LETTERS

PUBLISHED ONLINE: 20 NOVEMBER 2011 | DOI: 10.1038/NMAT3169

nature .
materials

Synthesis of monolithic graphene-graphite

integrated electronics

Jang-Ung Park’™ ", SungWoo Nam?3*%, Mi-Sun Lee' and Charles M. Lieber?3

Encoding electronic functionality into nanoscale elements
during chemical synthesis has been extensively explored
over the past decade as the key to developing inte-
grated nanosystems' with functions defined by synthesis?.
Graphene’? has been recently explored as a two-dimensional
nanoscale material, and has demonstrated simple device
functions based on conventional top-down fabrication™-2°,
However, the synthetic approach to encoding electronic
functionality and thus enabling an entire integrated graphene
electronics in a chemical synthesis had not previously been
demonstrated. Here we report an unconventional approach
for the synthesis of monolithically integrated electronic
devices based on graphene and graphite. Spatial patterning of
heterogeneous metal catalysts permits the selective growth of
graphene and graphite, with a controlled number of graphene
layers. Graphene transistor arrays with graphitic electrodes
and interconnects were formed from the synthesis. These
functional, all-carbon structures were transferable onto a
variety of substrates. The integrated transistor arrays were
used to demonstrate real-time, multiplexed chemical sensing
and more significantly, multiple carbon layers of the graphene-
graphite device components were vertically assembled to
form a three-dimensional flexible structure which served as a
top-gate transistor array. These results represent substantial
progress towards encoding electronic functionality through
chemical synthesis and suggest the future promise of one-step
integration of graphene-graphite based electronics.

We demonstrate that differences in the carbon solubility of metal
catalyst films can be used to synthesize different thicknesses of
graphene and graphite, and such catalyst films can be patterned,
thus enabling graphene and graphite patterns to be produced in
localized and selected areas. For example, a Ni or Co film has
relatively high solubility of carbon (% 1.3 at.% at 1,000 °C) and can
produce graphite by segregation and precipitation of the carbon on
the metal surface'®". In comparison, Cu film has almost negligible
carbon solubility (<0.0001 at.% at 1,000 °C) and can generate ~1-3
graphene layers by carbon adsorption on a Cu surface'”?!.

Figure 1a illustrates the patterned catalyst films before the
chemical vapour deposition (CVD) synthesis. Co and Ni were
deposited as consonant and vowel alphabet structures, respectively,
on a Cu film that was coated with a thin Ni protection top layer
against Cu oxidation. As the temperature increased up to 1,000 °C
during CVD synthesis, the deposited Co and Ni diffused locally
into the Cu layer to form alloys (Supplementary Fig. S1). After
the synthesis and catalyst metal layer removal, the monolithic

graphene-graphite structure was transferred to 285 nm-thick SiO,
on a Si substrate (Fig.1b) (see Methods and Supplementary
Information). The different colours and contrasts shown by the
three areas in Fig. 1b (consonant, vowel and background) are due
to the fact that the reflectance at the air/graphene multilayers
and graphene multilayers/SiO, interfaces varies with the number
of graphene layers®?.

Raman spectra from these three different graphene—graphite
regions (Fig. 1c) exhibited three characteristic bands (D: centred
at ~1,350cm™', G: centred at ~1,590cm™', 2D: centred at
~2,680cm™") of graphene and graphite. The background region
(synthesized from Cu) predominantly showed a G band intensity
comparable to the 2D band intensity, indicating two graphene
layers'”**. We also observed layer variations*#?*, and atomic force
microscopy (AFM) measurements of step heights that further
confirmed the thickness of 2—4 layers (<1.7 nm). Raman spectra
obtained from the consonant area (Fig. 1c) showed that the G
band intensity was enhanced significantly and the 2D band became
non-symmetric and dispersive (broader), with a slight blueshift due
to interlayer binding, when compared with the vowel region. This
observation indicates that the thickness of the consonant area is
thicker than the thickness of the vowel area!”?*, which was further
confirmed by AFM measurements showing granular graphite
grains with a thickness of ~40-190 nm in the consonant areas
and relatively thinner graphite with a thickness of ~2 £ 0.94 nm
(~6-8 layers) in the vowel areas. Phase separation of the Co—Cu
alloy system occurs in the synthesis, and the consonant patterns
contained both small graphite grains and few-layer graphene areas
synthesized together from Co-rich and Cu-rich phases, respectively.
We also observed that the size of the graphite grains increased
with the thickness of the Co catalyst (Supplementary Fig. S2) and
that film-like graphitic structures (thickness: ~300 £ 63 nm), with
negligible areas of few-layer graphene, were synthesized when the
Co catalyst was thick enough (thickness: 2400 nm).

