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S
ince the discovery of single-layer
graphene (SLG),1�3 it has attracted in-
tensive interest due to its two-

dimensionality and unique physical proper-
ties such as high intrinsic carrier mobility
(�200 000 cm2/V · s),4 quantum electronic
transport,2,5 tunable band gap,6,7 high me-
chanical strength and elasticity,8 and supe-
rior thermal conductivity.9 These outstand-
ing properties make graphene promising
for high-speed transistor applications,10�14

transparent conductive thin films,14�17 rein-
forced composites,18 and energy storage.19

Moreover, graphene-based field-effect tran-
sistors for biological sensors20�23 have re-
cently attracted much attention since the
electrical property of graphene is highly
sensitive to its local environment. In addi-
tion to mechanical exfoliation,1 epitaxial
growth,24�26 and chemical vapor deposi-
tion (CVD),27,28 the chemical, thermal, or
photocatalytic reduction of graphene ox-
ide (GO) has been recently considered as a
potential method for producing SLG
sheets.14,29�34 The exfoliated single-layer
GO sheets can be well-dispersed in aque-
ous solutions, potentially useful for making
graphene patterns with lithography-free
processes such as inkjet or transfer print-
ing. In addition, the solution-compatible
process has potential in large-area, scalable,
and cost-effective electronics. According to
the commonly used Hummers’ method,35

graphite powders are treated with oxida-
tion for adding oxygen-containing func-
tional groups on the edges and basal planes
of graphite flakes. These functional groups
then reduce the interplanar forces, promot-
ing complete exfoliation to single-layer GO
sheets in aqueous media. Here, the modi-

fied Hummers’ method, where a sonication
process was added to better adjust the size
of the obtained GO sheets, was used to pre-
pare large-size single-layer GO sheets.36 Us-
ing these large-size (�20 �m in lateral size)
monolayered GO sheets, transparent elec-
trodes and field-effect transistors can be
easily fabricated. This enables detailed stud-
ies of the graphitic structure�electrical
property relationship. There have been re-
ports on the reduction of GO into graphene
using chemical routes29,33,37�40 and thermal
annealing.16,39�44 The reduction processes
of GO sheets still can be improved and re-
quire systematic investigation particularly in
the graphitic structure�electrical property
relationship. It is discovered that alcohol va-
pors are more effective in the reduction of
GO sheets in contrast to the commonly
used high-temperature annealing with H2.
Such a simple and efficient process allows
us to obtain highly conductive transparent
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ABSTRACT Solution-based processes involving the chemical oxidation of graphite and reduction of the

obtained graphene oxide (GO) sheets have attracted much attention for preparing graphene films for printed

electronics and biosensors. However, the low electrical conductivity of reduced GO is still hindering the

development of electronic applications. This article presents that GO sheets reduced by high-temperature alcohol

vapors exhibit highly graphitic structures and excellent electrical conductivity. The sheet resistance of thin

transparent films is lowered to �15 k�/▫ (>96% transparency). Field-effect transistors produced from these

reduced GO sheets exhibit high effective field-effect hole mobility up to 210 cm2/V · s. Raman spectroscopic studies

reveal that the conductivity enhancement in the low mobility regime is attributed to the removal of chemical

functional groups and the formation of six-fold rings. In the high mobility regime, the growth of the graphitic

domain size becomes dominant for enhancing its electrical conductivity. The excellent electrical conductivity of

the reduced GO sheets promises potential electronic applications.

KEYWORDS: graphene oxide · Raman spectroscopy · transistors · transparent
conducting electrodes
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electrodes (sheet resistance �15 k�/▫; 96% transpar-

ency at 550 nm). The field-effect transistors produced

from these alcohol-reduced GO sheets also exhibit high

effective hole mobility up to 210 cm2/V · s. Recently,

Gao et al. elucidated the reduction processes of GO us-

ing synthetic chemistry,41 and the restoration of con-

ductivity was explained by the removal of functional-

ities. Here, it is shown that low-temperature alcohol

vapor reduction (600 °C) is already capable of remov-

ing most of the oxygen-containing functionalities. How-

ever, at higher temperature (�800 °C) reduction, the

enhancement in the domain size of nanographitic

structures is the major cause for recovering their electri-
cal conductivity.

