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ABSTRACT: Polymer residue-free graphene nanoribbons (GNRs) of 200 nm width at
1 μm pitch were periodically generated in an area of 1 cm2 via laser interference
lithography using a chromium interlayer prior to photoresist coating. High-quality GNRs
were evidenced by atomic force microscopy, micro-Raman spectroscopy, and X-ray
photoelectron spectroscopy measurements. Palladium nanoparticles were then deposited
on the GNRs as catalysts for sensing hydrogen gases, and the GNR array was utilized as
an electrically conductive path with less electrical noise. The palladium-decorated GNR
array exhibited a rectangular sensing curve with unprecedented rapid response and
recovery properties: 90% response within 60 s at 1000 ppm and 80% recovery within 90
s in nitrogen ambient. In addition, reliable and repeatable sensing behaviors were
revealed when the array was exposed to various gas concentrations even at 30 ppm.
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1. INTRODUCTION

Hydrogen has potential as an ecofriendly resource for many
applications in future science and industry; however, there is a
serious safety concern. Excellent monitoring and leak detector
systems are required because hydrogen is invisible, odorless,
and highly flammable.
Conventional hydrogen-gas sensors based on metal oxides

(In2O3, SnO2, ZnO, NiO, and TiO2)
1−4 have decent

sensitivities, but their high-temperature performance at
approximately 400 °C is a significant drawback. Accordingly,
palladium (Pd) is considered to be an attractive material
because of its superior hydrogen solubility at room temper-
ature. However, hydrogen sensors based on a Pd film are
vulnerable to structural transformations (vacancies and
dislocations), which are accelerated during the phase transition
of Pdα to Pdβ that occurs at hydrogen concentrations greater
than 2%, causing a Pd film buckling.5−8 In addition, the low
hydrogen diffusion coefficient (3.8 × 10−7 cm2/s at 298 K) of
the Pd film9 can result in a long response time especially at low
hydrogen concentrations below 1%.10

To overcome these problems, researchers have focused their
attention on various Pd nanostructures such as nanowires,11−13

nanochains,14 nanotubes,15 and nanocomposites.16 Among
these, one-dimensional Pd nanowire hydrogen sensors11−13

give better performances in terms of sensitivity and power

consumption. Meanwhile, the recent discovery of graphene17

opened up the possibility of utilizing zero-dimensional Pd
nanoparticles (Pd-NPs), which have the highest surface area
among all other dimensional structures mentioned above.
Therefore, sensors utilizing a pristine chemical vapor depostion
(CVD)-grown graphene18,19 or graphene oxide16 layers as a
conductive platform covered with uniformly dispersed Pd-NPs
have also been investigated.
Recently, enhanced hydrogen-sensing properties were

achieved with a Pd-decorated graphene nanoribbon (GNR)-
networked porous film (55% sensitivity at 40 ppm along with a
50% response time of 21 s and a 50% recovery time of 23 s in
air)20 and a Pd-decorated carbon-nanotube-woven porous film
(0.4% sensitivity at 100 ppm along with a 90% response time of
18 min and a 90% recovery time of 20 min in air).21 Such films
are advantageous for large area detection, but the solution
filtering process to produce such porous films makes it difficult
to control the density and arrangement of one-dimensional
composites, which directly corresponds to the number of
hydrogen adsorptive sites within the film. This is inadequate for
reliable and repeatable sensing behavior. Furthermore, such
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dense and nonaligned composites within the film cause a slow
and incomplete recovery unless hydrogen-desorption-enhanc-
ing air is supplied.22

Therefore, hydrogen sensors with rapid response at low
concentrations and fast recovery without using hydrogen-
desorption-enhancing agents must be developed. To accom-
plish this, the graphene area must be controlled by lithographic
techniques, which has not been demonstrated in graphene-
based hydrogen sensors because of unavoidably remaining
photoresist (PR) residue on the graphene surface, deteriorating
gas sensor performances. Comparative table and graphs for
sensitivities and response times of various Pd-based hydrogen
sensors can be found in the Supporting Information (SI),
section S1.
In this work, a periodically aligned GNR (200 nm width)

array with no polymer residue was faithfully produced by
placing a chromium (Cr) interlayer under the PR via 325 nm
laser interference lithography23 and then incorporating it into
the Pd-decorated hydrogen sensors. This sensor demonstrated
a rapid response (90% within 60 s) at 1000 ppm and recovery
(80% within 90 s) in nitrogen ambient along with reliable
repeatability at various concentrations even at 30 ppm.