Figure 1d shows two-dimensional maps of the G and 2D bands
scanned on the synthesized area indicated by the red-dashed square
in Fig. 1a. Both G and 2D band mapping of the thick graphite region
of the letter ‘r’ showed a distinctive intensity contrast following the
original catalyst pattern (Fig. 1d). Furthermore, the mapping results
showed that the graphite pattern was continuous and connected
to the background 2—4-layer graphene, which clearly demonstrated
monolithic synthesis of differing thicknesses. The cross-sectional
transmission electron microscope (TEM) images (Supplementary
Fig. S3a) further verified that the number of layers changes gradually
at the interface between graphene and graphite with a uniform
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Figure 1| Synthesis of monolithic graphene-graphite structures using heterogeneously patterned metal catalyst films. a, Schematic illustration of
alphabetic catalyst patterns. b, Optical micrograph of the graphene-graphite structures synthesized from the catalysts shown in a. The areas marked with
red and blue stars represent SiO, and 2-4-layer graphene, respectively. Scale bar, 200 um. ¢, Raman spectra from different regions (consonant, vowel, and
background). d, Raman intensity maps of G (1,537-1,624 cm™") and 2D (2,632-2,778 cm™~") bands in the region of alphabet pattern 'r'. Scale bars, 10 pm.

interlayer spacing. TEM characterization indicated that the graphite
and graphene had formed a continuous interface. Supplementary
Fig. S3b and S3c represents hexagonal, electron diffraction patterns
of the graphene and graphite from selected areas, respectively.
Supplementary Fig. S4 shows energy dispersive X-ray analysis
(EDAX) and X-ray photoelectron spectroscopy (XPS) analysis of
the monolithic graphene—graphite transferred onto a Si wafer with
a 285 nm-thick SiO; layer after the removal of metal catalysts (Cu,
Ni, and Co). No characteristic peaks from the metals were detected,
which indicated that metal catalysts were completely removed
by the etching process.

The electrical properties of graphene and graphite can be
modulated by controlling the number of graphene layers (#). First,
we show that conductivity or sheet resistance can be controlled
by more than an order of magnitude, dependent on n. Films of
graphene and graphite with different values of n were synthesized
using different metal catalyst films, as previously described (also
see Methods and Supplementary Information). Figure 2a shows
the sheet resistance values of graphene and graphite measured
using a four-point probe as a function of #n. The sheet resistance
was reduced by a factor of about 25 (from 2,463 £ 1,037 2/sq
down to 98 £+ 462/sq) as n increased from ~2-4 to ~850
layers. Local variations of n influence the deviation of the sheet
resistance. We also characterized the field-effect response of both
2—4-layer graphene and ~850 layer graphite (Supplementary
Fig. S5). The current versus back-gate characteristics showed much
stronger modulation in 2—4-layer graphene, compared with a
negligible change in the thick graphite (~850 layers) owing to
the stronger screening effect as the number of layers increases®.
The low sheet resistance and field-effect response of graphite are
advantageous for applications in conductive films or electrodes.
In contrast, the superior transconductance level of the 2—4-layer
graphene is appropriate for the active channels of field-effect
transistors (FETSs).

