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a  b  s  t  r  a  c  t

We  report  a facile  and scalable  process  to  fabricate  chemiresistive  hydrogen  sensors  based  on  the  single-
walled  carbon  nanotube  (SWCNT)  network  decorated  with  metal  nanoparticles  (NPs).  In order  to  obtain
the  statistical  and  reliable  results  in the  detection,  100  unitary  sensing  array  are fabricated  on a single
chip  at  one  go.  Two  device  structures  were  studied;  one  coated  on  top  of the SWCNT  network  (SWCNN)
and  the  other  sandwiched  by Au-NPs  (the  Au/SWCNT/Au  structure).  The  sensor  response  of  the  Au-
eywords:
arbon nanotube
ydrogen sensor
old nanoparticle
oncentric electrode

NP  decorated  SWCNN  was  found  to be ∼3.6 and  18.5 times  superior  to that of the  Cu-  and  Sn-NP  coated
SWCNN,  respectively,  at room  temperature.  Sensing  response  of the  sensor  was  further  improved  3 times
from 16.1  to  50%  by  using  the  sandwiched  structure  of  Au/SWCNN/Au.  Based  on reproducible  electrical
responses  and  statistical  understanding,  we  also  found  that  the  enhancement  of  sensing  response  is
proportional  to the  increase  of  the  change  in  resistance  by the  Au-NP  decoration.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Carbon nanotubes (CNTs) are believed to have the potential to
reate previously-unexpected applications in conventional micro-
copic devices due to its extraordinary physical and electrical
roperties [1–3]. In particular, because of it high surface-to-volume
atio and hollow cylindrical structure with every atom on the sur-
ace, the electrical characteristics of single-walled CNT (SWCNT)
re affected strongly by tiny surface perturbations. Therefore, this
bility makes it a promising candidate for various types of sensing
pplications [4–6]. Furthermore, recent studies on the develop-
ent of hybrid structures, such as metal nanoparticle (NP)-coated

WCNT have devoted to explore the newly emerging applications,
ncluding electrical devices, bio-chemical sensors, catalysis, fuel

ells, etc. [7–13].

Metal oxide and semiconducting materials have been used
idely in the applications of gas sensing. It usually requires a

∗ Corresponding author. Tel.: +82 2 880 8285; fax: +82 2 880 8285.
E-mail address: ypark@snu.ac.kr (Y.J. Park).

1 These authors contributed equally to this work.
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925-4005/© 2014 Elsevier B.V. All rights reserved.
thermally isolated micro-hotplate to meet the high operating
temperature, which leads to high power consumption and com-
plex processing steps. On the other hand, SWCNT-based gas sensors
show good sensitivity to a range of gas molecules at room temper-
ature by itself or with appropriate chemical/physical tailoring on
SWCNTs [14–16]. Especially, metal nanoparticle decorated SWC-
NTs have received a great deal of attention for the sensors showing
high sensitivity and selectivity [17–19]. However, the process to
build up the sensor still remains to be improved in terms of manu-
facturability and production. In this paper, we propose a tractable
post-processing strategy and judicious electrode structure. Our
strategy meets the following requirements: (1) mask-free pro-
cess, (2) low temperature process, (3) reliable and reproductive
sensor responses, and (4) the scalability and compatibility with
well-established micromachining processes. A SWCNT network
(SWCNN) was formed on the fabricated test chip, in which con-
centric electrodes were embedded, using a dip-coating process.
Metal-NPs were then deposited by thermal evaporation, requiring

no additional photolithography process, during the SWCNT coating
and metal-NP coating. The goal of the present work is to provide a
facile and scalable fabrication chemiresistive sensor array, based
on tractable post-processing strategy and judicious electrode

dx.doi.org/10.1016/j.snb.2014.07.119
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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tructure, rather than to demonstrate practical applicability of the
ensor in real environment. Hence, dry N2 gas was used as a carrier
as to exclude the effect of other reactive gas molecules, especially
xygen and water, and no attempt is made at optimizing electrode
pacing and coating density of SWCNN.

We examined the sensing ability of a gold nanoparticle (Au-
P)-decorated SWCNN toward hydrogen gas at room temperature

∼20 ◦C) by comparing the sensor responses with the decoration
f copper (Cu) and tin (Sn) nanoparticles. The sensor response of
he Au-NP decorated SWCNN was found to be superior to that of
he Cu- and Sn-NP coated SWCNN. In order to further improve
he sensing response, a SWCNT network sandwiched vertically by
u-NPs (i.e., the Au/SWCNN/Au structure) is proposed. This struc-

ure is able to provide the high surface coverage of Au-NPs on
he sidewalls of SWCNTs, thus leading to the enhanced sensing
esponse.

