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is also discussed.

Graphene with a large area was synthesized on Cu foils by chemical vapor deposition under ambient
pressure. A 4” x 4” graphene film was transferred onto a 6” Si wafer with a thermally grown oxide film.
Raman mapping indicates monolayer graphene dominates the transferred graphene film. Gas sensors
were fabricated on a4 mm x 3 mm size graphene film with a 1 nm palladium film deposited for hydrogen
detection. Hydrogen in air with concentrations in 0.0025-1% (25-10,000 ppm) was used to test graphene-
based gas sensors. The gas sensors based on palladium-decorated graphene films show high sensitivity,
fast response and recovery, and can be used with multiple cycles. The mechanism of hydrogen detection

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Graphene [1,2], a single atomic layer of graphite, is the building
block of all sp2 bonded carbon materials including graphite as well
as carbon nanotubes. The explosion of recent interests in graphene
is in a large part due to its exceptional electronic properties [3-8]
demonstrated experimentally and its potential application, such as
nanoelectronic devices [9] and chemical/bio-sensors[10,11]. While
the first electrically isolated graphene was fabricated by mechan-
ical exfoliation of graphite [7], a large amount of recent effort has
been devoted to develop methods to synthesize graphene at large
scale for practical electronic applications. A variety of methods,
such as epitaxial growth on SiC [12,13], chemical vapor deposition
(CVD) on metals [14-21], and numerous solution-based chemical
approaches [22-25] have been explored. One of the most impor-
tant and challenging goals is to grow graphene at large scale with
uniform thickness [13,18].

Carbon materials are useful as chemical/bio-sensors since
the environmental sensitivity of carbon-based molecules can
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be efficiently tailored by synthetic chemistry techniques [26].
Chemical/bio-sensors based on carbon nanotubes (CNTs) have
already been extensively studied in a decade [27-30]. However, the
diversity in CNTs’ structure and chirality may lead to varied device
characteristics, and thereby cause device reliability issues [31]. On
the contrary, graphene has a great potential to resolve these prob-
lems. Graphene is a strictly two-dimensional (2D) material and, as
such, enables devices based on graphene to have an identical per-
formance on a large scale. The fabrication of chemical/bio-sensors
in field effect transistor type structures based on graphene in large
scale is also simpler than that of SWNT. In addition, with the 2D
structure, the monolayer graphene has its whole volume exposed
to the environment, which can maximize the sensing effect. The
principle of graphene devices is based on changes in device conduc-
tance due to chemical or biological species adsorbed on the surface
of graphene, acting as electron donors or acceptors. Recently,
graphene-based gas molecule sensors and biosensors have been
reported [10,11,32].

In this paper, we report wafer-scale synthesis of monolayer
graphene by CVD under ambient pressure and explore its appli-
cation in gas sensors. With the progress of synthesis of wafer-scale
graphene with uniform thickness, sensors based on the graphene
are expected to have an identical performance. Therefore, the com-
mercialization of graphene-base chemical/bio-sensors could be
realizable.
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Fig. 1. (a) Schematic cross-sectional view of graphene deposited with Pd nanoparti-
cles on SiO,/Si substrate for H, sensor. (b) Photograph of a typical H, sensor device.
The size of SiO,/Si substrate is about 1 cm.

2. Experimental
2.1. Graphene growth and Raman characterization

Graphene was synthesized on Cu foils and transferred to Si/SiO,
wafers using procedures analogous to those in published literature
[18] and in our previous work [14,15,21]. Briefly, the procedure
is described as follows. Graphene was grown by thermal CVD on
a Cu foil, at a temperature of 1000°C and under 1atm pressure
with methane as the precursor gas. A quartz tube with 2” diam-
eter was used as the reaction chamber for our CVD system. Cu
foils were rolled up in a roll, but without the rolled-up layers
touching to each other. Following the growth, PMMA was spun
on graphene/Cu substrate to form PMMA/graphene/Cu sandwich
structure. Later, Cu foil was etched away using an iron nitrate aqua
solution. After the Cu foil was completely etched away, graphene
with PMMA/graphene film was transferred onto a Si wafer with
300 nm thermally grown SiO,. The PMMA was then removed by
repeatedly rinsing the film in acetone.

