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Evolution of Electrical, Chemical, and Structural
Properties of Transparent and Conducting Chemically
Derived Graphene Thin Films
By Cecilia Mattevi,* Goki Eda, Stefano Agnoli, Steve Miller,

K. Andre Mkhoyan, Ozgur Celik, Daniel Mastrogiovanni, Gaetano Granozzi,

Eric Garfunkel, and Manish Chhowalla*
A detailed description of the electronic properties, chemical state, and structure

of uniform single and few-layered graphene oxide (GO) thin films at different

stages of reduction is reported. The residual oxygen content and structure of

GO are monitored and these chemical and structural characteristics are

correlated to electronic properties of the thin films at various stages of

reduction. It is found that the electrical characteristics of reduced GO do not

approach those of intrinsic graphene obtained by mechanical cleaving because

the material remains significantly oxidized. The residual oxygen forms sp3

bonds with carbon atoms in the basal plane such that the carbon sp2 bonding

fraction in fully reduced GO is �0.80. The minority sp3 bonds disrupt the

transport of carriers delocalized in the sp2 network, limiting the mobility, and

conductivity of reduced GO thin films. Extrapolation of electrical conductivity

data as a function of oxygen content reveals that complete removal of oxygen

should lead to properties that are comparable to graphene.
1. Introduction

Graphene is a one-atom-thick layer of carbon with remarkable
electronic properties that have focused the attention of scientists
and engineers. In particular, graphene is a semiconductor with
zero band gap and high carrier mobilities and concentrations, and
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shows nearly ballistic transport at room
temperature.[1,2] A challenging aspect of
graphene integration into electronic
devices is the exfoliation of graphite into
individual sheets in a controlled, scalable,
and reproducible way. The reliable techni-
que to produce single layer graphene of
high quality is the micromechanical clea-
vage.[3] However, this route is not practical
for large-scale integration of graphene.
Exfoliation of individual to few layered
graphene sheets via agitation in a carefully
chosen solvent and maintaining a stable
suspension has been recently investi-
gated.[4] However, the reported yield of
single-layered graphene was found to be
disappointingly small (<1wt%). Growth of
graphene on specific substrates (SiC and on
transition metals) has also been demon-
strated.[5–7] It is unclear if uniform deposition over large areas can
beobtainedusing thesemethods andwhether the growngraphene
can be easily transferred onto more desirable substrates. Recent
progress on transfer printing of CVD grown graphene appears to
be promising for large area electronics.[8]

The exfoliation of graphite oxide is efficient and results in high
yields of single-layered graphene oxide (GO).[9] The individual
graphene oxide sheets can then be readily deposited on virtually
any substrate over large areas using solution based methods[10]

and transfer printing.[11] GO forms over a range of O:C
stoichiometries, with the oxygen bound to the carbon in the basal
plane in the form of hydroxyl and epoxy functional groups (in
variable ratios depending on the synthesis protocol),[12,13] and as
carbonyl and carboxyl groups at the sheet edges. These functional
groups make graphene oxide sheets strongly hydrophilic and
decrease the interaction energy between the graphene layers
(the interlayer distance increases from �0.35 nm in graphite to
�0.7 nm in oxidized graphite).[9,14] Hence, graphite oxide can be
readily exfoliated, formingastable aqueousdispersion.Acomplete
model to describe the exact ratio and spatial distribution of
the functional groups that decorate the honeycomb carbon lattice
has yet to be elucidated.[15–17]

Graphene oxide is electrically insulating and must be reduced
(using chemical and/or thermal treatment) to make it electrically
active.[18] Although othermethods have been reported,[19] themost
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widelyused chemical route to reduceGOinsolution aswell as after
depositiononto substrates is exposure tohydrazine (as thehydrate,
as anhydrous hydrazine, or as dimethylhydrazine vapor).[9,18,20–25]

To further improve the electrical properties of reduced GO, the
hydrazine treatment is usually followed by thermal annealing
(200–500 8C).[10,22] Although these reduction treatments have
yielded reasonably good optoelectronic properties, the final
electrical transport properties[10,22,26] (such as transconductance
in a transistor geometry) are far from those of graphene.[1,27]

Obtaining ideal electrical properties of reduced GO has been
challenging due to the absence of knowledge regarding the
chemical and structural characteristics of reduced GO.