. Experimental

.1. Preparation of SWCNT solution

The SWCNTs (ASP-100F produced by Iljin Nanotech) were soni-
ated in nitric acid at 50 ◦C for 30 min  to purify and simultaneously
xfoliate them from the bundles [20]. The SWCNTs were then neu-
ralized with deionized (DI) water and trapped on a membrane
lter (Millipore, 0.2 �m pore size, 47 mm diameter) by vacuum fil-
ration. The SWCNTs on the filter were dried in a vacuum oven
t 80 ◦C for 2 days. 1,2-dichlorobezene (1,2-DCB) was used as a
olvent to prepare SWCNT colloidal solutions. Finally, the pre-
ared SWCNTs were highly dispersed in 1,2-DCB by sonication for
0 h.

.2. Fabrication of the device

Fig. 1 shows the concentric electrode geometry and an optical
icroscopy image of the test chip. The concentric electrode has an

nner electrode (Island Electrode, IE) enclosed by an outer electrode
Enclosing Electrode, EE) in which the SWCNN channel is confined
o the area between the two electrodes, as shown in Fig. 1(b). The
oncentric electrode itself provides a self-aligned SWCNT network
hannel. This self-alignment scheme is simple and quite useful
ecause the SWCNTs can be coated on the entire test chip with-
ut the need for cumbersome processes. The Au electrodes (0.5 �m
hickness) with a 10 nm thick titanium (Ti) layer as an adhesive
ayer formed on the thermally grown silicon dioxide (SiO2, 10 nm)
sing a standard lift-off process. The IE lies as a square with 60 �m
n each side and the electrode gap between the IE and EE was
5 �m

.3. Dip-coating of SWCNN on the device

A schematic diagram depicting SWCNT dip-coating is shown
n Fig. 1(c). Prior to the coating, an oxygen plasma treatment was
erformed on the oxide layer for 5 min  to enhance the coating uni-
ormity of the SWCNN. The detailed procedures to achieve a highly
niform SWCNN device by a dip-coating method are explained
lsewhere [20]. Briefly, the fabricated chip was  immersed in a
WCNT colloidal solution with a concentration of 0.05 mg/mL  and
ulled out at a constant withdrawal velocity of 3.0 mm/min. Dur-

ng the dip-coating, a SWCNT bundle consists of several individual
WCNT in parallel was deposited on the surface of the oxide sur-

ace in the form of a network by the surface tension and capillary
ondensation between the CNTs and the surface. No additional
hoto-lithography process was used to remove the SWCNTs cov-
ring unnecessary areas due to the concentric electrode, as shown
tors B 204 (2014) 716–722 717

in Fig. 1(c), which excludes side-effects, such as photo-resist (PR)
residue in photo-lithography process.

2.4. Deposition of metal nanoparticles

Decoration of the SWCNT with metals could be accomplished
by two  techniques, such as reduction–oxidation (redox) reaction
and physical vapor deposition (PVD). For redox reaction, it is gen-
erally necessary to generate defect sites on SWCNT walls through
strong acid pretreatment [21]. Therefore, this method degrades the
inherent properties of SWCNTs. On the other hand, PVD methods
like thermal evaporation and sputtering, which physically place
a metal layer onto SWCNT, have the advantage of controlling the
deposition volume and particle size without damaging SWCNTs
[22]. Moreover, this method is especially suitable for mass pro-
duction. In the present study, three types of metal (1 nm-thick
Au, Cu and Sn) were deposited on the SWCNN devices by thermal
evaporation. Thermal evaporation was performed in an enclosed
evaporation chamber (MHS-1800, Muhan vacuum). A SWCNN
device was  attached to a sample holder in which the SWCNN on
a device was perpendicularly oriented to the evaporation incident
angle. During evaporation the substrate was rotated to obtain
a uniform film thickness distribution. The deposition rate and
thickness were monitored using a quartz crystal microbalance
(QCM). The deposition rate was ∼0.1 nm/s for all depositions and
the vacuum condition was  below 10−6 Torr.

2.5. Experimental details for hydrogen gas sensing

All the measurements of gas sensing were performed using an
Agilent 4156C parameter analyzer and a probe station with multi-
electrode arrays, equipped with a gas chamber at 20 ◦C. The sensor
was exposed to dry N2 (500 sccm) for 10 min  to record an initial
sensor resistance, and then H2 balanced with N2 were injected for
15 min  to measure the sensing signal. To recover the sensor, N2 was
supplied into the tube for 30 min. The use of dry N2 as a carrier gas
enables us to exclude the effect of other reactive gas molecules,
especially oxygen and water.