RESULTS AND DISCUSSION
Preparation of Large Graphene Oxide Sheets. Since the

19th century, graphite oxide has been produced by
Hummers’ method,14,29,35,44 which typically involves oxi-
dation of graphite in the presence of strong oxidants
and acids for extended periods. Here, we modified the
Hummers’ method as reported by Xu et al.,45 where we
replace the first step (the chemical oxidation of graph-
ite flakes using concentrated H2SO4, P2O5, and K2S2O8)
with a sonication process in concentrated H2SO4 to
break graphite flakes into the flakes with the desired
size as discussed elsewhere.36 The subsequent oxida-
tion process allows us to obtain fairly large size (�20
�m in lateral size) of GO sheets, which is useful for pre-
paring devices for electrical measurements. Figure 1a
shows the photo of the solution containing ultralarge
GO sheets produced from the modified method with
2 h sonication. Figure 1b displays the typical optical im-
age for a single-layer GO sheet dip-coated on a 300
nm SiO2/Si substrate, where the lateral size of the GO
sheets typically ranges from 20 to 100 �m. Figure 1c,d
shows the AFM image and its height profile for the ob-
tained GO sheet. The measured thickness for the GO
sheet was �1.07 nm, suggesting that it was a single-
layer GO sheet.

Reduction of Graphene Oxides Using Alcohol Vapors. Alco-
hols have been used as the carbon feedstock to synthe-
size high-purity single-walled carbon nanotubes at
high temperatures (550�900 °C) in the presence of
catalytic particles.46 The OH radicals dissociated from al-
cohol molecules are able to attack carbon atoms with
a dangling bond, leaving single-walled carbon nano-
tubes (SWNTs) to survive in the reaction conditions.46

Here, instead of growing SWNTs, the alcohol reduction
process is adopted to reduce the GO sheets. Figure 2a
shows the Raman spectra for monolayered GO sheets
before and after various reduction procedures, includ-
ing hydrazine vapor soaking (Hy), H2 annealing (900 °C;
20% H2 in Ar), alcohol reduction (at 900 °C; Ar as a car-
rier gas), and alcohol/H2 reduction (900 °C; 20% H2/Ar
as a carrier gas). The well-known G peak (at �1585
cm�1) and 2D peak (at �2700 cm�1) are characteristic
of the sp2-hybridized carbon�carbon bonds in
graphene.47�50 It is noted that the ratio of the inte-
grated Raman peak area between the 2D and G bands,
I(2D)/I(G), has been shown to be related to the degree
of recovery for sp2 CAC bonds (graphitization) in gra-
phitic structures.50 Figure 2a clearly shows that the
I(2D)/I(G) after reduction using alcohol vapors with or
without introducing H2 gas is much higher than that
with H2 annealing or hydrazine reduction. This observa-
tion demonstrates that the high efficiency of restoring
sp2 carbon is strongly related to the presence of alcohol
vapors. Nevertheless, the reduction using pure alcohol

Figure 1. (a) As-prepared GO solution. (b) Optical image for a
single-layer GO sheet (on 300 nm SiO2) produced by the modified
method (with 2 h sonication). (c) Corresponding AFM image and (d)
AFM height profile for the GO sheet. AFM measurement along the
white solid line in (c) shows that the sheet is �1 nm thick.

Figure 2. (a) Raman spectra for monolayered GO sheets before and
after various reduction procedures including hydrazine vapor soak-
ing (Hy), H2 annealing (900 °C; 20% H2 in Ar), alcohol reduction (at 900
°C; Ar as a carrier gas), and alcohol/H2 reduction (900 °C; 20% H2/Ar as
a carrier gas). (b) Raman spectra for the GO sheets after alcohol reduc-
tion at 600, 700, 800, 900, and 1000 °C.
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vapor will produce some amorphous carbons due to