2. EXPERIMENTAL SECTION
Preparation of Single-Layer Graphene on a SiO2 Substrate.

Graphene was grown on a 300-nm-thick copper/nickel (Cu/Ni) film
on a SiO2/silicon (Si) wafer by inductively coupled plasma chemical
vapor deposition (ICP-CVD). The substrate temperature was ramped
up from room temperature to 650 °C at a base pressure of 5 × 10−7

Torr. The wafer surface was cleaned with a radio-frequency plasma
source under flowing hydrogen gas. The graphene was grown for 3
min in a gas mixture of argon and acetylene with a plasma power of
100 W.24

After cooling, the CVD-grown graphene was transferred to another
SiO2/n-type Si wafer. First, poly(methyl methacrylate) (PMMA) was
spin-coated onto the grown graphene layer and baked for 1 min at 180
°C. After baking, the metal layers were etched away by soaking the
wafer in a FeCl3 solution for 3 h for a floating PMMA/graphene film.
The floating PMMA/graphene film was lifted onto poly(ethylene
terephthalate) film, soaked in a deionized water bath for 15 min, and
then transferred to the SiO2 substrate. The samples were dried on a
hot plate at 60 °C for 2 h and finally cleaned in an acetone bath to
remove PMMA.

325 nm Laser Interference Lithography and Pattern
Transfer to Graphene. An AZ GXR 601 positive tone PR (AZ
Electronics Materials) was diluted with an AZ 1500 thinner (1:0.8
volume ratio) and then spin-coated at 4500 rpm onto the 10-nm-thick
Cr film/graphene substrate. The 10-nm-thick Cr layer was deposited
by an electron-beam evaporator at a rate of 0.1 Å/s under a pressure of
10−6 Torr. After prebaking at 115 °C for 1 min, the AZ GXR 601 PR/
Cr film/graphene substrate was exposed to a 325 nm laser interference
system with a dose of 32 mJ/cm2. Half of a diffracted laser light
through a 10 μm pinhole irradiated the PR directly, and the other half
projected the PR after being reflected at a Lloyd’s mirror, which was
placed perpendicular to the sample. These two beams interfered at a
certain angle of 9.35° to generate a PR line pattern at 1 μm pitch
according to Λ = λ/2 sin θ, where λ is the wavelength and θ is the half-
angle between the two beams.

After exposure, the sample was developed in an MIF 300 solution
(AZ Electronics Materials) for 40 s and then baked at 100 °C for 30 s.
To remove the PR residue after development, oxygen plasma etching
was performed with 50 sccm of O2, 20 mTorr, and 20 W for 30 s. The
generated PR line pattern was transferred to the underlying Cr layer by
dipping in a Cr etchant (CR-7, Cyantek Corp.) for 40 s and rinsed in a
water bath for 2 min. The single graphene layer was subsequently
plasma-etched with 50 sccm of O2 and 100 W for 40 s. Finally, the Cr
mask was stripped away with the CR-7 etchant to expose the
underlying periodic GNRs.

3. RESULTS AND DISCUSSION

Figure 1 depicts the scheme for fabricating the GNR array via
325 nm helium−cadmium laser interference lithography, which
is generally considered to be a very simple, rapid, inexpensive,
and maskless method for producing periodic nanoscale patterns
over a large area. The direct coating of the PR to the graphene
layer usually leaves a polymer residue on the graphene surface,
which cannot be removed without thermal annealing, causing
strains or doping in the graphene layer.25

Therefore, to avoid direct contact of the PR to the graphene
layer, a metal layer was inserted between them. Various metals
[gold (Au), platinum (Pt), aluminum (Al), Ni, and Cr)] were
deposited via electron-beam evaporation. A 10-nm-thick Cr
film was chosen as the best, on which nanoscale PR lines were
faithfully created after development and transferred to the Cr
layer with the Cr etchant. The Pt and Al films came off the
substrate during development because of poor adhesion to the
graphene surface. The Au and Ni films were dissolved too