3. Results and discussion

3.1. Self-gating effect of the SWCNN device

Fig. 2(a) shows an equivalent circuit diagram of the bare SWCNN
device, which is basically a transistor with a p-substrate as the back
gate. In the concentric electrode, the two  electrodes have an asym-
metric shape. No gate bias is applied in the following experiments,
including I–V characterizations and gas sensing; however, the back
gate is coupled capacitively with the IE (drain) and EE (source).
In particular, the voltage of the back gate follows the voltage of EE
because of the difference in the area of the two  electrodes, leading a
difference in parasitic capacitance (Cox1 > Cox2), as shown in the fig-
ure. This behavior is called the self-gating effect, which is observed
frequently in two-terminal devices built on an oxidized silicon (Si)
substrate [14] or aqueous solution due to electrical double layers
[23,24].

The electrode scheme is beneficial not only to fabricate the self-
aligned SWCNT network channel but also to evaluate the electrical
characteristics of the SWCNN channel. Fig. 2(b) shows the current
versus voltage (I–V) characteristics of a representative bare SWCNN
device in which the drain voltage is swept from −5 to +5 V with
the source voltage fixed at 0 V. The bare SWCNN device exhib-

ited asymmetric behavior with the polarity of the VDS. It indicates
that, although there were some metallic SWCNTs in the channel,
semiconducting SWCNTs comprised a substantial portion of the
randomly-distributed SWCNN modulated by the back gate, leading
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Fig. 1. Schematic diagram of the concentric electrode and SWCNT dip-coating: (a) Optical image of the 10 by 10 sensor array. (b) Conceptual diagram of the concentric
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lectrode composed of an Island electrode and an Enclosing electrode, and their SE
ip-coating process.

o asymmetric I–V characteristics. The distinct electrical behav-
or of the bare SWCNN device can be explained as follows. With

 positive VDS (>0 V), holes in the p-type semiconducting SWC-
Ts accumulate by the low VGS (≈0 V), resulting in an increase

n current. On the other hand, with a negative VDS (<0 V), holes
re depleted by the high VGS (≈0 V), decreasing the current. When
he SWCNN was fabricated on the glass substrate, we could not
bserve any asymmetric behavior in I–V characteristics, showing
o back gate modulation. From the I–V characteristics in Fig. 2(b),

 characteristic index (RNET) was set, which is the resistance at
DS = 1 V. The histogram in Fig. 2(c) shows the statistical distribu-
ion of RNET for 50 bare SWCNN devices, exhibiting a relatively

ell-controlled distribution in the range from 2 to 9 k�. This

uggests that the dip-coating of SWCNN on the concentric elec-
rode provides good statistics for uniform reproducible electrical
roperties.
ages (space is 15 �m,  perimeter is 240 �m).  (c) Conceptual diagram of the SWCNT

3.2. Hydrogen sensing response of the SWCNN sensor with metal
nanoparticles

Thermal evaporations of Au-, Cu- and Sn-NPs with a thickness
of 1 nm were carried out on the bare SWCNN devices, respectively.
Thermal evaporation deposits metals on a SWCNT in the form of
nanoparticles when the thickness is very small. It is the well-known
film growth mechanism in metal deposition, where cohesive bonds
between metal atoms are stronger than adhesive bonds between
the atoms and substrate [25]. Deposited metal nucleates and grows
into individual nanoparticles on SWCNT surface as shown in trans-
mission electron microscopy (TEM) images of Fig. 3(a).
Fig. 3(b) shows the representative I–V characteristics before and
after Au-NP deposition, showing a significant increase in current
and no gate modulation after the deposition. Deposited metal-NPs
on the SWCNT allow the local depletion or accumulation of carriers,
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ig. 2. Equivalent circuit of the fabricated bare SWCNN device and its representat
oated externally but capacitively coupled with the IE (drain) and EE (source). (b) I–V
ue  to a self-gating effect. (c) Statistical distribution of RNET for the 50 CNN devices 

esulting in tuning the electrical characteristics of SWCNTs [26].
n the case of the Au-NP coating, hole carriers would accumulate
ocally in the vicinity of the Au-NPs on the SWCNT via electron
ransfer from the SWCNT to the Au-NP because the work function
f SWCNT (∼ 4.8 eV) is smaller than that of Au (∼5.1 eV). This work
unction difference is attributed to an increase in current as shown
n Fig. 3(b). On the other hand, opposite results were observed in
he case of the Cu-NP and Sn-NP coatings. The work functions of
u and Sn (∼4.6 eV and 4.3 eV, respectively) are smaller than that
f the SWCNT, therefore, the hole carriers would deplete locally
n the vicinity of the Cu- and Sn-NP on the SWCNT via electron
ransfer from the Cu and Sn to the SWCNT, resulting in a decrease in
urrent.

