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A B S T R A C T

Thin layers of graphite oxide sheets were dispersed in dimethylformamide and dielec-

trophoretically assembled onto predefined and opposing metal electrodes. The dielectroph-

oretic method resulted in the deposition of multiple layers of graphite oxide. After drying,

the deposits were then reduced by thermal or chemical methods. Raman spectroscopy and

electrical transport measurements revealed that the thermal reduction technique was

more effective in restoring electrical conductivity than the chemical reduction method.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Recent success in depositing monolayer graphite (graphene)

has attracted interests due to both the fundamental physics

and possibility of constructing devices [1–6]. Graphene has

interesting properties because of its 2D geometry [7,8]. A

number of methods have been used to deposit graphene from

graphite [9,10]. Deposition of single or multiple layers from

highly ordered pyrolytic graphite (HOPG) was demonstrated

by a micro-mechanical cleavage method [11]. Micro-mechan-

ical cleavage is an effective method for depositing high qual-

ity graphene sheets. However, the material deposited is not

uniform and controlled deposition on particular locations

has not been achieved. The low yield of this approach com-

bined with lack of control of the position of individual sheets

limits controlled implementation of highly integrated graph-

ene-based circuits. An important challenge is to obtain indi-

vidual graphene sheets that are also deposited at desired
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locations. Rapid thermal expansion of sulfuric acid-interca-

lated graphite followed by suitable treatment to produce

nanoplatelets from the expanded material was also recently

demonstrated but these have not been deposited with posi-

tional control [12,13].

Graphite oxide is a structured compound obtained by oxi-

dation of graphite [14]. It is typically produced by oxidative

treatment of graphite by the ‘‘Brodie’’, ‘‘Hummers’’, or ‘‘Sta-

udenmaier’’ methods [15]. The layers in graphite oxide are

extensively oxidized and it is yellowish-orange in color com-

pared to graphite. Graphite oxide is an electrically insulating

material [16,17]. However, it can be reduced to have less oxy-

gen by thermal or chemical methods that restore the electri-

cal conductivity [18].

There is an interest in integrated circuits at a smaller scale

[19] and graphene has been suggested as a conductive sheet

upon which nanometer scale devices may be patterned since

it can exhibit room temperature ballistic transport over mean
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free paths up to 300 nm [20]. Dielectrophoresis (DEP) can be an

effective tool for manipulating nanoparticles suspended in

liquids [21,22]. We recently demonstrated the deposition of

thick layers of thermally expanded graphite oxide soot (GO-

soot) particles by dielectrophoresis [22]. GO-soot was pre-

pared by rapid thermal expansion of graphite oxide, and the

thickness of the deposited layer was greater than 1 lm. In this

study, thin layers of graphite oxide were dispersed in dimeth-

ylformamide (DMF) and assembled across opposing electrode

by DEP. Then the electrical conductivity of the deposited and

dried graphite oxide sheets was restored by chemical or ther-

mal treatments. The deposited and treated samples were

characterized using Raman spectroscopy, Scanning Electron

Microscopy (SEM), Atomic Force Microscopy (AFM), and elec-

trical transport measurements.

2. Experimental

Graphite oxide was synthesized from SP-1 graphite powder

(Bay City Carbon) by a modified Hummers method [23]. It

was readily exfoliated by sonication in DMF (Aldrich, anhy-

drous, 99.8%). The graphite oxide was dispersed in DMF at a

mass ratio of 9.6 · 10�3 (wt%). The mixture was sonicated at

135 W for 10 min (5510R-DTH, BRANSONIC).

Microelectrodes were fabricated using a conventional pho-

tolithographic method. As shown in Fig. 1a, one chip contains

seven pairs of Au electrodes with a gap of 2 lm. A 5 nm thick

titanium layer and a 200 nm thick gold layer were vapor-

deposited (EVACO-41SC, DR Vacuum) on the SiO2-on-Si sub-

strate as a top electrode material. Graphite oxide sheets dis-

persed in DMF were deposited across the opposing

electrodes using DEP. A drop of the mixture (0.5 ll) was placed

onto electrodes on the gap, and an alternating current electric

field (10 Vpp, 100 kHz; 33220A, Agilent) was applied for 1 min.