Although various properties of reducedGOhave been reported,
detailed studies correlating the structurewith optical and electrical
properties are lacking. Here, we present a comprehensive
description of the electronic properties, chemical state, and the
structure of uniform GO thin films at different stages of the
reduction process. We applied two reduction processes to GO:
i) exposure to hydrazine monohydrate vapor and ii) thermal
annealing in different environments. We also analyzed the
suitability of combined hydrazine and thermal reduction treat-
ments to achieve the desired electrical properties. The present
reduction methods utilizing hydrazine and high temperature
annealing are not ideal for environmental and technological
reasons, respectively. However, understanding the structural and
chemical changes that occur during reduction may allow the
development of alternative processes.
2. Results

In our previous work, deposition of uniform GO thin films with a
controllable number of layers from solution at room temperature
on a variety of substrates was demonstrated.[10] The vacuum
filtration method allows precise control over the number of GO
layers so that thin films from a single layer up to 10 layers can be
Figure 1. a) C1s XPS spectra (hn¼ 1253.6 eV) collected on 7 layered G

Au(10 nm)/SiO2(300 nm)/Si and annealed in UHV at the indicated temper

The spectra were fit by Doniach-Sunjic function after subtracting a Shirle

indicated in the lowermost spectrum. The different components related to

shifts of carbon bonds are indicated; b) corresponding O1s XPS spectra c) C1

(inset) XPS spectra (hn¼ 1253.6 eV) collected on 15 layered GO deposite

annealed in UHV at the indicated temperatures for 15min.
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obtained. The reduction process consisting of hydrazine vapor
exposure at 80 8C and/or thermal annealing is then applied. This
deposition method permits the fabrication of thin film transistors
(TFTs) and other devices on a variety of substrates without the use
of extensive lithography.[10]

The present study focuses on the reduction process via thermal
treatment in UHV and in an Ar/H2 reducing atmosphere on
pristine GO thin films and those that have been previously treated
with hydrazine vapor. We studied the progressive loss of oxygen
functional groups after each step of the reductionprocess by in situ
X-Ray photoelectron spectroscopy (XPS) to reveal the nature of
carbon and oxygen bonds. The carbon and oxygen 1 s core level
spectra collected on aGO thin film (7 layers) after in situ annealing
at temperatures increasing from 100 8C to 450 8C are shown in
Figure 1. The carbon and oxygen (inset) 1 s core level spectra for a
GO thin film annealed in situ at 650 and 1100 8C are shown in
Figure 1c. The high temperature spectra are shown separately
because they come from different set of samples. We used quartz
substrates for high temperature (650 and 1100 8C) annealing
measurements. In addition, slightly higher thickness films
(15ML) were used to ensure the signal collected was free of
oxygen signal from the substrate. A thin film of Au (10 nm) was
deposited on SiO2 (300 nm)/Si to allow the detection of oxygen
from theGOfilm. The fits used to extract the various C/C and C/O
bonding configurations and their concentrations are indicated in
the lowermost spectra in Figure 1. The carbon/oxygen ratio was
found to be 2.5/1 in pristineGOwhich is in agreement with values
reported for similar oxidation processes.[28,29] Under the experi-
mental conditions used here, the XPS sampling depth is lower for
the O 1s signal than for the C 1s by 20% due to the higher binding
energy of the O 1s electrons.[30,31] Therefore the O 1s spectra are
likely to be slightlymore surface specific. This difference becomes
more dramatic with increase in the thickness ofGO thin films (see
for example the difference between a seven-layered and a single-
layered GO film).

The C 1s signal of fully oxidized GO consists of five different
chemically shifted components which can be deconvoluted into:
O deposited on

atures for 15min.

y background as

various chemical

s and related O1s

d on quartz and
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C¼C/C�C in aromatic rings (284.6 eV); C�O
(286.1 eV); C¼O (287.5 eV); C(¼O)-(OH)
(289.2 eV); and p–p� satellite peak (290.6 eV)
(Fig. 1a). These assignments are in agreement
with previous works.[28,32] We fit the C 1s peak
component related to sp2 C�C bonding with
Doniach–Sunjic line shape with zero asymme-
try due to the absence of C�C sp3 (binding
energies in range 285.5–286.5 eV[32]) bonding.
This allowed us to monitor the evolution of
carbon sp2 bonding with annealing. We found
that a maximum carbon sp2 fraction of �80%
can be obtained upon annealing to 1100 8C (see
below). The spectra in Figure 1a, b, and c
indicate that a large fraction of oxygen atoms
form single bonds with the carbon atoms in the
basal plane of GO.