To evaluate the statistical effect of the coating on the change
n RNET quantitatively, the rate of RNET change (RORC) is defined
s RORC = ((RNET DECORATION − RNET BARE)/RNET BARE) × 100 (%), where
NET BARE and RNET DECORATION denote the RNET before and after
etal deposition, respectively. Fig. 3(c) shows that the mean RORC

epends on the types of deposited metal-NP for 12 SWCNN devices.
s discussed, it is clearly shown that the RORC of the devices keeps

rack of the work-function difference.
Sensing ability of the metal-NP coated SWCNN was examined

s shown in Fig. 4. Fig. 4(a) shows the representative I–V charac-
eristics of the Au-NP coated SWCNN device before and after the
xposure to 1000 ppm H2 in a nitrogen carrier gas. It shows an
ncrease of the RNET (decrease in current from 0.315 to 0.258 mA

t 1 V). The increased RNET was also observed as the SWCNNs dec-
rated with Cu- and Sn-NPs upon hydrogen exposure. SWCNTs
nder ambient conditions are known to be covered with oxygen
27], thus behave like a p-type semiconductor with the majority
 curve. (a) Equivalent circuit of the device in which the p-substrate (back gate) is
cteristic curve of the fabricated bare SWCNN device, showing asymmetric behavior
veraged RNET is measured ∼5.6 kohm).

charge carrier of hole (Fig. 2(b)). Although the work function dif-
ference between SWCNT and the decorated metal nanoparticles
changes the electrical resistance of the SWCNT device, the major-
ity carrier of the SWCNTs partially covered with metal-NPs (see
TEM images in Fig. 3(a)) is still hole. It is noteworthy in this regard
that the resistance of the CNN devices increases after exposure to
H2 gas, which is typical of p-type semiconductors.

Fig. 4(b) shows the mean sensor response depending on
the types of deposited metal-NP for the 12 CNN devices. The
gas response is defined as the response = ((RNET H2 − RNET N2 )/
RNET N2 ) × 100%, where RNET N2 and RNET H2 denote the resistance
before and after hydrogen exposure, respectively. The sensor
response of the Au-NP decorated SWCNN was found to be ∼3.6 and
18.5 times superior to that of the Cu- and Sn-NP coated SWCNN,
respectively. This improved response in the Au-NP decorated
SWCNN sensor might be attributed to the different sensing mecha-
nism as the followings. It was  reported that hydrogen could adsorb
dissociatively on the surface of Au-NPs [28]. Based on the catalytic
effects of Au-NP, the sensing mechanism is presumably as the
followings. When the SWCNN device is exposed to H2, hydrogen
molecules are dissociated into atomic hydrogen, leading to a
decrease in the work function of Au-NP. The lower work function
associated with the H2 dissociation is beneficial to the transfer of
more electrons from the Au nanoparticles to the SWCNN channel,
which leads to trap the p-type carriers in the SWCNN, resulting in
an increase of resistance of the device. It indicates that the sensing

kinetics of the sensor mainly relied on the hydrogen dissociation
process over Au-NP. The hydrogen atoms dissolve on the Au
surface and rapidly diffuse to the Au/SWCNT interface, which
reduces the electronic work function. This plausible detection
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Fig. 3. Change in the electrical characteristics of the CNN device after the metal nanoparticle decoration. (a) TEM images of the metal decorated SWCNT bundle. (b)
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epresentative I–V curves before and after the Au-NP decoration on the bare CNN. (c
espectively.

rinciple is similar to that reported previously for Pd-NP coated
WCNT devices [11,17,29].

On the other hand, the surface of low-work function metals,
uch as Cu and Sn, is easily oxidized at ambient condition and gener-
lly covered with negatively charged adsorbed oxygen ions [30,31].
hen exposed to H2 gas, the oxygen adsorbates react with H2, and

roduce water molecules. The produced water molecule might be
issociatively adsorbed on the metal surface by forming hydroxyl

olecules with assistance of the oxygen adsorbate [32]. We  believe

hat the coverage of water and hydroxyl molecules might reduce
eaction sites on the metal surface, thereby providing relatively
ower sensing response compared to that of Au-NPs.