The droplet was then blown off using nitrogen gas (99.8% pur-

ity). The reproducibility of dielectrophoretic deposition was

good. The graphite oxide sheets were successfully deposited

onto 136 opposing microelectrodes from 140 attempts.

The electrical conductivity of the deposited graphite oxide

sheets was restored using chemical or thermal treatments.

Hydrazine hydrate, mixed with deionized water at a volume

ratio of 1:100, was used for the chemical treatment procedure;
Fig. 1 – Graphite oxide sheets assembled between 2 lm gap ele

electrodes. (b) SEM image, the inset shows an AFM image. (c) A
the substrate with the deposited graphite oxide sheets was

immersed in such a solution held at 100 �C. The exposure to

hydrazine in water was continued until there was no change

in the conductivity of the deposit on the chip although oxide

groups were not perfectly removed. For the thermal reduc-

tion, the cylindrical quarts tube was initially vacuumized

using a rotary pump. Then it was pressurized to 800 mm Hg

using argon gas (>99.999% purity). Finally, values were closed

and the argon atmosphere was stationary during the experi-

ments. The as-deposited graphene oxide sheets were heat-

treated at 200 or 400 �C. The heating rate was 1 �C/min. The

samples were kept at the constant temperature for a desig-

nated time and then naturally cooled down to room temper-

ature for measurements using SEM (JEOL JSM-7401F), Raman

spectroscopy (Kaiser optical system model RXN1), AFM (Veeco

diINNOVA 840-012-711) and a semiconductor parameter ana-

lyzer (Agilent E5262A). A rapid thermal reduction technique

was also tested. In this case, the quartz tube was pre-heated

while argon gas was continuously supplied at 60 ml/min.

The thermocouple indicated that the temperature of argon

gas inside the tube was 1000 �C. The chamber lid was open

during the experiments. The sample was inserted into the

tube for 20 s and then rapidly removed. The estimated tem-

perature of the sample, calculated using a simple lumped

capacitance method and a natural convection coefficient on

horizontal plate, was about 1000 �C [24].

3. Results and discussion

Graphite oxide sheets can be dispersed in DMF and this en-

ables use of DEP to assemble them across the microelectrodes.

Fig. 1b shows an SEM image of such sheets deposited across

the electrodes. A number of different DEP conditions, such

as the applied voltage, frequency and time, were tested with

the goal of depositing the minimum thickness of graphite

oxide sheets. The selected parameters were 10 Vpp, 100 kHz

and 1 min. An AFM image is shown in the inset of Fig. 1b

and a height measurement is provided in Fig. 1c. The thick-

ness of an individual layer of graphene oxide is typically ob-

tained as about 1 nm [25]. It is clear from the AFM data that

thin layers of graphite oxide sheets were typically deposited

by DEP and the sheets were also folded and overlapped in
ctrodes using DEP. (a) One chip contains seven identical

FM section profiles along the line in Fig. 1b.
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some regions. The AFM scan shows step heights ranging from

4 to 13 nm. This indicates that 4–13 layers of graphite oxide

were deposited considering the typical thickness of graphite

oxide of about 1 nm. Another possibility is that the same sheet

was folded multiple times. It has been demonstrated that

graphite oxide can be reduced by heating [25]. As mentioned,

two separate thermal treatments at 200 and 400 �C were used.

