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ABSTRACT

Oxidation of graphite produces graphite oxide, which is dispersible in water as individual platelets. After deposition onto Si/SiO » Substrates,
chemical reduction produces graphene sheets. Electrical conductivity measurements indicate a 10000-fold increase in conductivity after chemica |
reduction to graphene. Tapping mode atomic force microscopy measurements show one to two layer graphene steps. Electrodes patterned

onto a reduced graphite oxide film demonstrate a field effect response when the gate voltage is varied from +15 to —15 V. Temperature-
dependent conductivity indicates that the graphene-like sheets exhibit semiconducting behavior.

Graphene is the name given to individual sheets & sp hope of discovering new materials upon which the next
hybridized carbon bound in two dimensions of which generation of electronic devices will be basét: Since
crystalline graphite, the most thermodynamically stable form graphene can exhibit room-temperature ballistic transport
of carbon, is composed. Even though several other forms of over mean free paths of up to 300 Ahit, has been suggested

sp? carbon including buckminsterfullerenegdfand carbon  either as a channel material for the next generation of FETs
nanotubes have been prepared, isolated, and studied duringr as a conductive sheet upon which nanometer scale devices
the past 2 decades, single-layer graphene has only recentlynay be patterned to create single electron or few electron
been examined.Over the past 2 years, a great deal of transistord® These attributes coupled with its nanometer

attention has been generated by graphene due to its uniqu@cale, make graphene an excellent candidate for ultra-high-
electrical properties stemming from its semimetallic nature, frequency transistors:8

which has produced properties such as the quantum Hall
effect?~> ambipolar electric field effect,and transport via
relativistic Dirac fermions$:” More recently there have been

At first glace it seems rather unusual that a detailed
investigation of graphene would be so late in coming since
graphite and its intercalation compounds have been studied
Sor over 150 years. Then one realizes that graphene must be

ulled from a monolith of highly oriented pyrolitic graphite
HOPG) by drawing as intercalation/exfoliation methods
have failed to produce materials much below 100'%#h

and the tools to effectively examine nanometer scale
. ) , structures have only recently become widely available. By
. One of th? dr|_v|ng forces in nanotechnology is to Qevelo_p depositing peeled layers of graphite onto a 300 nm S{SiO
mtegrated_ F:wcwts at a smaller scale than t?at pos_glble with substrate, Novoselov et al. were able to distinguish individual
current silicon-based CMOS technoloy3 As silicon graphene layers using an optical microsca#eThis pro-

integrated circuits approach their theoretical limits, many vided a method to search the myriad of multilayered graphitic
researchers have turned to non-silicon-based materials in th&%ragments left behind after drawing in order to find a single

: layer of graphene; a search that would have been nearly
* Corresponding author. Telephone: (310) 825-5346. Fax: (310) 206- impossible usina atomic force microsco (AFM) alone
4038. E-mail: kaner@chem.ucla.edu. p g py .
S TDepaIrtm(_ent of Chemistry and Biochemistry and California Nano- After a possible single sheet was located, AFM was used
ystems Institute. i ; : .
* Department of Electrical Engineering and California NanoSystems Tor verification. AIthOUgh the techmqge of drawmg has b_een
Institute. improved somewhat by gently pushing graphene against a

the Klein paradoX.In addition to its fundamental electronic
characteristics, graphene has been used to fabricate a numb
of simple electronic devices'° Graphene has also been used
as reinforcement in polymer composites as it should be a
less expensive substitute for carbon nanotubes.
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Figure 1. (a) An AFM image of GO platelets after deposition onto a Si wafer with a 300 nm &pidaxial coating. (b) A three-dimensional
molecular model of graphite oxide (GO) showing a puckered carbon sheet@th and —COOH functional groups (carbos gray,
oxygen= red, hydroger= white). (c) A GO dispersion in water.