The C�O bonds (38.7 at % of carbon atoms
in pristine GO) come from epoxy and hydroxyl
groups in the basal plane. Based on the XPS
results, the GO synthesis method that we
utilized (which includes peracid (KMnO4) as
m Adv. Funct. Mater. 2009, 19, 1–7
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Figure 2. The atomic percentages of different carbon bonds identified by

XPS as a function of annealing temperature. The sp2 carbon and the

corresponding oxygen concentration are reported as a function of the

annealing temperature in the inset.

Figure 3. a) C 1s XPS spectra (hn¼ 1253.6 eV) collected on single-layered

GO thin film deposited on Au(10nm)/SiO2(300 nm)/Si and annealed in

UHV at the indicated temperatures for 15min. The different components

related to various chemical shifts of carbon bonds are indicated;

b) corresponding O 1s XPS spectra.
the oxidant), and molecular dynamics (MD) simulations,[12,13] we
expect that �20% more epoxy groups are present as compared to
hydroxyl groups.Our observations indicate thatmajority of oxygen
species consist of C�O and more oxidized species such as C¼O
and C¼O (O) are present in lesser amounts. The C¼O (13 at % in
GO) compounds mainly arise from single ketones and
quinones[33] which decorate the edges of GO sheets but may also
be bound to the basal plane as carbonyl groups.[16,34] The C(O)OH
species (6.7 at % in GO) are present primarily at the edges of GO
sheets.[15,17,34] Complementary in situ IR measurements suggest
the presence of these for functional groups.

The evolution of carbon bonds in GO thin films monitored
with XPS as a function of annealing temperature in UHV is
summarized in Figure 2. In addition, the evolution of physisorbed
species (H2O and CO2) after 15min of annealing at 100 8C was
confirmed by mass spectroscopy during annealing. The loss of all
oxygengroupsoccurs upon increasing the temperature, exhibiting
a higher rate of loss between 100–250 8C (Fig. 2) while C�O
component continues to decrease up to 450 8C. The overall rate of
oxygen evolution is lower between 300–450 8C in comparisonwith
the loss recorded between 150–300 8C. The C/O atomic ratio at
450 8C is 7.9, in agreementwith values reported in the literature for
UHVannealing.[29] Initially, the O 1s appears at binding energy of
532.6 eV, in accordance with Ref.[28], because it contains
contributions from C¼O (531.2 eV), C(¼O)-(OH) (531.2 eV) and
C�O (533 eV). During annealing, the two components related to
C¼O and C�O are clearly visible. The fact that we observed C¼O
peak with higher intensity than the C�O component at annealing
temperatures from200–450 8Ccould be attributed to the fact that a
portion of the O 1s peak incorporates a contribution from trapped
CO2 molecules which are present as by-products of the reduction
process, as confirmed by in situ IR measurements on thick GO
samples.[35] TheO1s peakdetected on 1–2 layersGOand annealed
between 200–450 8C does not show this additional contribution
(see Fig. 3). In addition, theC¼Ocomponent of theO 1s peak after
annealing the single layer films at 1100 8Chas lower intensity than
the C�O component, as also observed by Yang et al.[29]. Based on
the fact that the sampling depth of theO1s signal is lower than that
of C 1s, we tentatively attribute the higher contribution of C¼O
component with respect to C�O to trapped CO2 in multilayered
GO annealed between 150–650 8C.
Adv. Funct. Mater. 2009, 19, 1–7 � 2009 WILEY-VCH Verl
The fraction of sp2 carbon and the oxygen concentration
with annealing temperature are shown in the inset of Figure 2. The
concentration of carbon and oxygen are given in atomic
percentages (at. %). The at. % for different carbon functional
groups is calculated with respect to the total area of the C1s peak.
The oxygen at. % is calculated with respect to the total area of the
C1s peak plus the O1s peak (taking into account the sensitivity
factors). It can be seen that the amount of carbon sp2 bonding
increaseswith loss of oxygen, reaching amaximumvalue of�80%
at an oxygen content of �8 at. % (C:O ratio 12.5:1). This suggests
that the remaining oxygen is responsible for �20% sp3 bonding.
Thus, annealing up to 1100 8C is not sufficient to completely
remove the oxygen from GO.