Figure 1. Fabrication processes of the GNR array. (a) Preparation of the monolayer graphene/SiO2 substrate. (b) Deposition of a 10-nm-thick Cr
layer by electron-beam evaporation. (c) Spin coating of an AZ GXR 601 PR on the Cr/graphene/SiO2 substrate followed by exposure to a 325 nm
interfered laser. (d) Development to produce the PR line pattern. (e) Wet etching of the underlying Cr layer. (f) Removal of the PR with acetone.
(g) Oxygen plasma treatment to etch the underlying graphene layer with the Cr line etching mask. (h) Removal of the Cr line etching mask to reveal
the GNR array.
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quickly in their etchants (aqua regia and FeCl2 solution,
respectively) without reliable pattern transfer.
Figure 2a shows a scanning electron microscopy (SEM)

image of the periodically aligned PR line pattern with a 200 nm

width at a pitch of 1 μm after development. Figure 2b shows
the Cr line pattern produced faithfully after pattern transfer
with the CR-7 solution for 40 s (see the SI, section S2). Atomic
force microscopy (AFM) measurements were performed to
qualify the GNR array. Parts c and d of Figure 2 show the AFM
images of GNR arrays fabricated with and without the Cr
interlayer, respectively. The GNR array generated using the Cr
interlayer was as clean as the pristine graphene surface (inset in
Figure 2c) without any conspicuous polymer residue. In
contrast, the GNR array produced by the direct coating of the
PR was covered with much residue with a height of 4 nm on
average along the lines (Figure 2d). This residue could be
reduced by a long period of polymer stripping and subsequent
annealing, which could peel off or damage the thin graphene
layer undesirably. This study indicates that the Cr interlayer can
be utilized effectively for obtaining PR residue-free graphene
patterns.
Both micro-Raman spectroscopy and X-ray photoelectron

spectroscopy were also measured with the two samples. Figure
3a shows a Raman spectrum of the CVD-grown graphene with
a small D peak at 1345 cm−1, a sharp G peak at 1597 cm−1, and
an intense 2D peak at 2688 cm−1. Both the relative peak ratios
among the G, D, and 2D bands and the 2D band shape can
determine the graphene quality.26,27 The measured D/G and
G/2D ratios of the pristine graphene are 0.1 and 0.4,
respectively, and the 2D peak (inset figure) is closely fitted
by a single-component symmetric Lorentzian function,
suggesting that the CVD-grown graphene was single layer
with few structural defects.28

The micro-Raman spectrum of the GNR array (Figure 3b)
also contains the same D, G, and 2D peaks. The 2D peak of the
GNRs (inset figure) is still fitted by the Lorentzian function,

but both the D/G and G/2D ratios are close to 1. This ratio
increase indicates that structural changes occurred in the GNRs
mainly because of the increased open edges. This has also been
reported in other lithographically patterned GNRs;29,30 in those
cases, a significant peak caused by the PR residue occurred
between the D and G bands,29 which was not evident in our
study. Likewise, the Raman spectrum of the GNR array
fabricated by the direct coating of the PR on the graphene
surface revealed a significant polymer residue peak, overlapped
with the D band (SI, section S3).
The X-ray photoelectron spectroscopy results shown in

Figure 3c,d support the above Raman spectroscopy results. The
C 1s peak of the C−C bonds is clearly seen at approximately
284.6 eV31 for both samples. The peak of the C−O bonds at
285.96 eV can be affected by the unintentional adsorption of
hydrocarbons from ambient air.32 The peak ratio of the C−C
bonds to the C−O bonds is 1:0.28 for the pristine graphene but
becomes 1:0.58 for the GNR array because of the patterning-
induced graphene area reduction. Neither newly created nor
significantly altered bonds were observed, confirming that our
lithographic process holds great potential for high-quality
graphene patterns.
To fabricate hydrogen sensors, 2-nm-thick Pd was deposited

across the entire sample (SI, section S4) and 90-nm-thick Au
electrodes were deposited by an electron-beam evaporator
using a shadow mask. The electrode gap and length were 50
and 5000 μm, respectively. A total of 1000 GNRs were
connected between the two electrodes considering the 1 μm
pitch. For a direct comparison, the pristine graphene film was
also deposited with a 2-nm-thick Pd and subjected to the same
sensor fabrication.
We constructed a homemade measurement setup for

hydrogen-gas sensing (SI, section S5) with a sample location
in the middle of a quartz tube to maintain a constant gas stream
for a stable gas reaction. Every analysis was performed under
the same conditions (room temperature, 30% humidity, at 0.01
V). At first, highly pure nitrogen gas (99.999%) was supplied to
the tube at 1800 sccm for 15 min to have a stable current level
and rule out any other reactive gas molecules.22 After a certain
stable current level was reached, hydrogen gas was supplied