the recombination of excess carbon radicals decom-
posed from alcohol. Therefore, introducing small
amounts of H2 flow during the reduction process is
helpful to keep the process clean (by suppressing the
formation of amorphous carbon). It is noticed that from
Raman measurement there is no sign of forming amor-
phous carbon on GO film if 20% H2/Ar is used as a car-
rier gas in alcohol reduction (Raman spectra in Support-
ing Information Figure S1 and AFM images in Figure
S2 show that amorphous carbon can sometimes be ob-
served on GO if no H2 gas is supplied during the reduc-
tion). The absence of amorphous carbon is also veri-
fied by another control experiment, where the
reduction with 20% H2/Ar with alcohol does not pro-
duce amorphous carbon on HOPG from Raman analy-
sis (Figure S3). Therefore, in the subsequent alcohol re-
duction processes 20% H2/Ar is used to carry alcohol
vapor for performing the reduction for GO sheets. Fig-
ure 2b compares the Raman spectra for the GO sheets
after alcohol reduction at 600, 700, 800, 900, and 1000
°C. The 2D band emerges at 700 °C and becomes more
pronounced at 900 and 1000 °C. The ratio I(2D)/I(G)
even reaches a value �1.4 at 1000 °C reduction. The
temperature study suggests that high-temperature
(900�1000 °C) alcohol reduction is able to achieve effi-
cient restoration of graphitic structure in GO. In addi-
tion, the AFM measurements show that the thickness
of the monolayered GO sheet after reduction is kept
unchanged.

Electrical Properties of Alcohol-Reduced GO Films. To con-
firm the restoration of graphitic structures in GO films
by alcohol reduction, transparent thin films based on
the GO sheets reduced at various temperatures were
deposited onto quartz substrates using the dip-coating
method. Figure S4 (Supporting Information) shows the
scanning electron microscope images for the as-
sembled reduced GO films. Table 1 shows that the
sheet resistance of the GO transparent electrodes de-
creases from �43 k�/▫ (900 °C reduction with alcohol)
to �15 k�/▫ (1000 °C reduction with alcohol), where
the thin films have similar transparency (T � 96�98%,
corresponding to 1 or 2 layer GO). Since the absorption
of a single-layer graphene in the visible range is �2.7%,

the slight deviation of absorption obtained may come

from the discontinuous coverage of GO sheets. For

comparison, the GO thin films after reduction without

alcohol exhibit significantly higher sheet resistance

(188�413 k�/▫). It is noted that the sheet resistance

for the alcohol-reduced GO electrodes at a lower tem-

perature 900 °C, �42 k�/▫ (T � 98%), is already compa-

rable with the 40�100 k�/▫ (T � 95%) obtained by

vacuum annealing at 1100 °C.42 The typical sheet resis-

tance for hydrazine-reduced GO electrodes37 is also

listed in the table for comparison. These results sug-

gest that alcohol vapor-assisted reduction is highly effi-

cient in enhancing the conductivity of GO.

In addition, bottom-gate-operated transistors were

fabricated by evaporating Au electrodes directly on

top of the reduced GO sheets, which were previously
deposited on SiO2/Si substrates. Figure 3a demon-
strates the typical output characteristics (drain current
Id vs drain voltage Vd) for the device prepared from a
single-layer GO sheet after 1000 °C alcohol reduction.
Inset shows the photograph of the device, where the
graphene edge is indicated by dotted lines. Only GO

TABLE 1. Comparison of Ultrathin Electrodes Prepared
from Various Reduced GO Sheets

sample
ID process

transparency
(% @550 nm)

sheet
resistance

(k�/▫)

1 20%H2/Ar with alcohol, 900 °C, 30 min 98.2 43
2 20%H2/Ar, 900 °C, 2 h 98.1 413
3 20%H2/Ar with alcohol, 1000 °C, 30 min 96.2 15
4 20%H2/Ar, 1000 °C, 2 h 98.0 188

5a 1100 °C vacuum annealing, 3 h 95.0 500
6b hydrazine reduction 95.4 19000

aFrom ref 42. bFrom ref 37.

Figure 3. (a) Typical output characteristics (drain current Id

vs drain voltage Vd) and (b) transfer curves for a single-layer
GO sheet after 1000 °C alcohol reduction with or without
DMF treatment. (c) Statistical mobility data for the devices
made from monolayered GO sheets reduced at various tem-
peratures.
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sheets with regular shapes and suitable sizes were

used for transistor fabrications because it is convenient

to extract their field-effect carrier mobility. Figure 3b

shows the transfer curves (Id vs gate voltage Vg) for the

device. No neutrality point (Dirac point) is observed for

the as-prepared device within Vg scanning range, likely

because the reduced GO sheet is still heavily p-doped.