During the thermal reduction process, GO is expected to
undergo structural changes due to the loss of oxygen. The carbon
atoms in the basal planemay also rearrange during annealing due
to the available thermal energy. Such structural changes were
monitored by Raman spectroscopy via measurements taken after
each annealing step. The Raman spectra of as prepared and
reducedGO thin films consisting of 7 layers are shown inFigure 4.
Results from two types of reduction treatments are plotted,
annealing at 1100 8C and exposure to hydrazine vapor followed by
annealing at 200 8C. The spectra display the carbon D and Gband
peaks at�1330 and�1600 cm�1, respectively. The position of the
G peak is consistent with that of pristine and hydrazine vapor
reducedGO.[22] It iswell documented[36–39] that the area ratio of the
D and G bands is a measure of the size of sp2 ring clusters in a
network of sp3 and sp2 bonded carbon. Using the empirical
Tuinstra-Koenig relation[37] to obtain the lateral dimension of sp2

ring clusters, an average graphitic domain size of �2.5 nm in
pristine GOwas calculated. After chemical (with hydrazine vapor)
reduction and thermal annealing up to 500 8C, the change in the
D/Gpeak area ratio was found to be negligible, in accordance with
our previous work.[22] Only after annealing at 1100 8Cwas a slight
decrease in the FWHM of the D peak observed, resulting in an
increase in the size of the sp2 cluster to �2.8 nm (Fig. 4). This
observation suggests that even when the sp2 carbon-carbon bonds
are restored by de-oxidation, their spatial distribution in the
honeycomb graphene lattice does not generate an expansion of a
continuous sp2 phase. Thismay be due to the fact that the sp2 sites
ag GmbH & Co. KGaA, Weinheim 3
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Figure 4. a) Raman spectra of 7 layered GO thin films recorded with

l¼ 633 nm laser with a lateral beam dimension of �2mm. Spectra of

pristine GO (black curve), reduced GO via exposure to hydrazine mono-

hydrate vapor at 80 8C followed by annealing at 200 8C (red curve) and GO

reduced by annealing only at 1100 8C (yellow curve) are shown. In the inset,

the I(D)/I(G) ratio and the related average sp2 cluster sizes of GO thin films

before and after reduction reported in the literature along with our results

are shown. b) TEM image of few layered chemically reduced reduced

GO (Scale bar¼ 200 nm). Corresponding diffraction patterns are taken

from c) pristine GO and d) chemically reduced GO followed by annealing.

Both diffraction patterns show the six-fold rotational symmetry expected for

diffraction with the beam incident along the [001] direction. The innermost

diffraction spots are from (100) planes (d-spacing 0.21 nm) while the outer

are from (110) planes (d-spacing 0.12 nm).

4

are isolated in away that for every pair of aromatic rings restored as
phenol groups, there is also a vacancy in the lattice. In addition,
dangling bondsmay also be generated from the detachment of CO
groups, especially at high temperature (1100 8C). It is well known
ingraphite that suchdanglingbondsaredifficult to anneal out even
at temperatures in excess of 1000 8C.[40,41]