The resistance change of the graphite oxide sheets was mon-

itored as a function of time is shown in Fig. 2. The heat treat-

ment time during the constant temperature exposure

segment is shown on the x-axis; i.e. the ramp time is not in-

cluded. Before heating, the resistance of the deposited sheet

material was found to be infinite, which agrees with the con-

clusions of others that graphite oxide is essentially an insulat-

ing material [16,17]. At 200 �C, the resistance was measured

after 60 min and the first value recorded was 553 kX. The resis-

tance initially decreased rapidly but then reached a steady

state value at longer times. At 400 �C, the resistance increased

at longer times after the initial rapid decrease. This could be

due to the thermal decomposition of graphite oxide sheets
Fig. 2 – The resistance change of the graphite oxide sheets as a

carried out at 200 or 400 �C. (b) SEM image of the graphite oxide d

inset image shows graphite oxide sheets deposited on the iden

Fig. 3 – Dielectrophoretically assembled graphite oxide sheets a

inset shows a magnified AFM image. (b) AFM section profiles a
during the prolonged heat treatment time at an elevated tem-

perature; i.e. transformation of graphite oxide into CO and/or

CO2 gas [25,26]. As shown in Fig. 2b, graphite oxide could not

be observed between the electrodes after 15 h of heat treat-

ment at 400 �C, and the resistance reached infinity. It is also

possible that a small amount of oxygen, perhaps not com-

pletely removed from the tube, led to the complete oxidation

of all carbon in the deposit.

Fig. 3a shows an SEM image of the graphite oxide sheets

after 2 h of exposure at 200 �C (identical deposit as shown in

Fig. 1a). The AFM image provided in the inset shows a notice-

able change after the thermal reduction. Figs. 1b and 3b show

a large decrease in the thickness of the deposit from the heat

treatment. It is well known that, in the case of deposition

from an aqueous dispersion of graphite oxide, the deposit

has overlapped and stacked graphite oxide layers with inter-

lamellar water. Evaporation of a significant fraction of this

water by heating yields a significant reduction in thickness.

It is reasonably likely that interlamellar DMF is playing the

same role here, and also that the as-deposited (by DEP) over-
function of the heat treatment time. (a) The process was

eposited electrode after 15 h of heat treatment at 400 �C. The

tical electrode before the heat treatment.

fter 2 h of thermal reduction at 200 �C. (a) SEM image. The

long the line in the inset.
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lapped layers might conceivably pick up water during expo-

sure to ambient. Another contribution to the reduction in

thickness of the deposit might be caused by the changes in

chemistry occurring directly in the graphite oxide sheets

themselves. The thickness of the reduced graphite oxide ran-

ged from 1.5 to 7.5 nm. This suggested approximately 4–22

layers were deposited assuming that the thickness of a single

layer of graphene is 0.34 nm.

We calculated resistivities of thermally reduced deposits

on 10 opposing microelectrode pairs assuming rectangular

parallelepiped geometries. The length was considered as

2 lm which is the gap of electrode. The average width and

thickness was about as 1 lm and 3 nm each. The average

resistivity was estimated to be 3.5 · 10�4 X m. This is higher

than the natural resistivity of graphite (1.2 · 10�6 X m) [27].

The value reported here for these deposits is influenced by

the contact resistance, error from the approximation of the

geometry of the deposit, and incomplete reduction. The bal-

listic transport in graphene was destroyed by the incom-

pletely reduced oxide groups demonstrating the limitation

of this approach. The oxygen was not completely removed.

A rapid thermal reduction experiment was also carried out

[26,28]. The graphite oxide deposited on opposing electrodes

was rapidly inserted into a pre-heated quartz tube (at

1000 �C) for 20 s. Argon gas was continuously supplied to the
Fig. 4 – Electrical transport measurements before and after

the rapid thermal treatment at 1000 �C.

Fig. 5 – Chemical reduction of dielectrophoretically deposited gr

Change in resistance as a function of the chemical treatment tim
quartz tube at 1 atm pressure. Electrical transport measure-

ments were carried out after the sample was rapidly removed

and cooled down to room temperature. Fig. 4 shows the

change in source-drain current before and after the rapid

thermal treatment and as a function of the source-drain volt-

age. The final resistance of the deposit was similar to that of

the slow heat treatment as shown in Fig. 2. Perhaps such

short time exposures to high temperature can be used to ther-

mally reduce dielectrophoretically deposited graphite oxide

sheets.