The capability to modulate electronic properties through the
synthetic control of the graphite thickness provides a route towards
the rational design and synthesis of large-scale electronics based
entirely on carbon. The metal catalyst, Cu/Ni (700 nm/5nm),
was used to synthesize 2—4-layer graphene channels and the
same combination with an additional Co (400nm) was used
to produce graphite electrodes which serve as the source (S)
and drain (D) (Fig.2b). This method enabled the fabrication
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of all-carbon-based transistor arrays which were then transferred
onto 285nm-thick SiO, on a Si wafer for measurement of the
back-gate response. A Raman map (G band) of the monolithic
graphene—graphite FET and an AFM scan of the interface
between the graphene channel and the graphite electrode are
demonstrated in Fig. 2c and Supplementary Fig. S6, respectively.
S/D current (Ip) versus back-gate bias (Vi) characterization of
these FETs was performed at room temperature (Fig.2d, black
curve), which showed ambipolar behaviour consistent with the
expected semimetallic characteristics of graphene”®!”!®, with a
positive charge neutrality point of ~11 V. After a thermal annealing
step to remove the resist residues, our monolithic graphene—
graphite FET showed an improved hole (electron) mobility of
~1,800 (1,400) cm* V~'s™! (Fig. 2d, red curve), calculated using a
standard metal-oxide-semiconductor FET model. The evaporated
Cu layer can cause dewetting of Cu on SiO,/Si at the synthesis
temperature, which can induce locally empty areas of the catalyst
and defects in graphene, leading to reduced mobility values'.
The reduction of the defects in graphene!”?, the optimization
of the growth and transfer conditions?*?, and the choice of
substrates®® with reduced roughness and chemical reactivity can
further enhance the performance of our monolithic graphene—
graphite FETs. The electrical properties of the interface between
the graphene channel and the graphite electrodes were compared
against those of the interface between the graphene and Cr/Au
metals (Cr: 2nm and Au 100 nm), as presented in Fig. 2e.
The I-V characteristics for both cases showed similar linear
characteristics at room temperature, presenting no Schottky contact
behaviour. The contact resistances of the graphene—metal (Cr/Au)
junctions and the monolithic graphene—graphite were estimated at
300K using the transfer length method (Supplementary Fig. S7).
Covalent graphite contacts to the graphene channels exhibit
similar or slightly lower contact resistances (~700-900 2 um)
compared with those of Cr/Au (~1,100 Qum). Furthermore,
our investigation showed that the graphite contacts with ~100
and ~300nm thickness do not exhibit a significant difference
in contact resistance. As well as the properties of the contact
between the graphite electrode and the graphene channel, an
advantage of graphite over metals lies in its superb mechanical
flexibility. We observed that even when graphite electrodes were
distorted up to a strain of ~2%, the I-V characteristics remained
the same (Fig. 2f).
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Figure 2 | Synthesis and electrical characteristics of monolithic graphene-graphite back-gate FETs. a, Sheet resistance as a function of the number of
graphene layers (n). The error bars represent one standard deviation. b, Schematic illustration of the catalyst pattern used to synthesize the monolithic FET.
Red-dashed lines indicate the masked area against O, plasma etching for device isolation after the CVD synthesis. ¢, Raman map (G band) of the graphene
channel area with the graphitic source/drain after the isolation step (channel width: 1Tum, length: 4 um). Scale bar, 5um. d, Ip-V characteristics of a
monolithic graphene-graphite back-gate FET (Vp: 0.1V). e, Comparison of contact properties (1) between the monolithic graphene channel and the
graphite electrodes (black square) and (2) between graphene and the Cr (2 nm) / Au (100 nm) electrodes evaporated on graphene (red), with identical
dimensions of the electrode pads and the channel. f, Electrical characterization (I-V) of the graphite electrodes before and after elastic bending/distortion
(strain of ~2%). The thickness of the graphite electrodes in ¢-f is ~300+63 nm.