The ratio of theDandGpeaks and the corresponding sp2 cluster
size with annealing temperature are summarized in the inset of
Figure 4. The data from other researchers are also plotted.
Our values are in good agreement with the measurements of
Jung et al.[42] and Gomez-Navarro et al.[22] but differ from those of
Tung et al.[25] who report much lower D to G peaks ratios and
therefore much larger sp2 cluster sizes (�6 nm). It should be
noted that the electrical properties of the large sp2 cluster size of
GO flakes are remarkable, with mobility values ranging from
800–1000 cm2V s�1.[25] This suggests that large sp2 domain sizes
that areminimally interrupted by sp3 bonds due to the presence of
oxygen are essential for obtaining exceptional electrical properties
in reducedGO. It should be pointed out that the origin of the large
sp2 graphitic domain sizes for non-reduced GO in Ref.[25] is
unclear but may point to incomplete oxidation of graphite.
However, this is not supported by their XPS data from the
supplementary information ofRef.[25] inwhich anoxygen content
of �7–8% is reported, comparable to our results here.
� 2009 WILEY-VCH Verlag GmbH
To further examine any remarkable morphological and
structural changes between pristine and reduced GO, we also
performed selected area diffraction pattern (SAED) using a JEOL
2010F scanning transmission electron microscope (STEM). A
TEMimageof a few layeredGOsheets after reductionbyhydrazine
monohydrate followed by annealing at 200 8C in vacuum is shown
in Figure 4b. The morphology of chemically modified GO
appeared quite similar to that of pristine GO, consistent with our
previous work.[43] That is, it appears as randomly folded and
wrinkled atomic sheets (Fig. 4b). These features are typical of
GO[16] but have not been observed in exfoliated graphene.[16] The
diffraction patterns of 1–3 layered pristine and reduced (chemi-
cally and annealed at 200 8C) GO are shown in Figure 4c and d,
respectively. The diffraction patterns taken before and after the
reduction revealed that the structure of GO did not change
dramatically. Strong diffraction spots with six-fold rotational
symmetry are observed inGO, indicating that the electron beam is
incident along the [001] direction. Both patterns (Fig. 4c and d)
exhibit several sets of diffraction spots arising from folded regions
in the sheets (always normal to the incident beam). The innermost
diffraction spots are from (100) planes (d-spacing¼ 0.21 nm)
while the outer from (110) planes (d-spacing¼ 0.12 nm). The
fact that GO exhibits diffractionwith single spots suggests that the
aromatic ring clusters are extended and present in sufficient
number to form a pattern typical of crystallinematerials. Although
the diffraction patternswere not collected on the sameflake before
andafter annealing, themeasurementshave been repeated over 50
times on different sheets and the results are consistent.

We have correlated the effects of structural changes and the
progressive increase in sp2 bonding (and hence the concentration
of p electrons) on the optoelectronic properties of GO thin films at
different stages of reduction treatments. The increase in
conductivity of GO thin films as a function of exposure time to
hydrazine vapor at 80 8C is shown in Figure 5a. It can be seen that
the conductivity reaches a saturation value (10 S cm�1) after �7 h
of exposure. The conductivity as a function of the annealing
temperature for as-deposited and GO thin films previously
exposed to hydrazine monohydrate for 24 hrs are reported
in Figure 5b. It can be seen that an increase in conductivity up
to�5.5 102 S cm�1 can be achieved for both cases at 1100 8C. From
Figure 5a and b, it is noticeable that the sample pre-treated with
hydrazine prior to annealing and straight thermal annealing
exhibit comparable values at high temperatures. Figure 5b
includes data for both UHV and Ar/H2 annealing, which show
that there is little difference in film properties between the two for
our case. This is likely due to the fact that careful evacuation and
flushing of the annealing chamber was conducted prior to
introducing the Ar/H2 mixture and commencing the annealing
cycles. The corresponding transmittance values (at l¼ 550 nm) as
a function of annealing temperature are shown in Figure 5c and d.
It can be seen that chemical reduction and thermal annealing of
GO leads to a progressive decrease in transparency of the thin
films, reaching a saturation value of �85%, consistent with an
increased concentration of p electrons.

Transistors were fabricated on three layered thin films annealed
at different reduction treatments to evaluate the evolution of
mobility and carrier concentration. We used relatively long
channel length (21mm, SiO2 thickness¼ 300 nm, channel
width¼ 400mm) devices to ensure that the transport is bulk
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–7



F
U
L
L
P
A
P
E
R

www.afm-journal.de

Figure 5. Electrical and optical properties of three layered GO: a) conductivity as a function of

exposure time to hydrazine monohydrate vapor at 80 8C; b) conductivity of GO exposed for 24 hrs

to hydrazine monohydrate vapor at 80 8C and then annealed at increasing temperatures (solid

dots), pristine GO annealed in Ar/H2 (open dots) and UHV (triangles); c) transmittance at

l¼ 550 nm of GO as a function of exposure time to hydrazine monohydrate vapor at 80 8C;
d) Transmittance at l¼ 550 nm of GO film exposed for 24 hrs to hydrazinemonohydrate vapor at

80 8C and then annealed at increasing temperatures (solid dots) and pristine GO annealed in

Ar/H2 (open dots); e) transfer characteristics of TFT devices based on reduced three layered GO

thin films deposited on SiO2(300 nm)/Si for three different annealing temperatures (150, 250,

450 8C) and for reduction via hydrazine. The carrier concentration as function of annealing

temperature is reported in the inset. Measurements were conducted in vacuum.