Our Raman measurements were performed with a Horiba
LabRam confocal Raman microscope with a motorized sample stage
for Raman mapping. The wavelength of the excitation laser used
was 532 nm and the power kept low enough (typically on the order
of ImW at the sample surface)in the “linear” regime, that is, further
reducing the power would not give appreciable change in the inten-
sity ratios (defined below) between relevant Raman bands (but will
give more noise in the spectra). The laser spot size is ~0.6 pm for
the 100x objective used.

2.2. Gas sensor device fabrication and testing

The schematic view of a hydrogen sensor based on Pd modified
graphene is shown in Fig. 1a. CVD grown graphene with a typi-
cal size of 3mm x 4 mm was transferred onto a highly doped Si
wafer covered by a 300 nm-thick SiO, film. The graphene sample
on SiO;,/Si was then decorated with a thin Pd film (1 nm thick-
ness) using electron beam evaporation. To define the contacts, Ti/Au
(5nm/100 nm) films were also deposited by electron beam evap-
oration through a shadow mask. Subsequently, the sensor sample
was assembled into a chip carrier by wire bonding, as shown in
Fig. 1b.

The sensor devices were characterized in a home-made testing
chamber flowing a mixture of hydrogen and air with a flow rate
of 5000 sccm at atmospheric pressure and room temperature. The

concentration of hydrogen was varied by controlling the flow rates
of the two gases using MKS mass flow controllers. The variation
of sensor resistance was measured using a computer-controlled
Keithley 2400 source meter. The carrier type and carrier density in
our graphene sensor were characterized in hydrogen environment
at different concentrations by Hall effect measurements. For Hall
effect measurements, a square graphene sample (1 cm x 1 cm) with
Ti/Au contacts at four corners was placed in a glass tube with gas
inlet and outlet. The glass tube was entirely covered by black tapes
to eliminate the influence of light in the environment.

3. Results and discussions
3.1. Raman characterization

Raman spectroscopy is a powerful, yet relatively simple method
to characterize the thickness and crystalline quality of graphene
layers [17-19]. We have performed Raman spectroscopy and
Raman mapping on the CVD graphene films transferred to SiO;/Si.
In particular, we have used spatially resolved Raman measure-
ments to probe the uniformity of our large-scale CVD graphene.
Fig. 2a—c shows a representative Raman map showing the intensity
of D, G and 2D bands measured in a 10 wm x 10 wm area of a CVD
graphene sample (the corresponding optical microscope image of
the scanned area is shown as the inset of Fig. 2a). To extract the
intensity of a given band, Iy (where x=D, G, or 2D), we performed
a best Lorentzian (f(x) = yo + Aw/(W? + 4(x — xo)z)) fit to the peak
over the corresponding range. The intensity (Ix) is defined by the
amplitude value (A/w) of the Lorentzian function fit. We used inter-
vals 1320-1380, 1560-1620 and 2640-2720cm™! as the range of
the D, G, and 2D bands for the Lorentzian function fit, respectively.
By comparing Fig. 3a-c, we can learn that the intensity maps of G
and 2D bands are correlated, while the intensity map of D band
(signal from defects) is not correlated to those of G and 2D bands
(both signals from graphene lattice). In the sample, the locations
where G band has a high density are also the locations where 2D
band has a high density. The possible reason is the spatially non-
uniform adhesion. The images by He ion microscope (not shown
here), indicates the transferred graphene does not spatially uni-
formly adhere to the substrate. The adhesion between graphene
and a substrate can affect the intensity of Raman spectra. However,
D band is always low owing to the high quality of the graphene
and it intends to show a noisy feature. Fig. 2d shows the Raman
map of Ip/Ig of the same area scanned in Fig. 2a. The mean value
of Ip/Ig is less than 0.1, which indicate low defect density in the
graphene film. It is known that Ip/I; is a sensitive probe of the
number of graphene layers [17-19]. For example, our measure-
ments (under similar experimental conditions as we used in Fig. 2)
on exfoliated graphene layers gave typical I,p/Ig ~2-3 for mono-
layer samples and Ip/Ig slightly lower than 1 for bilayers. Previous
studies [18] of CVD-grown graphene (transferred from Cu) have
taken a Ip/Ig ~2 to indicate monolayer graphene, 2 > I,p/Ig > 1 for
bilayer and I,p/Ig <1 for multilayers (it has also been noted that
due to possible stacking disorder, it can be more difficult to deter-
mine the exact number of CVD-grown graphene layers from the
Raman spectrum compared with exfoliated graphene [19]). We find
that ~99% of the area mapped show Ip/Ig >2, ~93% of the area
mapped show Lp/Ig >3 and about half of the area show Lp/I; >4
(the medium value). Based on our Ip/Ig data, we conclude that
most of the area mapped is monolayer graphene. We also notice
that, even in locations with I,p/Ig > 2, believed to indicate mono-
layer, we can still observe substantial variation in I,p/I; (as seen,
for example, in several Raman spectra in Fig. 2f measured from the
corresponding marked spots in Fig. 2e). We speculate that one pos-
sible reason for this variation and sometimes very large I,p/I; (e.g.
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Fig. 2. Raman characterization of CVD graphene transferred to a Si/SiO, substrate. All of the Raman maps for Ip (a), I¢ (b), Ip (c), In/I¢ (d), and Ip/Ig, were measured at same
locationina 10 wm x 10 wm area. The inset in (a) shows the optical image of the area mapped. The insets in (d) and (e) show histogram of Ip /I and Ip/Ig, respectively. In the
histograms, x-axis indicates the ratios of In/I¢ and Lp/I¢ and y-axis indicates counts. All of scale bars in maps are 2 wm, except (a) inset. Raman spectra shown in (f) measured
from the marked location L1, L2 and L3 in (e), respectively. The D, G, and 2D bands are labeled in the spectra.