Figure 2. (a) SEM image of the periodically aligned PR lines with a
200 nm line width at a pitch of 1 μm. The inset shows the cross-
sectional view of PR lines with 500 nm height. (b) SEM image of the
periodically aligned Cr lines with 200 nm width. (c) AFM image of the
GNR array fabricated by using the Cr interlayer with a surface profile
of less than 1 nm. Inset: AFM image of the pristine graphene for
comparison. (d) AFM image of the GNR array fabricated without the
Cr interlayer. The surface profile shows the presence of a thick PR
residue. Inset: top view of this AFM image.

Figure 3. Micro-Raman spectra of (a) the pristine graphene and (b)
the GNR array. X-ray photoelectron spectra of (c) the pristine
graphene and (d) the GNR array.
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with various concentrations (1000, 500, 100, and 30 ppm).
Sensitivity is defined as

= − ×S R R R(%) ( )/ 100s i i

where Rs is the saturated resistance in the presence of hydrogen
gas and Ri is the initial resistance. To measure the recovery, the
hydrogen flow was stopped and only nitrogen gas was flowing.
The recovery of hydrogen-gas sensors in nitrogen ambient is
slow or incomplete. Therefore, in many previous studies, a
recovery-enhancing gas such as oxygen was necessarily supplied
to expedite recovery via a condensation reaction (2H2 + O2 →
H2O).

33 In this study, however, no recovery-enhancing gas was
utilized to evaluate the natural desorption of hydrogen
molecules from Pd-decorated GNR sensors.
Parts a and b of Figure 4 show the sensitivity as a function of

time for the pristine and 200-nm-wide GNR sensors,

respectively, at hydrogen-gas concentrations ranging from 30
to 1000 ppm. When hydrogen gas was injected (on state), the
sensitivity of the pristine sensor increased, reached a saturation
of approximately 25% at 1000 ppm, but seemed to still rise
slowly afterward. When the hydrogen flow was stopped (off
state), it started to decrease and approached its initial resistance
after a substantial time, which became much longer in the case
of lower concentrations. The increase of hydrogen-initiated
resistance is due to palladium hydride formation.34 When
hydrogen molecules meet the Pd-NPs deposited on the
graphene, the work function of Pd decreases. Therefore,
electrons are transferred to the graphene, depleting the major
hole carriers in the graphene and thus increasing the resistance.

The adsorption (ra) and desorption (rd) rates of gas
molecules35 in gas sensors are defined as

= − Ω = Ωr k C r k(1 ) ,a a
2

d d
2

where ka and kd are the adsorption and desorption rate
constants, respectively. Because the surface fraction occupied by
hydrogen molecules (Ω) is negligible initially, the initial
response rate is linearly related to the concentration (C) but
slows down by (1 − Ω)2 with hydrogen adsorption. The
recovery rate is directly related to Ω2. After the sensitivity
reaches saturation, the initial recovery rate is high because of
the large value of Ω but slows down substantially with
hydrogen desorption, creating the common shark-fin gas-
sensing behavior as shown in the pristine sensors. The shark-fin
sensing behavior becomes more prominent at a lower
concentration, as shown in Figure 4a. This behavior has been
demonstrated in previous gas-sensor studies.18,21 In compar-
ison, the GNR sensors had a square response and recovery
curve rather than the shark-fin curve. Interestingly, it exhibited
a fast and complete recovery even at 30 ppm in nitrogen
ambient without using the air that had been used to facilitate
swift recovery. The GNR sensor had a lower sensitivity mainly
because of the reduced number of Pd-NPs deposited on the
narrow GNRs. On the other hand, the GNR sensor was
advantageous for speedy response and recovery because fewer
gas molecules were adsorbed and desorbed easily at the
reduced number of Pd-NPs, leading to the square-type sensing
behavior.
Two additional samples having micron-scale graphene ribbon