The Dirac point of the device can be shifted back to

0�30 V once the device is soaked with DMF vapors for

8 h, where the DMF dopes the device with electrons

and left-shifts the Dirac point. In addition, it is reason-

able that the Id is consequently reduced, as shown in

Figure 3a, due to the decrease in the hole carrier con-

centration. The transfer curves for several other high

mobility devices are provided in Supporting Informa-

tion Figure S5. The field-effect mobility of holes was ex-

tracted based on the slope �Id/�Vg fitted to the linear

regime of the transfer curves using the equation � � (L/

WCoxVd)(�Id/�Vg), where L and W are the channel length

and width and Cox the gate capacitance. The field-

effect mobility of the alcohol-reduced GO sheets goes

up to �210 cm2/V · s in ambient condition, which is at

least 2 orders of magnitude higher than the reported

�0.1�1 cm2/V · s after hydrazine chemical reduction.33

Figure 3c compiles the mobility data for the devices

made from monolayered GO sheets reduced at various

temperatures, where the number in parentheses indi-

cates the number of devices prepared. The statistical re-

sults clearly demonstrate that the mobility increases

with a reduction in temperature, consistent with the Ra-

man results in Figure 2b. Moreover, the device mobil-

ity for the GO sheet reduced from H2 gas at 1000 °C is

much lower than those from alcohol reduction at the

same temperature, consistent with the conclusion from

Raman studies (Figure 2a).

Correlation between Spectroscopic Results and Electrical

Properties. To correlate the electrical properties of the

single-layer GO sheets with their structural changes,

confocal Raman spectroscopy was adopted to di-

rectly characterize the reduced GO sheets in transis-

tor devices with effective field-effect mobility val-

ues from 0.05 to 210 cm2/V · s. The mobility values

were extracted only after DMF soaking; therefore,

they were used as the indices for the degree of gra-

phitic structure restoration. The correlations of sev-

eral Raman features (G band position, 2D peak posi-

Figure 4. Correlations of (a) G band position, (b) 2D peak width, (c) integrated peak intensity ratio of I(D)/I(G), (d) integrated
peak ratio of I(2D)/I(G) and, (e) 2D frequency with the field-effect mobility.
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tion, 2D peak width and integrated peak ratio of I(D)/
I(G) and I(2D)/I(G)) and the field-effect mobility are
shown in Figure 4, where the Raman data before
DMF soaking were also included for comparison. In
general, the Dirac point of each device is shifted to-
ward 0 V after DMF soaking, and the p-doping effect
is reduced. The trend of n-doping of reduced GO by
DMF is also confirmed by the left-shift of Raman 2D
frequency51 after DMF soaking, as shown in Figure
4e. Hence, the relation between Raman signatures
and carrier mobilities in Figure 4 is more informa-
tive because both sets of data (before and after DMF
soaking) are included. All Raman peaks including G,
D, D=, 2D, and other high-energy overtune bands in
each spectrum were fitted with a Lorentzian function
(see Supporting Information Figure S6 for an ex-
ample). Figure 4a demonstrates that the peak posi-
tion of the G band of GO sheets initially at around
1600 cm�1 is clearly downshifted to 1590 cm�1 with
the increase of mobility in the early stage (from
�0.05 up to 10 cm2/V · s, corresponding to the re-
duction performed at �800 °C). It has been con-
cluded that the downshift of G band frequency in
graphite corresponds to the development of long-
range in-plane order or establishment of a three-
dimensional graphite structure.52,53 At this stage, the
chemical functional groups are being removed and
six-fold graphitic rings built. XPS characterizations
shown in Figure 5a suggest that the removal of the

majority of chemical functional groups (oxygen con-
taining species such as C�O and CAO) occurs even
at a lower temperature regime (�600 °C). With fur-
ther increase in device mobility (from 10 up to 210
cm2/V · s, corresponding to the temperature �800
°C), the G band frequency approaches 1590 cm�1