hard surface, it remains laborious and rudimentary in nature coating techniques. However, these initial experiments all
taking up to a week or more to locate a suitable specimenresulted in agglomeration of the GO platelets as the droplets
for making measurementg!?> Most of the reports on the  of water evaporated and grew smaller. Since GO favors
electrical properties of graphene still use this method of interactions with water over the SiQubstrate, the platelets
peeling layers from HOPG using sticky tape and drawing remained dispersed in the water and simply became more
onto a SiQ substrate in order to obtain graphene. More concentrated as evaporation proceeded resulting in non-
recently, some researchers have attempted to create largeniform films. Another set of experiments was then carried
scale graphene using the reduction of SiC to form a single out using mixtures of water with nonagueous solvents
carbon layer through the loss of Bi2*24The size domains including dimethylformamide, methanol, ethanol, and
and uniformity of these films remain an issue. Additionally, acetone. In concentrations suitable for deposition—2®
the SiC synthesis requires a temperature in excess of 1100ng/L), the GO formed a stable dispersion in all of these
°C, likely making this synthetic method costly should it be solvents even in ratios as high as 19:1 parts solvent to water.
scaled up industrially. Hence, there exists a great need forAlthough use of a solvent mixture for drop-casting did
an inexpensive, scalable method for achieving single-layer facilitate the deposition of GO by reducing the degree of
graphene. the resulting agglomeration, the films were still not uniform
Here we outline a process for preparing single and few enough to carry out electrical measurements. In order to
layer graphene-like films exhibiting comparable electrical achieve a highly uniform deposition, our next approach
characteristics to bilayer graphene produced using the moreinvolved spray depositing the GO dispersion onto a preheated
time-consuming peeling/drawing method. This new method substrate. In this way the GO platelets freeze upon contact
proceeds by way of a graphite oxide precursor as a meanswvith the substrate as the solvent flash evaporates. This
of achieving individual layers from bulk graphite. Graphite technique combines small droplet size with rapid evaporation
oxide has been known since 1860 when Brodie obtained it to avoid the concentration process that takes place upon slow
by treating graphite powder with a mixture of nitric acid solvent loss. AFM images of spray-deposited GO sheets are
and potassium nitraf€.In our experiments, graphite oxide shown in Figure 1a. The sheets cover an area ranging from
is synthesized from graphite powder by a modified Hummers a few hundred nanometers up to /@n. Additionally,
method as originally presented by Kovtyukhova etéal. modulating the dispersion concentration and spray duration
Since graphite oxide (GO) is water dispersible due to the allows for precise control over the density with which the
presence of oxygen-containing groups including carboxylic GO sheets are deposited. Coverage densities consisting of
acid and hydroxyl moieties, it readily exfoliates upon only a few independent sheets all the way up to continuous
sonication in watef®28-30 The structure of GO according films of overlapping sheets can be obtained using this
to a recently proposed model by Kémy et al. is depicted in ~ method. The spray deposition is highly uniform across the
Figure 1b?8 It is worth noting that this model is a refinement  substrate showing the same coverage density across the
of an earlier model proposed by Scholz and Boehm, which sample. When electrodes were later patterned onto the
is characterized by the lack of ether oxygens and the presenceleposited films, the yield of successful devices was nearly
of corrugated carbon layers linked by ribbons exhibiting a 100%.
quinoidal structuré! The presence of these functional groups  Once the Si@surfaces are spray-coated, the GO can be
on the GO surface leads to the enhanced interaction of GOreduced chemically using hydrazife34 This was first
with water. Figure 1c shows a vial containing a GO attempted in open air by suspending the spray-coated
dispersion similar to the ones used for spray deposition.  substrate over anhydrous hydrazine heated t6@0This
After a good aqueous dispersion was achieved, the GOheating both promotes vaporization and hastens the reduction
was deposited onto SpOsubstrates. The deposition was reaction brought on by the hydrazine. However, this simple
originally attempted using standard drop-casting and dip- reduction setup causes hydrazine liquid, along with water
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Figure 2. (a) Au electrodes are deposited by electron beam lithography on top of chemically reduced graphite oxide to form a transistor

as imaged by an optical microscope. (b) The graphene sheets appear as thin platelets between the somewhat grainy gold electrodes as
imaged by AFM. (c) When the AFM tip in tapping mode is moved across the graphene surface (red dotted line in b) st€pA ai®

observed (red arrows).