arrays (20 and 2 μm width) were fabricated with the same
electrode configuration by photolithography using the Cr
interlayer, and their sensing properties were measured. Figure
4c compares the sensitivities among the four samples (pristine,
20 μm, 2 μm and 200 nm) at different concentrations. The
sensitivity at each concentration decreased with the reduction
of the ribbon width, which corresponds to the reduction in the
number of Pd-NPs. Areal sensitivities, newly defined as the
sensitivity divided by the total graphene area between
electrodes, are compared in Figure 4d. There was little
difference in the areal sensitivity among the samples at 30
ppm, but it became distinctive with increasing concentration.
This indicates that most hydrogen molecules at low
concentration are easily adsorbed onto the active sites of Pd-
NPs regardless of the graphene area. At higher concentrations,
the limited active sites of the 200 nm sensor are quickly
occupied by the affluent hydrogen molecules. In contrast, in the
case of the pristine sensor, the graphene area is comparatively
large enough that all of the active sites of Pd-NPs residing on it
are not consumed promptly right after gas exposure.
Figure 5a compares the sensitivity change for 50 min

exposure to 1000 ppm, showing the usual shark-fin behavior in
the pristine sensor and the square behavior in the 200 nm GNR
sensor, respectively. The sensitivity of the GNR sensor reached
90% of its saturated value within 60 s and remained constant
during the measurement along with a rapid recovery to the base
current even in nitrogen ambient. This unprecedented fast
response and recovery behavior is attributed to the limited
number of Pd-NPs, which facilitate facile gas molecule
adsorption and desorption. In comparison, the sensitivity of
the pristine sensor increased quickly at first but then saturated
slowly. It took 8 min 30 s to reach 80% of its saturated value
and became saturated after 50 min. The pristine sensor was
recovered by 80% (25% → 5%) in 18 min 40 s after the gas was

Figure 4. Pd-decorated hydrogen-gas-sensor performance: sensitivity
change of (a) the pristine graphene sensor and (b) the GNR array
sensor at different concentrations. (c) Comparison of the sensitivities
among the four samples with different graphene widths (pristine, 20
μm, 2 μm and 200 nm). (d) Comparison of the areal sensitivities at
different concentrations. (e) Optical (20 and 2 μm) and AFM
(pristine and 200 nm) images of graphene patterns in the four
samples. The arrow indicates the location of graphene ribbon.
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turned off, and an additional 70 min was required to return to
the base current in nitrogen ambient. The recovery time
decreased dramatically when air flow was utilized to pull the
adsorbed hydrogen molecules out by condensation, as indicated
with a green curve in Figure 5a. Meanwhile, the GNR sensor
was recovered by 80% (4.5% → 1%) in 90 s.
A different time-resolved sensitivity measurement (Figure

5b) was carried out with 4 cycles of 30 s on-state for response,
followed by 2 min off-state for recovery with incrementally
increasing hydrogen concentration for each cycle. The pristine
sensor did not return to the initial current within the short
recovery time allotted prior to the next exposure to a higher
concentration, leading to a stepwise-increasing sensitivity
behavior. The GNR sensor, on the other hand, returned to
the base current completely and was ready to detect a higher
concentration in the next cycle.
To evaluate the repeatability, 22 cycles of 2 min on-state and

2 min off-state were performed at 1000 ppm (Figure 5c). The
GNR sensor had a good repeatability, demonstrating a fast and
stable on/off switching in each cycle. The pristine sensor, in
contrast, approached its saturated value after 5 cycles and
hardly recovered more than 30% within the permitted 2 min.
Utilizing these advanced response and recovery properties, the
GNR sensor was exposed to arbitrary concentrations with 5
min on-state and 5 min off-state. The GNR sensor showed a
fairly consistent sensitivity for each concentration regardless of
the prior concentration to which it had been exposed (Figure
5d).

4. CONCLUSIONS
In summary, we successfully fabricated a periodically aligned
200-nm-wide GNR array at 1 μm pitch with no PR residue by
implementing a 10-nm-thick Cr interlayer to protect the
graphene surface from PR contamination. Pd-decorated GNR
hydrogen-gas sensors produced by this method demonstrated
reliable and repeatable sensor behaviors as well as rapid
response and recovery behaviors: 90% response within 60 s at

1000 ppm and 80% recovery within 90 s in nitrogen ambient.
Our method demonstrates a practical approach for producing
residue-free nanoscale graphene patterns and a potential for
creating efficient graphene-based devices.
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