Figure 6. Transmittance (at l¼ 550 nm) as a function of sheet resistance

of reduced GO thin films from various studies reported in the literature. In

some cases, indicated by (�), the properties had to be estimated from the

information provided. The stars represent our values for the same film

thickness annealed at increasing temperatures. Our data of reduction via

thermal annealing concur with the work of Becerril et al. [24] where a similar

reduction process was applied. Annealing at 1100 8C in vacuum or in

Ar/Hzwas found to be the most effective reduction route.
limited and the role of contacts is minimal. The transfer
characteristics of films annealed in UHV at three different
temperatures (150, 250, 450 8C) and devices on films reduced by
hydrazine monohydrate are shown in Figure 5e. The devices
exhibit ambipolar characteristics for the measurements per-
formed in vacuum.Themaindifferenceamong the threedevices is
that the ‘V’ shape of the ambipolar graphene transfer character-
istics is more pronounced for GO reduced at 150 8C compared to
films reduced at 450 8C. That is, the on/off ratio of the film
annealed at 150 8C is �10 which decreases to �2 with further
reduction. The chemically reduced GO also exhibits the ‘V’ shape,
comparable to devices on films annealed at 250 8C. These results
demonstrate the semiconducting nature of mildly reduced GO
thin films, which become semi-metallic at higher annealing
temperatures (as observed in Ref.[10] for thicknesses greater than
1 layer). The corresponding carrier concentration as a function of
the annealing temperature is reported in the inset inFigure5e.The
increase in carrier concentration canbe attributed to the creationof
p electrons via chemical reduction. The mobility of the devices in
vacuum calculated from the linear regime of the transfer
characteristics[10] also increased with reduction level. Specifically,
thevalues increasedbyfiveordersofmagnitude to�1 cm2V�1 sec�1

for holes and electrons.
To put the results of this study in context with reports in the

literature, we compare our data of transmittance versus sheet
resistance with several other studies in Figure 6.[10,23,24,44,45] The
plot indicates that the transmittance and sheet resistance decrease
with reduction and the overall film thickness. The results clearly
demonstrate that the optoelectronic properties of reduced GO
Adv. Funct. Mater. 2009, 19, 1–7 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
reported by various groups are comparable. The
stars represent our values for the same film
thickness annealed at increasing temperatures.
Our reduction via thermal annealing data most
closelymatchwith the results ofBecerril et al.[24]

Furthermore, the hydrazine monohydrate
reduction route shows a larger improvement
in properties compared to dimethylhydra-
zine[10] even without subsequent annealing.
The results clearly indicate that the reduced
GO values reported in the literature do not
approach those of intrinsic graphene. Surpris-
ingly, the conductivity and transmittance of
graphene from exfoliation of graphite in
organic solvents[4] and via heating to
1000 8C[24,45] also do not approach values of
intrinsic graphene and are inferior to values of
reduced GO.

To elucidate the mechanisms limiting the
electronic properties of reduced GO, we
investigated the role of residual oxygen and
the sp2 bonding fraction. The plot of conduc-
tivity as a function of sp2 bonding fraction in
reducedGOthinfilms is shown inFigure7.Our
experimental data along with those from 100%
sp2 bonded materials (graphene and graphite)
are plotted. Extrapolation of the experimental
data suggests that it should be possible to obtain
the conductivity of polycrystalline graphite
(1.25� 103 S cm�1)[45] at an sp2 bonding
fraction of �0.87 in reduced GO. Indeed, recent work by Tung
et al.[25] indicates that achieving an sp2 fraction of �0.85 in
conjunction with large sp2 domain sizes (�6 nm from Raman)
yields significantly enhanced electrical performance. The con-
Weinheim 5
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Figure 7. Conductivity of thermally reduced GO as a function of the sp2

carbon fraction. The vertical dashed line indicates the percolation threshold

at sp2 fraction of�0.6. Fitting of the experimental data reveals two different

regimes for electrical transport with sp2 fraction. Tunneling and/or hop-

ping (straight dashed line) mechanisms dominate at sp2 fractions below

0.6 while percolation amongst the sp2 clusters dominates above the

percolation threshold. The 100% sp2 materials are polycrystalline (PC)

graphite and graphene. The two conductivity values are for doped by gating

(upper triangle) and intrinsic graphene (lower triangle).