ig. 4. Change in the electrical characteristics when the device was  exposed to 1000 ppm
esponse of Au-, Cu-, and Sn-NP coated SWCNN, respectively.
average rate of the RNET change (RORC) before and after Au-, Cu- and Sn-NP coating,

3.3. Improvement of sensing response using the Au/SWCNN/Au
structure

Coverage of Au-NPs on the surface of SWCNT is one of the
most critical factors to improve the sensing performance by provid-
ing numerous H2 receptors, accordingly, we proposed the SWCNN
sandwiched by Au-NPs (i.e., Au/SWCNN/Au structure). Fig. 5(a)
shows a schematic diagram of the procedure to fabricate the pro-

posed sandwich structure, in which a SWCNN film is vertically
interposed between two  Au thin films conceptually. 1 nm-thick
Au layer was deposited on the bare device by thermal evaporation,
followed by the dip-coating of SWCNN. Then, another 1 nm-thick

 H2. (a) Representative I–V characteristics in response to H2,  (b) the averaged gas
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Fig. 5. Increase in the surface coverage of Au-NPs on the SWCNN to enhance the gas response of the sensor. (a) Schematic diagram showing the fabrication procedures. (b)
Sensor response change with respect to the RNET of the device.
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Fig. 6. (a) RORC dependency on the RNET determined by the SWCNT di

u layer was deposited on the sensor. Finally, in order to remove
he residue of 1,2-DCB, heat treatment was applied to the fabri-
ated specimen in a chamber at 400 ◦C for 30 min. The applied
emperature is higher than the boiling temperature of the solvent
∼180 ◦C). This thermal treatment step is very critical to ensure

 sensing ability because no change in electrical characteristics
as observed upon exposing the sensor to H2 gas without heat

reatment.
Fig. 5(b) shows the change in the RNET after the second Au depo-

ition step and the sensor responses for 27 devices. Meanwhile the
ensor response from the device that has Au-NPs on the bottom
f SWCNN (i.e., Au/SWCNN) is comparable to that of Au-NP dec-
rated SWCNN shown in Fig. 4, it is clear that the RNET decreases
fter the second deposition of Au-NPs on the SWCNN and the sen-
or response increases as the RNET increases. Moreover, the mean
ensor response was improved 3 times from 16.1 to 50% by using
he sandwiched structure of Au/SWCNN/Au. It is obvious that the
ncreased coverage of Au-NPs on the SWCNN is attributed to the
mprovement in hydrogen sensing.

One of the interesting features from Fig. 5(b) is that the sen-
or response is enhanced and the amount of change in the sensor
esponse is strongly related to the amount of RORC after comple-
ing the second Au deposition step. The RORCs are proportional to
he RNET determined by the SWCNT dip-coating step, as shown in
ig. 6(a). The RNET is determined mainly by the portion of semicon-

ucting SWCNTs in the conduction path. Therefore, the existence
f more semiconducting SWCNTs in the conduction paths leads to

 large RNET. The RORC of the fabricated device with a high RNET
s larger than that with low RNET by the Au-NP decoration because
ing step. (b) Relationship between the RORC and the sensor response.

the effect of charge transfer via the formation of a semiconduct-
ing SWCNT-Au hybrid is presumably larger than that of a metallic
SWCNT-Au hybrid. Fig. 6(b) shows the relationship between the
RORC and sensor response. The SWCNN device with a larger RORC
leads to larger response to hydrogen. It indicates that, although
the surface coverage is high enough, the sensor response could be
limited by the content of semiconducting SWCNT in the SWCNN
channel. Therefore, the increase of Au-NP coverage on the SWCNN
as well as the content of semiconducting SWCNTs in the SWCNN
channel plays an important role in enhancing the sensor perfor-
mance of the present device.

4. Conclusion

Based on highly scalable and batch-compatible processes, we
fabricated the chemiresistive hydrogen sensor using the decoration
of Au-NPs on SWCNN. The fabrication procedure is straightforward
and can be applied to batch production due to the use of concentric
electrodes, CNT dip-coating and the thermal evaporation of metal
nanoparticles. The sensor response to hydrogen gas was examined
using the SWCNN sensor decorated with Au, Cu and Sn nanoparti-
cles. The sensing ability of the Au-NP decorated SWCNN was  found
to be ∼3.6 and 18.5 times superior to that of the Cu- and Sn-NP
coated SWCNN, respectively, at room temperature. The response
was further improved 3 times from 16.1 to 50% by using the stack-

ing structure of Au/SWCNN/Au. Based on reproducible electrical
responses and statistical understanding, we  also found that the
enhancement of sensing response is proportional to the increase
of the change in resistance by the Au-NP decoration.
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