all pairs of spZ atoms in both rings and chains, is closely
related to the doping state. The G-peak blue shift in comparison
to the undoped graphene testifies the doping from VOx species
[8], which can be attributed to the Kohn movement away from
q=0 in Brillouin zone caused by the Femi surface change result-
ing from carriers transfer to graphene. The G-peak Raman shift
of doped graphene is 27cm~! at RT, 16 cm~! at 70°C, —2cm~! at
150°C,35cm~1 at 300°C,29cm~! at 350°C and 17 cm~! at 400°C,
respectively. Higher G-peak blue-shift means higher doping degree.
Therefore, it can be seen that the doping degree decreases in the
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Fig. 5. Transmittance spectra of doped graphene TCFs annealed at different tem-
peratures.

region of RT ~150°C and 300-400 °C, whereas, it increases in the
region of 150-300°C. The doping degree exhibits a minimum at
150°C while a maximum at 300 °C as well, which corresponds well
with the trend of sheet resistance and WF. Similar to that of G-
peak, 2D-peak stiffening and full width at half maximum (FWHM)
can also demonstrate the p-doping degree [29]. From Fig. 4, the
upshifts of 2D peak and increases of FWHM are over scales smaller
than the G-peak and easily affected by environment and other fac-
tors. However, they are consistent with the trend of G-peak on the
whole, which further supports that the sheet resistance and WF
share the same tendency with the Raman characterization results.

As is illustrated in Fig. 5, undoped graphene shows about 96%
transparency in the ultraviolet-visible-near infrared (UV-vis-NIR)
range, indicating it is 1-2 layer with high transmittance, consistent
with the Raman characterization results in Fig. 1a. After doping,
the thickness of the coated VO overlayer is as thin as 10 nm, as
observed from the cross sectional image of doped graphene films
in Fig. S3(d). As such, the film shows 86-91% transmittance at
the wavelength of 550 nm, meanwhile decreases in UV range. The
excellent transmittance of doped graphene films in NIR region,
which is not owned by ITO [2], is greatly promising for use in optical
devices. In summary, the VOx doping method developed by us can
simultaneously reduce the sheet resistance as well as increase the
WEF of graphene while maintaining excellent optical transmittance.

3.2. Evolution of VOy in the process of heat treatment

The doping of VOx to graphene is significantly affected by the
crystalline degree and stoichiometric ratio of VOx species. How-
ever, no systematic study concerning the evolution of chemically
obtained VOyx film upon temperature was reported. We char-
acterized the evolution of pure VOx film annealed at different
temperatures in air by XRD analysis and the results are shown
in Fig. 6. It can be seen that the as-deposited VOx film is amor-
phous at RT and 150°C. However, two obvious peaks at 20.26°
and 41.26°, indexed to (001) and (113) fringes V,0s, respectively
[JCPDS file no. 41-1426], can be found in 300°C air-treated sam-
ples, evidencing V, 05 crystallization starts to occur. An interesting
feature is that a small peak indexed to (600) fringe of V307 occurs
at 24.45° [JCPDS file no. 27-0940], revealing the presence of oxygen
vacancies. Further increase of the temperature to 400 °C witnesses
narrower V5,05 peaks and the disappearance of V307 peak, which
indicates an enhanced crystallization degree and the oxidation of
low-valence vanadium species. The XRD spectra reveal an evolu-
tion process of the VOy species with increasing temperatures, i.e.,
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amorphous (RT ~ 150°C) — amorphous V,0s + crystallineV,05 + O
vacancies(300°C) — crystalline V,05(400°C). As is shown in Fig. S3,
this process can also be observed in the SEM micrographs. Obvi-
ous crystalline particles can only be found in Fig. S3c. We can also
figure out from Fig. S3c a nearly dense VOx coating on graphene.
Therefore, it can act as effective barrier with high chemical stability,
which can protect the graphene from losing the dopant in ambient
air. This is why the VOx-doped graphene can maintain a compa-
rable stable sheet resistance with prolonged time. In contrast, the
AuCl; dopant is found to form separate individual Au particles [26]
and the HNO3 dopant is volatile and unstable in ambient air [27].
XPS measurements were further conducted to better under-
stand the composition of the doped graphene annealed at different
temperatures and the spectra are shown in Fig. 7. The chemical
states of V can be determined by monitoring Vy,3? for V(V) at
517.16€eV,V(IV) at 515.9eV and V,,'/2 for V(V) at 523.2eV, V(IV)
at524.8 eV, respectively [36]. The ratios of V(V)/V(IV) in V,,3/2, cal-
culated by the area of the peaks at RT, 150°C and 300°C, are 3.1,