and becomes less sensitive to the mobility. The less
sensitive and lower G band frequency corresponds
well to the restoration of the graphitic structure in
GO, and similar observations for graphite have been
reported.52 This suggests that at higher tempera-
ture the growth of graphitic nanodomains becomes
the dominant process rather than the removal of
chemical functional groups.36 Moreover, the 2D band
located at �2700 cm�1, the second-order Raman
feature of the D band, originates from a double-
resonance process.50,53�55 The decrease of the 2D
peak width has been used to indicate the restora-
tion of graphitic structures in graphite.52 Figure 4b
shows that the 2D peak width decreases rapidly with
mobility in the low mobility regime and approaches
50 cm�1 in the high mobility regime, corresponding
well to the evolution of the G band frequency in Fig-
ure 4a.

Examining the evolution of I(D)/I(G) with mobil-
ity (as shown in Figure 4c) helps to provide struc-
tural information of the GO with different degree of
reduction. Ferrari et al. have reported that the devel-
opment of Raman D peak indicates disordering of
graphite but ordering of amorphous carbon struc-
tures.55 We believe the model provided by Ferrari
et al. can be used to interpret our Raman results (Fig-
ure 4c). For very disordered structure, such as amor-
phous carbon or low mobility GO, the probability of
finding a six-fold ring in the cluster is low and the in-
tensity of the D band is related to the richness of
the six-fold aromatic ring. Meanwhile, the G band
is caused by in-plane bond stretching of pairs of sp2

C atoms, and it occurs at all sp2 sites and is not nec-
essarily related to the presence of a six-fold ring.
Therefore, I(D)/I(G) will increase with the mobility
for the GO at low mobility regime (mobility �1 cm2/
V · s). Once the GO is better reduced (more ordered),
I(D)/I(G) will decrease with decreasing disorder in
graphitic structures. Tuinstra and Koening (TK) have
noted that I(D)/I(G) varies inversely with the crystal-
lite size La in graphite:56 I(D)/I(G) � C(	)/La, where
C(	) is the constant related to the excitation wave-
length used in Raman. The TK relation is only valid
when the 6 six-fold member rings are already
present; hence, the relation can be used to esti-
mate the crystallite size (graphitic domain size) for
the reduced GO sheets with high mobility (�1 cm2/
V · s) in our case), where the structure of reduced GO
is closer to the graphene structure. Figure 5b shows
that the estimated graphene nanocrystallite size (us-
ing TK relations) increases from 1 to �4 nm when

Figure 5. (a) XPS characterizations for the GO sheets reduced
at various temperatures as indicated. (b) Estimated
graphene nanocrystallite size increases with the mobility.
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the mobility is increased from 10 to 210 cm2/V · s,
where the C(	) for a 488 nm laser is estimated to be
4.4 nm.53,57

Figure 4d shows that the ratio I(2D)/I(G) of the
reduced GO sheets increases slowly in the low mo-
bility regime and faster in the high mobility regime.
Both the G band downshift and the increase of the
I(2D)/I(G) ratio can be attributed to either (1) dedop-
ing of p-type carriers in graphene13,51,58 or
(2) recovery of sp2 CAC bonds (graphitization) in
graphitic structures.50 The I(2D)/I(G) trend in Figure
4d is the same before and after DMF doping, al-
though the Dirac point of these devices is greatly
left-shifted, suggesting that the general observation
for I(2D)/I(G) is not governed by doping or dedop-
ing here. Therefore, the graphitization appears to be
a more appropriate explanation for the increase of

I(2D)/I(G), corroborating the conclusion from Figure

4c.

CONCLUSIONS
In summary, the GO sheets reduced by high-

temperature alcohol vapors exhibit highly integrated

graphitic structures and excellent electrical conductiv-

ity and carrier mobility. Raman spectroscopic studies re-

veal that the conductivity enhancement in the low mo-

bility regime is attributed to the removal of chemical

functional groups and the formation of six-fold rings.

In the high mobility regime, the growth of the graphitic

domain size becomes dominant in restoring its electri-

cal conductivity. More investigations are required to fur-

ther suppress the Raman D-band and promote the con-

ductivity of GO sheets.

