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Graphite is a highly anisotropic crystal with a quasi-two-dimensional electronic structure
exhibiting high intrinsic charge carrier mobility. Here, we investigate the effect of an electric field
on the resistance of individual graphite crystallites with a thickness on the order of 40nm.
Ambipolar field-effect behavior was achieved with the aid of a polymer electrolyte gate. By
optimizing the device geometry, devices with an on/off current ratio of up to 4 and carrier
mobilities of around 100 cm?/Vs could be attained directly on the crystallites. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4719204]

Carbon-based devices are emerging to play a key role in
a number of applications ranging from energy and comput-
ing to life sciences.'™ In this context, field-effect engineer-
ing of exfoliated graphene devices® has provided a
particularly strong impetus for the exploration of electronic
circuits based on sp’-carbon. A major advantage of
graphene-based devices is the possibility of very high carrier
mobilities on the order of 10* to 10° cm?/Vs.>® Despite the
absence of a band gap, this characteristic renders graphene
circuits interesting for high frequency applications.” Compa-
rably higher mobilities in the range of 10° to 10" cm?/Vs
have been reported for graphite.® Graphite has attracted con-
siderable interest since half a century due to its quasi two-
dimensional electronic structure,9 the presence of Dirac fer-
mions,'” as well as the prediction of the quantum Hall
effect.!! However, it is inherently difficult to turn off the cur-
rent in a graphite channel by the action of an electrostatic
gate, which explains why the use of graphite for device fabri-
cation has been very limited.

Here, we demonstrate an electric field-effect in crystalli-
tes of highly oriented pyrolytic graphite (HOPG), by utiliz-
ing the large anisotropy in charge transport arising due to
their quasi-two-dimensional (quasi-2D) electronic struc-
ture.'*!* We achieve this by steering the charge transport
through the uppermost layers of the crystallite and by
deploying a polymer electrolyte gate. The observation of a
field-effect in graphite complements the well-documented
behaviour of field-effect devices comprised of few-layer
graphene.'*'° The direct use of HOPG as a transistor chan-
nel is attractive since it would avoid the tedious procedures
that are currently necessary for the controlled preparation of
graphene devices, such as exfoliation or transfer techniques.
As a first step in this direction, we have obtained devices by
structuring the surface of graphite crystallites, in a manner
analogous to standard complementary metal-oxide-semicon-
ductor (CMOS) technology.

Devices were fabricated by mechanical exfoliation of a
HOPG crystal using scotch tape. The obtained crystallites
were transferred onto a silicon substrate covered with a
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300 nm thick layer of thermal SiO,. Optical (see supplemen-
tary material Figure S1) and atomic force microscopy
(AFM) were employed to locate the crystallites and deter-
mine their height. HOPG crystallites with a thickness of
around 40nm were selected for device fabrication. The
corresponding Raman spectra (see supplementary material
Figure S2) were found to be in accordance with literature
reports for HOPG."”

In order to electrically address preferably the topmost
graphene layer of the crystallites, a SiO, insulating layer was
deposited at the edges of the crystallite in a first step, as
exemplified by the device shown in Figure 1(a). Subse-
quently, standard electron beam lithography was used to
define the electrodes, followed by thermal evaporation of Ti/
Au (1/20nm) and lift-off. The leads 1-2 serve as contacts to
the crystallite in such a way that the injection of carriers
would take place mostly through the topmost layer (denoted
“surface contacting”). For comparison, a second set of elec-
trodes (numbered 3 and 4) was fabricated on the same crys-
tallite without using the insulating layer. The contacts 3-4
touch the ends of the crystallite and serve as source and drain
to the entire graphite channel, such that charge carriers are
injected into all the sheets of the stack in parallel (denoted
“bulk contacting”). For the above device, the room tempera-
ture resistances were determined to be ~683 Q and ~533 Q
for the 1-2 and 3-4 configurations, respectively. The slightly
lower resistance observed for the 3-4 combination is likely
to originate from two factors. The first one relates to a larger
number of graphene layers contributing to the electrical
transport, as compared to the 1-2 contact pair. Second, the
electrodes 3 and 4 have a comparatively larger contact area
with the HOPG surface, which may lead to a lower contact
resistance. These assertions gain support from scanning pho-
tocurrent microscopy (SPCM) measurements on the same
device (see Figures 1(b) and 1(c)). In these experiments, the
photocurrent generated upon illumination at zero bias is
mapped with a diffraction-limited laser spot.'"®>* For the
contacts 1-2, narrow photocurrent lobes can be observed
close to the contact edges. On the other hand, in the case of
contacts 3-4, the photocurrent signal is laterally much more
extended, pointing toward a lower spread resistance of the
two contacts in comparison to the 1-2 contact pair. This
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conclusion is further confirmed by the observation of a lower
photovoltage (calculated using the respective dark resist-
ance) of 1.5 uV in case of the 3-4 contact pair, as compared
to the value of 4.5 ¢V for the 1-2 configuration.