3.3 and 7.65, which correspond to a x value of 2.378, 2.384 and
2.442, respectively. The ratio of V(V)/V(IV) becomes larger from RT
to 150°C then to 300°C, revealing that the oxygen vacancy gets
fewer as the temperature increases. However, it is notable that
below 150°C, the ratio of V(V)/V(IV) increases slower than above
150°C. We assume the film annealed at 400°C composed of pure
V,0s5, which is verified by the XRD spectra in Fig. 7. The X value
of VOx from RT to 400°C falls in the range of 2.38 ~2.50 and the
corresponding atomic oxygen percentage is 70.41-71.43%. Under
these conditions, the VO takes the form of V,05 and V307 and no
other phases exist (see Fig. S1), which is consistent with the XRD
results shown in Fig. 6.

In Fig. 7(d)-(f), O1 s peaks can be deconvoluted into O1 (around
530eV for V,05),02 (at 531 eV for O in organics) and 03 (533 eV for
O mainlyin SiO;)[37].Fig. 7(e) and (d) exhibit the highest 02 inten-
sity among Fig. 7(d)-(f), indicating the presence of large amount of
O resulting from the hydrolysis reaction of vanadium precursors,
which also means more O vacancies. The O2 intensity reduces for
300°C annealed films, attributed to oxidation of vanadium species
which converts the V4" to V>*. Therefore, the oxidation process
can increase the concentration of V,0s, leading to an increased O1
intensity in Fig. 7f. As the detection depth of XPS is about 10 nm,
the O3 signals originating from the quartz substrates for undoped
graphene are sharp and strong since the graphene layer is less than
1 nm thick. In contrast, the 03 signal from VOx-coated graphene is
very weak as the VOy layer itself is about 10 nm thick, as seen from
Fig. S3(d).

Raman spectra in the region of 100-1100 cm~! are illustrated in
Fig. 8 to monitor the phase and oxygen vacancy evolution of VOx
species. Raman modes of V5,05 can be classified into internal and
external vibrations with respect to the structural units. The exter-
nal modes, which are located at low-frequency, can be considered
as relative motions of the units, like the vanadium pentoxide lay-
ers with edge and corner sharing VOs square pyramids|[38]. The
external low-frequency Raman modes are located at about 154,
172 and 203 cm~. Below 150°C, there are no obvious sharp peaks
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Fig. 7. XPS spectra of the V 2p peaks for doped graphene annealed at different temperatures (a. RT, b. 150°C, c. 300°C) and the O 1 peaks in the undoped graphene and
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Fig. 8. Raman spectra of doped VOx-graphene films annealed at different tempera-
tures, as well as that of undoped graphene(G) for comparison.

except the one at 172cm~!. Considering no crystalline structure
is detected in XRD spectra, it is attributed to the long-range order
structure = (OV — O — OV) = [39], which is produced by the hydrol-
ysis Reactions (1) and (2).

(0C3H,)OV(0OC3H7), + H,0% (OH)OV(OC3H7), + HOC3H- 1)

(OC3H7)OV(0C3H7), + (0C3H7)OV(0C3 H7)251
=(0V -0 - 0V) = +HOC3H>y (2)

Except these peaks belonging to external modes, the rest
belongs to the internal modes with higher frequency, which are
assigned to different stretching and bending of V—0 bonds [38].
The first one is the typical O-vacancy structure, which is featured
by the peak V4* =0 at about 930 cm~! for 150°C sample. This is an
evidence of the diffusion of the hydrocarbon, which extracts oxygen
atoms from the vanadium pentoxide films and destroy the pristine
structure [38]. Above 150°C, the peak of V4* =0 shrinks, meaning
that V#* is gradually oxidized by O, to form V>*. Besides the V4* =0,
the presence of the 852 cm~! and 886 cm~! peaks are indicative of
crystalline VOyx with oxygen deficiencies or disorder structure [38].
Note that XPS results indicate that the V4*/V>* ratio monotonically
decreases in the region of RT to 300 °C, the appearance of 852 and
886cm~! peaks at 300°C only indicates a higher crystallization
degree, while not a V4" concentration increase. It is noteworthy
that several crystalline stoichiometric V,0s5-characteristic peaks
start to appear at 300°C, which show up at 154, 283, 288, 405,
488, 530, 705 and 999 cm~!. Detail assign of these peaks is not
shown here and can be referred in Ref.38. The Raman spectra results
indicate an O vacancy-crystalline V,05 coexisting structure in the
region of 150-300 °C. The higher the temperature is, the fewer the
O vacancies are, as well as more crystalline V,05. Above 300 °C, the
peaks corresponding to V4* (886 cm~1,931 cm~!) start to shrink. At
400°C, these low-valence vanadium peaks disappear completely,
as well as a remarkable increase of the intensity of V4* =0 peaks.