An attempt to chemically reduce the dielectrophoretically

deposited graphite oxide sheets was also made. Fig. 5a shows

an SEM image before the chemical treatment. As shown in

Fig. 5b, the resistance decreased with time and reached a

steady state after 40 min of exposure to the aqueous hydra-

zine solution. Hydrazine is also known to etch silicon; Grigal-

iunasa et al. reported an etching rate of 2 lm/min using a

diluted hydrazine solution [29]. For this reason, exposure to

the aqueous hydrazine solution was carried out for 2 days

in order to investigate the etching phenomena of both silicon

and silicon dioxide. The inset in Fig. 5b shows an SEM image

after this chemical treatment demonstrating severe etching

of the silicon–silicon dioxide substrate. Hydrazine hydrate

acts as a reducing agent and reacts with a variety of materials

including oxide layers of substrates. This indicates that the

chemical reduction approach with hydrazine could be prob-

lematic for device applications of graphite oxide sheets on

silicon.

Raman spectroscopy was used in an attempt to assess pos-

sible reduction of the dielectrophoretically deposited graphite

oxide sheets [30]. Fig. 6 compares Raman spectra taken before

and after the chemical and thermal reduction. The Raman

spectrum of as-prepared graphite oxide deposits displays

two prominent peaks at 1350 and 1598 cm�1 that correspond

to the D and G modes, respectively [9,30,31]. The G mode is re-

lated to the vibration of sp2-hybridized carbon. The phonon

mode at 1330 cm�1, also known as the D mode, corresponds

to the conversion of a sp2-hybridized carbon to a sp3-hybrid-

ized carbon [31,32]. The increase in the intensity of the D band

can be interpreted as the destruction of graphite sp2 struc-

tures or covalently attached functional groups. Fig. 6a shows

a change in Raman spectra with respect to the chemical treat-

ment time. As shown in Fig. 6, the area under the D mode was
aphite oxide sheets. (a) SEM image before the reduction. (b)

e. The inset shows an SEM image after 2 days of reduction.



Fig. 6 – Raman spectra taken before and after the reduction. The normalized area ratio of D/G mode is provided in the

parenthesis next to the treatment time. (a) Chemical reduction approach, (b) thermal reduction approach.
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integrated from 1220 to 1420 cm�1, and that under the G mode

was integrated from 1510 to 1660 cm�1. The baseline of the

integration is also shown in Fig. 6. The normalized D/G area

ratio is shown in the parenthesis. The D/G area ratio was nor-

malized by that of the dielectrophoretically deposited graph-

ite oxide sheets obtained before the chemical treatment. The

normalized D/G area ratio, shown in the parentheses, in-

creased with the chemical treatment time, which is consis-

tent with the observation of Stankovich et al. [10], Ferrari

et al. [30]. A number of cracks developed at the surface of

graphite oxide, which could increase the D/G area ratio as a

function of the chemical treatment time despite the reduc-

tion of the oxide groups. This could be the reason of the ob-

served phenomenon [10,30]. As shown in Fig. 6b, the

normalized D/G ratio decreased after 2 h of thermal reduction

at 200 �C due to the removal of oxide groups [33]. This sug-

gests that, at least in terms of the type of chemical treatment

used here, the heat treatment approach might be more appro-

priate for restoring sp2 carbon regions in the dielectrophoret-

ically deposited graphite oxide sheets.

4. Conclusion

Graphite oxide sheets were dispersed in DMF and DEP was

used to selectively deposit such sheets onto opposing micro-

electrodes. The current approach resulted in the deposition of

multiple layers of graphite oxide. The deposits were then par-

tially reduced after drying. Electrical and Raman spectro-

scopic measurements revealed that the simple heat

treatment was more effective in restoring electrical conduc-

tivity than by exposure to aqueous hydrazine solution. In this

manner, selective deposition of chemically modified and elec-

trically conductive graphite sheets was achieved. Thus, the

dielectrophoretic deposition combined with post-reduction

has potential for large-scale deposition of graphite oxide

sheets for device applications.
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