Upon application of a back gate voltage to the device
described above, no field-effect on the graphite channel re-
sistance could be detected for either of the two contact con-
figurations, as illustrated in Figure 2(a). By contrast, with the
aid of a polymer electrolyte gate (PEG, Ag wire in a poly(e-
thyleneoxide)/lithium perchlorate mixture®?), the resistance
could be tuned in both cases (see Figure 2(b)). The possibil-
ity to modulate the resistance using the PEG rather than by
the back-gate is due to the fact that the gate capacitance in
the former case is determined by the electrical double layer
(ca. 1 nm), while it is governed by the thickness of the SiO,
dielectric (300nm) for the latter. As a result, the gate cou-
pling efficiency is much higher for PEG in comparison to the
back-gate.”® In the PEG configuration, both the transfer
curves display a resistance modulation over 1.5% within a
small gate voltage range of =1.5V. This observation sug-
gests that topmost layers in the crystallite are indeed
decoupled to an extent sufficient enough to obtain a small
field-effect using the polymer electrolyte gate.'® However, it
is somewhat unexpected that the extent of gate action for
bulk contacting (3-4) is similar to that of surface contacting
(1-2). One plausible explanation for this similarity is the
comparatively large channel dimensions for the 3-4 contact
pair, which results in a sizeable gate modulation, akin to
observations made on back-gated few layer graphene
devices.”* An aspect that distinguishes the two configura-
tions is that for bulk contacting (contacts 3-4) only the
n-type branch is observed, while the surface-contact configu-
ration (contacts 1-2) exhibits ambipolar behaviour. The shift
in the charge neutrality point for the 3-4 contact toward neg-
ative gate voltages could be a result of screening produced
by the charged upper layers.16 Defects between adjacent
layers and the occurrence of local disorder may also influ-
ence the position of the resistance maximum.?

Appl. Phys. Lett. 100, 203116 (2012)

FIG. 1. (a) Optical image of the HOPG
crystallite contacted in two different con-
figurations: injection of charge carriers
through the surface (1-2) or through the
bulk (3-4). (b) and (c) Spatially resolved
photocurrent maps of the device at zero
bias, when the surface (b: configuration
1-2), and when the bulk (c: configuration
3-4) of the HOPG crystallite are contacted.
The dotted line marks the boundary of the
crystallite, while the dashed line shows the
contacts.

The field-effect characteristics of the surface-contacted
crystallites could be further improved by geometrically
restricting the transport channel to a thin strip between the
electrodes. This was done with the aim of focusing the gate
impact in a well-defined region between the electrodes. To
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FIG. 2. Gate dependence of resistance for the two contact configurations,
namely surface contacts (1-2) and bulk contacts (3-4), using (a) back gate
and (b) PEG. In (a), the backgate measurements do not show a field-effect,
while in (b), a field-effect can be observed in the same device. The scale for
the gate response of the surface contact (1-2) is shown on the right axis
while that of the bulk contact (3-4) is shown on the left axis.
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FIG. 3. (a) Device layout showing a schematic of the transistor channel
comprising a HOPG strip (AFM image in red) etched out of a graphitic crys-
tallite. The etched regions are passivated with SiOy. The scale bar in the
AFM image is 700 nm. (b) Gate dependence of resistance of the etched strip
using a PEG showing a resistance modulation of around 10%.

this end, a 700 nm wide strip was fabricated by reactive ion
etching with the help of a poly(methyl methacrylate)
(PMMA) mask. The non-protected HOPG surface region
was then etched using an argon:oxygen flow ratio of 100:11
(sccm) under 0.05 mbars pressure. The etching was carried
out for 40s at a power of 60 W. In order to ensure that the
polymer top gate affects only the thin strip, the etched por-
tions of the crystallite were passivated with a ~40nm thick
layer of SiOy. A schematic illustration of the final device lay-
out, along with an AFM image of the etched HOPG strip, is
presented in Figure 3(a). The transfer curve in Figure 3(b)
reveals a resistance modulation of around 10%, and a field-
effect mobility of 245cm?/Vs can be extracted from the
slope of the curve. This corresponds to an improvement
in field-effect by one order of magnitude and an increase in
field-effect mobility by almost 2 orders of magnitude, in
comparison to the device of Figure 1. The slightly different
resistance modulation behaviour of this device with respect
to that in Figure 2 may arise due to the additional etching
step needed for obtaining the graphite strip. Field-effect mo-
bility values on other samples were in the range of 10> cm?/
Vs, while a highest gate modulation of around 400% (i.e., an
ON/OFF ratio of 4) could be observed in one sample (see
supplementary material Figure S3, Ref. 26).

In conclusion, we have demonstrated an ambipolar
field-effect in graphite crystallites by engineering the injec-
tion of charge carriers into the uppermost layer and by utiliz-
ing a polymer electrolyte gate. While as fabricated devices
show a low ON/OFF ratio and a field-effect mobility of less
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than 10 cm?/Vs, careful optimization of the contact layout
has enabled field-effect mobilities of up to 100 cmz/Vs. Our
configuration has the important advantage that substrate-
related effects can be efficiently avoided by the bottom
layers,'® while the gating action takes place in the decoupled
upper layers. As a first step toward the direct use of HOPG
as a transistor channel, we have obtained devices by structur-
ing the surface of graphite crystallites, in a manner analo-
gous to standard CMOS technology. Further improvements
of the device characteristics may be achieved through
increased electronic decoupling between the graphene layers,
either by the use of intercalating agents or by the direct use
of graphite intercalation compounds (GICs).

We acknowledge the support of Benjamin Krauss and
Jurgen Smet for support with the Raman Spectroscopy set-
up. We also thank Thomas Reindl and Marion Hagel for
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