To sum up all the results in the Raman spectra, we can assert
that VOx underwent a process as follows.

RT~150°C: At RT, the vanadium(V)oxytriisopropoxide
hydrolyzes to form long-range order = (OV — O — OV) = [39]
in the disorder state film. As the temperature increases, the

destruction of = (OV — O — OV) = structure (3), which is reflected
by the disappearance of the 172cm~!, and the release of hydro-
carbon leaves a portion of oxygen vacancies. O vacancy-structures
crystallization under annealing result in the rising of peak of
V4 =0,

150°C
—

=(0V-0-0V)= 52(v¥*=0)+0 3)

250°C~300°C: As the hydrocarbon in the film is exhausted,
the oxidation Reaction (4) becomes increasingly dominant and the
concentration of V4* =0 decreases gradually. The crystallization of
V, 05 leads to coexisting structure of O vacancy-crystalline V,05 at
300°C, which is supported by Raman and XRD analysis.

v — 02v5t — 0 (4)

350-400°C: The V4* disappears gradually, O vacancies fade
away and the crystallization process of V,05 is completed [40,41].
From the Raman spectra, all the peaks belong to crystalline V,05
structure at 400 °C.

3.3. Mechanism of doping

After spin-coating, the vanadium(V)oxytriisopropoxide was
exposed to the air, which contained H,0 molecules. The hydrol-
ysis Reactions (1) and (2) start immediately and VOy species are
thus formed [19]. Since the as-generated V°* has higher WF than
graphene, some holes will be injected from V>* to graphene, i.e.,
p-type doping process occurs, as shown in (5). This process is ver-
ified by the G-peak blue-shift of Raman spectra shown in Fig. 4
and the corresponding decrease in the sheet resistance. However,
as the temperature increases, the de-doping Reaction in (6) was
enhanced due to diffusion of the hydrocarbon and collapse of ini-
tial VOy structure. These two factors lead to the minimum doping
degree at the temperature of 150°C.

Graphene + V5* X hGraphene + v4+ (5)
hGraphenelloocGraphene +h (6)

When firing temperature is over 150°C, O vacancies get much
fewer due to the filling by O, (4). As is well known, the WF is usu-
ally the half of the ionization energy [42]. Higher concentration of
V>* leads to higher WF, thereby enhancing the doping process. The
doped graphene gets the utmost degree of doping at 300 °C, which
is proved by the minimum sheet resistance and maximum Raman
G-shift. That also explains why the doped graphene annealed in
Ar atmosphere has higher sheet resistance and lower WF than in
air, which can be observed by Figs. 2 a and Fig. 3. When the tem-
perature is over 350 °C, the doping degree decreases for destroy of
the graphene structure at such high temperature. The WF of doped
graphene (5.65 eV), which approaches the value of crystalline V,Os,
indicates the high crystallization degree of VOy layer.

4. Conclusion

To conclude, we firstly used VOy as dopant to lower the sheet
resistance of undoped graphene.Itis convenientand stable by using
spin-coating method to deposit a thin layer of VOx and annealing
in air. The optimum heat treatment temperature was determined
to be 300°C, which results in lowest sheet resistance. The opti-
mal VOx-doped graphene film exhibits a 56% decrease in sheet
resistance compared to undoped graphene, which is 176 /O at
about 86% transmittance at 550 nm. Also the WF can be effectively
increased by 0.4 eV. What is more, we firstly give a detailed research
on the evolution of the VO species and put forward the doping
mechanism. This method offers a new way for doping graphene
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transparent conductive films and may shed light on expanding their
application for optoelectronic purposes.
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