that the change of conductance is due to graphite oxide
reduction, over 100 devices were measured before and after
the vapor-phase reduction reaction. The conductance was
observed to increase by a factor of*£@.(° in almost every
device. A representative example of one of the devices tested
) is depicted in Figure 2. The conductivity increases upon
10 1 o 80 Toouie” exposure to hydrazine due to deoxygenation of graphite oxide
V(W) to create €-C and G=C bonds. Although this reaction is
unlikely to result in a perfect graphene structure, enough
carbon double bonds are established to create conducting
pathways leading to the resulting increase in the observed
conductivity3? The deoxygenation of GO to produce a
conducting material can also be confirmed through the use
vapor drawn from the air to condense onto the substrates.of Raman spectroscopy. In their recent work, Stankovich et
This leads to agglomeration of the GO platelets during the al. noted a distinct change in the Raman spectrum going from
reduction resulting in nonuniform films. To prevent con- GO to reduced GO after exposure to hydraZfiEhe results
densation of water and hydrazine vapor, a flow cell was of our Raman measurements agree with those of Stankovich
constructed so that the Si/Si®ubstrate could be heated to |ending evidence that the GO has been at least partia”y
80 °C under a flow of helium gas with hydrazine vapor deoxygenated.
supplied via a bubbler.

Figure 2 shows an AFM image of an as-fabricated device
with a few sheets of reduced graphite oxide film between
the two electrodes. The cross-sectional height profile shows
that the thickness of the graphite oxide film is @9 nm,

a height consistent with two layers of graphene. In order to : o
obtain electrical measurements of the films, GO was V, the resistance of the device increased from 0.20 to 0.42

deposited in a sufficient density to form a continuous film M€ (see Figure 4a). The increase in conductivity as the
of overlapping platelets. Figure 2 shows optical microscopy v_oltage is lowered m_dlcates t_hat the re_duced graphite oxide
and AFM images of the electrodes as-deposited on the films are p-type semlco_nductmg materlz_ils. The temperature
graphene film. Since only graphite oxide films bridge from dependence of the device's resistance is presented in Figure
the source to the drain electrodes, the measured resistivity*0- The material shows semiconducting-type behavior; i.e.,
should indicate if the deposition and reduction was success-as the temperature decreases, the resistance of the reduced
ful. graphene film increases. ThA? versus inverse temperature
The first electrical test is a comparison of the conductivity (1/T) data fits well to a Schottky contact model, which
difference between the graphite oxide and reduced graphengonfirms a semiconductor/metal interface. As Figure 4b
films. In Figure 3, the measured sheet resistance of theshows, the results fit a Schottky contact model which is
graphite oxide film is~4 x 10 Q per square, while the  formulated asq = AT?%e 9 (®~VKT Therefore, by plottindy/
reduced graphite oxide is4 x 10f Q per square. To confirm T2 versus 1T, we can get the Schottky barrier height=

Figure 3. Current (4)—Vvoltage V49 plots taken on graphite oxide
films before ) and after &) reduction reveal a 10000-fold
decrease in sheet resistance.

Our next set of experiments tested the field effect responses
of the reduced graphite oxide films. The measurements were
carried out in air at room temperature using the same global
back-gated FET devices. The tests used a Si substrate as the
back gate. While the gate bias was varied frertb to+15
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prepatterned electrodes with great confidence, thus minimiz-
ing the need for characterization while improving throughput.
Unlike current syntheses that use SiC as a starting material,
high temperatures (i.e., 110CQ or greater) are not required.
Additionally, our spray-coating method is quick, taking only

a few hours to yield sheets. This marks a significant
advantage over current mechanical methods that have a very
low yield of randomly distributed individual graphene sheets,
requiring a period of at least a week to search for a suitable
graphene specimen. For these reasons we believe our
spraying method has the potential for the large scale
deposition of graphene for use in electronic devices.
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