The synthetic method facilitated the creation of large-scale
field-effect sensor arrays composed of monolithic graphene—
graphite, which were transferred onto 285nm SiO, on Si
wafers. Each block of the array contained nine of the 2—4-layer
graphene field-effect sensors with a graphite single common
source and independent drains. The sensor chip had four of
these blocks composed of 36 sensor devices in total, as illustrated
in Fig. 3a. The graphite electrode areas were covered with a
2 um-thick SU8 passivation layer with openings around the
2—4-layer graphene channels. The current change measured
while sweeping the Ag/AgCl water-gate voltage for different
solution pH is presented in Fig. 3b. The charge neutrality
point shifted positively with increasing pH; the pH sensitivity
was ~17mV/pH. These monolithic devices with synthesized
graphite electrodes showed similar sensitivity levels to graphene
sensors fabricated by standard lithography using evaporated metal
electrodes?**. However, compared with the previous reports using
mechanically exfoliated graphene®?, our regular sensor arrays,
with an integrated geometry including interconnects, obtained by
synthesis demonstrated an advantage in creating multiplexed sensor
arrays. The water-gate response (Fig.3b) exhibited ambipolar
characteristics, showing the possibility of complementary sensing
in both the p-type and n-type regimes. Statistical distributions
of the normalized transconductance and charge neutrality point
at pH 7 for the device array are shown in Fig. 3c,d. Gaussian
fits of the two device parameters indicated centre values of
the normalized transconductance and charge neutrality point as
540 £ 199uSV~! and —0.03 £ 0.038V, respectively. Real-time
multiplexed pH sensing using the nine field-effect sensor array is
demonstrated in Fig. 3e. The conductance increased (decreased)
on switching solutions to higher (lower) pH in the p-type regime
(water-gate potential: —0.1V), with inverted responses observed
in the n-type regime (0.3V) as complementary sensing. The
complementary sensing capability of graphene field-effect sensors
has advantages over other unipolar field-effect sensors® as it
enables the discrimination of possible electrical cross-talk and/or
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false-positive signals. Furthermore, the hydrophobic nature and
high elastic modulus of the graphene/graphite enable entire,
monolithic arrays in a free-standing form to float sustainably on
water (Fig. 3f). By transferring the floating arrays, integrated device
structures of monolithic graphene—graphite can be formed on
various non-planar substrates. As examples, Fig. 3g demonstrates
monolithic devices wrapped on the outside surfaces of a thin
cylindrical glass tube (outer diameter: ~1.5mm), an eye contact
lens (soft galyfilcon A polymer), a glove finger (latex), a
coin, and three different body areas of an insect (Odontolabis
sarasinorum specimen).

Flexible electronics represents an important application area
that can take advantage of monolithically integrated graphene—
graphite devices. We demonstrate the capabilities of assembling
multiple layers of the synthesized graphene—graphite device com-
ponents vertically as 3D integration on plastic films (Fig. 4 and
Supplementary Fig. S8). To realize this fabrication, monolithi-
cally integrated graphene—graphite structures (2—4-layer graphene
FET channel with ~850 layer graphite S/D and interconnects
using a pattern shape similar to Fig. 3f) were transferred onto a
polyether ether ketone (PEEK) film, followed by deposition of a
SiO, dielectric layer. By assembling a graphitic (~6-8 graphene
layers) top-gate layer on the SiO,, flexible monolithic FET ar-
rays were completed (see Methods and Supplementary Infor-
mation). Figure 4a,b shows schematic illustrations of the device
layouts and an optical micrograph of the devices wrapped on a
cylindrical glass support (radius of curvature: 1.2cm). As well
as mechanical flexibility, optical transparency is another impor-
tant characteristic of our monolithically integrated graphene—
graphite circuits. As shown in the left inset of Fig. 4b, the un-
derlying paper printed with a logo was clearly visible through
the semitransparent top-gated devices that were positioned on
top of the paper. The transmittance of single-layer graphene
is ~97% at 550nm wavelength and decreases for higher n
(ref. 24). Therefore the overall transparency of the monolithic
devices can be adjusted by the value of n for each device com-
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Figure 3 | Real-time, multiplexed pH sensing using monolithic graphene field-effect sensor arrays with graphite electrodes. a, Schematic illustration (left
panel) of the pH sensor array. Nine individual FETs compose one block, and the array has four blocks in total. An optical micrograph of one block is shown in
the right panel. Scale bar, 100 um. b, Water-gate characterization at different pH levels. ¢,d, Statistical distributions of the normalized transconductance (in
the p-type regime) and charge neutrality point at pH 7. The transconductance in the n-type regime also showed similar distributions. e, Complementary pH
sensing using nine monolithic field-effect sensors in both n-type (Vwg: +0.3V) and p-type (Viwg: —0.1V) regimes. Vg is the water-gate potential and
Ginitial is the conductance value at the starting condition (pH 5). f, Photograph of free-standing, monolithic graphene-graphite integrated sensor networks
floating on water. Scale bar, 20 mm. Here, the array geometry is different from the form in a-e. g, Photographs of monolithic device structures transferred
onto various non-planar substrates, such as a cylindrical glass tube (outer diameter: ~1.5 mm), eye contact lens (soft galyfilcon A polymer), glove finger,
coin, and the epidermis of an insect (Odontolabis sarasinorum specimen). A magnified top-view image of the insect is shown on the right. Scale bars, 5 mm.

ponent. Although relatively less transparent graphite (~850 lay-
ers) was employed as S/D and interconnects (Fig. 4) to facilitate
alignment of the top-gate patterns using a conventional mask
aligner, the transmittance of the final devices can be enhanced
further with lower n.