>5) may also be the spatially non-uniform adhesion between the
transferred graphene film and the underlying substrate (SiO;), as
the graphene-substrate interaction could strongly affect I,p/I¢ [33].
The adhesion can significantly affect G and 1D band, but with dif-
ferent extents. The disorder-induced D band in the spectra shown
in Fig. 2f is seen to be very small, indicating high crystalline qual-
ity of the graphene. We have also obtained qualitatively similar
Raman maps from many areas randomly selected from different
locations of a large-scale CVD graphene film. Several of these areas
have been subsequently fabricated into devices and an indepen-
dent and more unambiguous verification of monolayer graphene

has been performed using quantum Hall measurements [14]. Our
results suggest that our CVD graphene films have excellent quality
and uniformity, consisting mainly of monolayer.

3.2. Hydrogen sensor properties and sensor mechanism

The hydrogen sensing capability is experimentally tested by
recording sensor resistance change when the sensor is exposed
to hydrogen gas with different concentrations. The sensor sensi-
tivity is defined by sensitivity = (Rpeak — Ro)/Ro x 100%, where Rpeay
is the highest sensor resistance in hydrogen gas and Ry is the

Fig. 3. (a) The change of source-drain current of sensor to H, with difference concentration. The inset shows the sensitivities of the sensor for hydrogen at different
concentrations. (b) The change of source-drain current of sensor to 0.05% (500 ppm) H; in 6 times of gas on/off cycles. Red arrows indicate the time of hydrogen on and blue
arrows indicate the time of gas off. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Carrier density in graphene sensor vs. H, concentration.