6

ductivity of single-layered graphene (6� 103 S cm�1)[27] may be
possible by further increasing the sp2 bonding fraction to 0.95.
Although the sp2 bonding fraction in the reduced GO reported
here is substantial (�0.80), the carrier transport is not only
determined by the amount ofp electrons available but also by their
spatial distributionwith respect to sp3 sites resulting fromresidual
oxygen.

A structural model that captures the essential features of
transport through an individual GO sheet at different stages of
reduction is indicated by a series of sketches in Figure 8. The
transport inGO thin films is primarily dictated by transport within
the sheet and not limited by junctions between the flakes as the
mobility values of the thin films are comparable to individual flake
values. In Figure 8a, sp2 clusters isolated by oxygen atoms
(indicated by light gray dots) are shown. As the material is
progressively reduced, interactions (hopping and tunneling)
Figure 8. Structural model of GO at different stages of reduction by ther

a) room temperature; b) �100 8C; c) �220 8C; d) �500 8C. The dark gray ar

carbon clusters and the light gray areas represents sp3 carbon bonded

(represented by small dots). At �220 8C, the percolation among the sp2

(corresponding to sp2 fraction of �0.6).

� 2009 WILEY-VCH Verlag GmbH
among the clusters increase (Fig. 8b). Further reduction by
removal of oxygen leads to greater connectivity among the original
graphitic domains by formation of new smaller sp2 clusters, in
addition to an increase in structural defects via evolution of
CO and/or CO2 species (especially from epoxy groups), indicated
as pentagons in Figure 8c and d. Thus, transport in the initial
stages of reduction occurs via tunneling or hopping among
the sp2 clusters, as indicated by the exponential fit of the data in
Figure 7 at low sp2 fractions. At higher sp2 concentrations,
percolation (s¼A(x� xc)

a) amongst the sp2 clusters of various
shapes and sizes dominates the transport as indicated by the curve
fit inFigure7.Thepercolation thresholdwas foundexperimentally
to occur at an sp2 concentration of 60%which is in agreement with
theoretical threshold values for conduction among two dimen-
sional disks.[46] The critical exponent (a) was found to be 6.53. It is
well known from percolation theory that critical exponents greater
than three are a consequence of strictly geometrical effects (such
as thin resistivebottlenecks) and tunneling effects.[47,48] Bothcases
are applicable to reduced GO where percolation amongst the sp2

clusters is mitigated by structural defects or resistive bottlenecks
formed by limited conduction paths due to the presence of
residual oxygen.

We have investigated the evolution of graphene oxide (GO) as a
function of reduction treatment and demonstrated that annealing
at 450 8C or above is equivalent to chemical reduction via
hydrazine monohydrate at 80 8C followed by heating at 200 8C.
Chemical characterization by XPS shows dramatic changes in the
chemical state of thematerial with temperature. For fully reduced
GO,we found theoxygen content to be�8%(C:O ratio12.5:1)with
the sp2 concentration being 80%. The structural changes
monitored by Raman to probe the sp2 graphitic domain sizes
revealed little or no increase below 1100 8C. STEM observations
confirmed the Raman structural results. By monitoring the
conductivity versus the sp2 fraction, we demonstrate that
the presence of residual oxygen (�8 at. %) significantly hampers
the carrier transport among the graphitic domains. Fitting the
experimental data reveals that transport at the initial stages of
reduction is dominated by hopping or tunneling amongst the sp2

clusters. At latter stages of reduction the original sp2 clusters are
connected by newly formed smaller sp2 domains so that transport
by percolation can occur. However, carrier transport above the
percolation threshold is limited by conduction bottlenecks
amongst the clusters. A detailed study of transport will be
reported elsewhere.
mal annealing at:

eas represent sp2

to oxygen groups

clusters initiates
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