The statistical distributions of the charge neutrality point and
transconductance of the top-gate FET arrays (average mobility:
675cm*V~!s7!) are provided in Fig.4c, and these data fit
Gaussian profiles. Compared with the back-gate FETs in Fig. 2,
the charge neutrality point shifted close to zero, probably because
of oxygen desorption from graphene in the SiO, evaporation
step. Last, we studied the mechanical flexibility of our monolithic
graphene—graphite top-gate FET devices. Figure 4d presents current
(Ip) versus top-gate voltage (V) curves of the FET when the
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substrate was flat and when it was bent (radius of curvature:
0.7 cm), clearly showing no significant change in the electrical
response (mobility values remained constant) as a result of
bending to radii of curvature as small as 0.7cm (estimated
bending-induced strain: ~0.6%). The electrical properties of the
monolithic graphene—graphite devices remain almost constant
when applying a maximum strain of ~4%, demonstrating the
unique mechanical flexibility of our monolithic graphene—graphite
integrated electronics (Supplementary Fig. S9).

Chemical synthesis of monolithic graphene—graphite electronics
exhibits unique features compared with conventional Si-based
fabrication and integrated electronics. From a materials synthesis
perspective, our chemical synthesis of the entire graphene—graphite
integrated electronics demonstrates the encoding of distinct
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Figure 4 | Flexible and semitransparent top-gate monolithic
graphene-graphite FET arrays. a, Schematic illustration of the device
layout. b, Photograph (main panel) of the devices wrapped on a cylindrical
glass (radius of curvature: 1.2 cm). The device is rested on a paper printed
with a logo to demonstrate the semitransparent characteristics of the
monolithic graphene-graphite devices (left inset). Scale bars, 4 mm.
Optical micrograph of the top-gate FET arrays (right image). Scale bar,
200 um. The blue arrow indicates the top-gate line and the red arrow
indicates the S/D with interconnects. ¢, Statistical distributions of the
charge neutrality point (left panel) and transconductance in the n-type
(centre) and p-type (right) regimes. d, Ip-V curves of the top-gate FET
measured when the substrate is flat and when it is bent (radius of
curvature: 0.7 cm).

electronic functionalities by synthetic control of the graphene layers
and also simplifies the intensive fabrication steps (for example,
lithography, ion-implantation, annealing, deposition, etching, and
so on) necessary for conventional Si-based electronics. From a
device perspective, the monolithic graphene—graphite structure
offers unique potential for flexible electronics/sensors. In contrast
to conventional integrated electronics, which have mechanically
fragile heterogeneous metal-semiconductor interfaces, our
monolithic graphene—graphite devices demonstrate a superb
mechanical flexibility based on their monolithic interface that could
be further explored up to the extent of the intrinsic mechanical
properties of graphene/graphite!'?. Furthermore, the high thermal
conductivity (in-plane) and transparent electrical contacts of the
monolithic geometry could be advantageous in enhancing heat
dissipation during device operation.

We believe the capability to synthesize monolithic graphene—
graphite integrated electronics provides a promising strategy
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towards flexible, wearable electronics and implantable biosensor
devices, and also indicates the substantial promise of future
graphene-based electronics in both two and three dimensions.

Methods

Spatially patterned, heterogeneous metal catalyst films were prepared by
photolithography and thermal evaporation, and atmospheric CVD was carried
out to synthesize the monolithic graphene—graphite structures. After the metal
layers were removed in solution, the monolithic graphene—graphite structures
were transferred onto Si substrates with 285 nm thick SiO,. For the fabrication
of monolithic top-gate FETs, a 400 nm-thick SiO, layer was evaporated as a
gate dielectric and a graphite film (6-8 graphene layers) was transferred and
patterned as the top-gate electrodes. Current versus back-gate and top-gate
measurements were conducted with a probe station (model 12561B, Cascade
Microtech) equipped with a computer-controlled analog-to-digital converter
(model 6030E, National Instruments) and a variable gain amplifier (1211
current preamplifier, DL Instruments). Multichannel pH sensing was carried
out with custom-designed variable gain amplifiers (multi-channel current
preamplifier, SciMath Systems, LLC) and filtered using computer-based virtual
lock-in amplifiers (multiplex 128-channel digital lock-in amplifier set-up kit,
National Instruments).
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