EXPERIMENTAL SECTION
Preparation of Graphene Oxide Sheets: Graphene oxide sheets

were prepared by a modified Hummers’ method from natural
graphite flakes (NGS Naturgraphit GmbH, Germany).36 In brief,
2 g of graphite flakes was mixed with concentrated H2SO4 (12
mL) and kept at 80 °C for 4.5 h. The solution was cooled to room
temperature and then sonicated in a water bath (300 W;
Finnsonic model 20) for 2 h. The sonication process is crucial for
achieving desired large-sized GO flakes. The mixed solution was
then diluted with 500 mL of deionized (DI) water and left over-
night. The solution was filtered and washed using 200 nm po-
rous filters to obtain the preoxidized graphite powders. The
product was dried by gentle baking (70 °C), followed by drying.
The preoxidized graphite powders were put into concentrated
H2SO4 (120 mL), added with KMnO4 (15 mg) in an ice bath, and
stirred at room temperature for 2 h. The solution was diluted
with DI water (250 mL), stirred for 2 h, and then added to 0.7 L
of DI water. Shortly thereafter, 20 mL of H2O2 (30%) was added
into the mixture, and the color changed to light yellow. After set-
ting overnight, the top solution was collected (unreacted graph-
ite powders were condensed at the bottom of the solution),
then centrifuged (40 mL, 10 000 rpm) to obtain GO powders. To
remove residual metal ions, these powders were dissolved in
1:10 HCl solution and then centrifuged. The processes were re-
peated at least three times. Finally, dissolution and centrifuga-
tion were performed in DI water to remove the unwanted acid.

Reduction Using Alcohol Vapors: Single-layer GO films were depos-
ited onto the silicon substrates with 300 nm silicon oxide by the
dip-coating method. These samples were loaded into a quartz
tube, and forming gas (20% H2 in Ar at 80�100 sccm) was intro-
duced to the tube to purge undesired moisture and oxygen.
The quartz tube was then heated to the desired temperature
(600�1000 °C), followed by introducing absolute alcohol (EtOH)
vapors into the tube using the forming gas (or pure Ar) as a car-
rier gas bubbling through an alcohol liquid maintained at 0 °C.

Preparation of Thin-Film Electrodes: Quartz substrates were first
cleaned with a standard Piranha solution to remove undesired
impurities. The slow and multiple dip-coating method was used
to deposit GO sheets on quartz. Briefly, quartz substrates for re-
ceiving GO sheets were immersed in an aqueous GO suspension
(0.062 mg/mL), followed by slow pulling (0.16 mm/s). The pro-
cess was repeated for desired thickness of films. Then, the sub-
strates were dried in air and followed by the alcohol reduction
processes. The ultralarge reduced GO sheets can be used to pre-
pare a conductive electrode with 98% transparency.

Fabrication of Field-Effect Transistor Devices: Single-layer GO films
were deposited onto the silicon substrates with a 300 nm sili-
con oxide layer by the dip-coating method, followed by alcohol
reduction. The dip-coating condition was tuned to deposit

loosely distributed GO sheets on substrates. It is noted that most
of the deposited GO sheets are monolayered. The field-effect
transistor device was fabricated by evaporating Au electrodes
(40 nm thick) directly on top of the selected, regularly shaped re-
duced GO sheets using a copper grid (200 mesh, 20 �m spac-
ing) as a hardmask. The typically obtained channel length be-
tween source and drain electrodes was around 20 �m. The
dimethylformamide (DMF) vapor soaking was performed by put-
ting the device in a sealed vessel together with a small drop of
DMF for 8 h.

Characterizations and Electrical Measurements: Sheet resistance
was measured using the four point probe method (Keithley In-
strument), and the transmittance measurement was done with
a UV�vis�NIR spectrophotometer (Perkin-Elmer). The Raman
spectra were measured in a WITec CRM300 confocal Raman mi-
croscopy system (with a laser wavelength of 488 nm and laser
spot size of �0.5 �m), and the Si peak at 520 cm�1 was used as
a reference for wavenumber calibration. All electrical measure-
ments were performed under ambient conditions using a Kei-
thley semiconductor parameter analyzer, model 4200-SCS. XPS
measurements were carried out by a Kratos AXIS-ultra spectrom-
eter (UK) with monochromatic Al K
 X-ray radiation (1486.71
eV).
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