resistance in air. Fig. 3a shows the percentage of the sensor resis-
tance change to various hydrogen concentrations from 0.0025%
to 1% (25-10,000 ppm). The concentrations in details are labeled
above each peak in Fig. 3a. Before turning on hydrogen, only air
flowed through the testing chamber. After turning on hydrogen,
the resistance of the graphene sensor increased with time upon the
exposure to hydrogen. After 300 s, hydrogen was shut off and only
air flowed through the testing chamber for several hundred sec-
onds to let the resistance recover the original level. The graphene
sensor was tested in hydrogen with varied concentrations in the
order from low to high concentrations. We also tested the graphene
sensors without Pd deposition and could not observe non-trivial
change of the sensor’s resistivity. The sensitivity of the sensor to
hydrogen concentration is roughly linear in a logarithm coordinate,
as shown in the inset of Fig. 3a. The hydrogen sensor shows more
than 10% increase of resistance to the exposure to 1% hydrogen
concentration. For much lower concentration of hydrogen (mini-
mum 0.0025% (25 ppm) hydrogen in the case investigated), there is
also an observable signal with a corresponding resistance increase
of 0.2%. As the hydrogen concentration decreases, the number of
adsorbed hydrogen molecules is reduced, and therefore, the cor-
responding sensitivity also decreases. The response and recovery
times are defined as the time durations to reach 90% of the range of
resistance change since the beginning of H, gas flow and end of H,
gas flow, respectively. Whenever the sensor is exposed to hydro-
gen, a quick increase of resistance is observed. For example, for the
sensor response to 0.05% (500 ppm) hydrogen, the response time is
213 s and the resistance of the sensor increased 1% in less than 30 s.
After tuning hydrogen off, the resistance decrease fast and the mea-
sured recovery time is 463 s. Fig. 4b shows the sensor response to
0.05% (500 ppm) hydrogen concentration for six cycles. The sensi-
tivity measured is around 4.10% for each cycle. The resistance of the
sensor recovers to its original value within 10 min when hydrogen
gas is completely closed and the test chamber is purged with air.
We also used argon to purge the sample after turning off hydrogen
and found that the sensor’s resistance recovered much slower.
The sensing mechanism of gas sensors based on graphene can
be attributed to the change of carrier density in graphene induced
by palladium hydride (PdHy). With Pd deposition on graphene
by electron beam evaporation, discrete Pd nanoparticles form on
graphene. When the Pd-decorated graphene is exposed to hydro-
gen, Pd atoms can be converted to PdHx. PdHx on graphene has an
electrical dipole structure [34], i.e. the charge is positive at hydro-

gen side and electrons accumulates at the interface between Pd and
carbon. According to Hall effect measurements, our CVD graphene
samples were found to be p-type, which is common in as-fabricated
graphene devices [7]. The electrons accumulating at the interface of
Pd and graphene can neutralize holes in graphene, therefore, reduce
the p-type carrier density. Fig. 4 shows that the p-type carrier den-
sity decreases with concentration of hydrogen in air in the range of
0-0.1%. Lower carrier density is the reason that resistance increases
with hydrogen concentration. The formation of dipole structure by
PdHj plays a critical role in hydrogen sensing for our graphene sen-
sors. According to our testing results of graphene sensor without
Pd deposition, hydrogen only has very limited interaction directly
with graphene. Increased resistivity with hydrogen concentration
has also been observed in CNTs-based hydrogen sensors [34-36].
The resistance of our sensor exposed to hydrogen recovered much
slower in pure argon than in air. It is expected that oxygen in
air greatly enhances the decomposition of PdHx, which can be
described as 1/40; + Pd,¢tive/H — Pd,ctive + 1/2H20 [34]. It should
also be noticed that Pd is a catalyst to decompose H,. However,
it is hard to form chemisorption between graphene and hydro-
gen radical at room temperature [35]. Therefore, it is hard for the
graphene/H; to interact to induce the change of sensor conduc-
tance.

4. Conclusion

We synthesized graphene with a large area on a Cu foil at a
temperature of 1000 °C under 1 atm pressure with methane as the
precursor gas by thermal CVD. Although only 4” x 4” graphene film
was demonstrated, the size of graphene film, which can be synthe-
sized by this approach, is not limited by the size of CVD chamber at
all owing to the rolled-up Cu foil during synthesis. Raman spectrum
shows 99% area of the film has ratio of 2D band to G band larger than
2,whichindicates most of film is a monolayer. Thanks to the synthe-
sis of wafer-scale graphene with uniform thickness, sensors based
on the graphene are expected to have an identical performance
comparing with other nanomaterials, such as CNTs. Hydrogen sen-
sors were demonstrated on Pd-decorated CVD graphene films. The
hydrogen sensors show high sensitivity, fast response and recov-
ery, and are usable for multiple cycles. The mechanism of hydrogen
detection can be attributed to carrier density in graphene induced
by PdHy.
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