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bstract

This paper presents our study on the effects of an aminosilane monolayer on the gas sensing properties of single-walled carbon nanotubes
SWCNTs). A gas sensor for nitrogen dioxide (NO2) detection was fabricated by conventional photolithography process on an oxidized silicon
afer functionalized with 3-aminopropyltriethoxysilane (APTES). Such a CNT-based gas sensor was found to result in high sensitivity and fast

esponse time compared with the sensor fabricated on a non-silanised surface. The amine groups in the APTES monolayer, electron donating in

ature, played a role of charge transfer to the semiconducting SWCNTs, and hence the amount of electrons transferred from SWCNTs to NO2

olecules increased. Our results suggest that the APTES intended originally for selective placement of individual SWCNTs could be used to
nhance the gas sensing properties of the SWCNTs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ever since the discovery in 1991 [1], carbon nanotubes
CNTs) as new materials with outstanding properties are promis-
ng for a variety of potential applications especially in the field of
as sensing. CNTs-based gas sensors have received much atten-
ion because they offer the possibility of excellent sensitivity,
ow operating temperature, rapid response time and sensitivities
o various kinds of gases. A CNT, with a large surface-to-volume
atio, as well as remarkable electrical properties and the interest-
ng relationship between their geometric structure and electronic
roperties, is a strong candidate for gas sensing. Electron donat-
ng and withdrawing molecules such as NO2, NH3, O2, etc.
ither transfer electrons to or withdraw electrons from SWCNTs.

his gives the SWCNTs more charge carriers or holes, respec-

ively, and increases or decreases, dramatically, the conductance
f SWCNTs [2–4].
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eering, Korea University, 5-1 Anam-Dong, Seongbuk-Gu, Seoul 136-713,
epublic of Korea. Tel.: +82 2 3290 3237; fax: +82 2 921 0544.

E-mail address: bkju@korea.ac.kr (B.-K. Ju).

r
b
[
p
o
p
a
t
S

925-4005/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2007.07.104
lf-assembled monolayer (SAM); Gas sensor; Electron donation

However, up-to-date, the lack of a simple and reliable
rocess to deposit CNTs in a controlled way is holding
ack CNTs-based gas sensors for practical applications.
ecently, an approach named “surface-programmed assembly”
ased on patterns of a self-assembled monolayer (SAM)
f molecules with positively charged and neutral termi-
al groups, 3-aminopropyltriethoxysilane (APTES) and
-octadecyltrichlorosilane (OTS), respectively, was reported
5]. Burghard et al. first reported that the surfactant-stabilized
anotubes can be specifically adsorbed onto the amino silanised
iO2 surface [6]. More recently, selective placement of large
umbers of SWCNTs into nanolithographically defined regions
f APTES was reported by Choi et al. [7] and later by Lewen-
tein et al. [8]. The self-assembled CNTs and nanowires (NWs)
elied on the polar and non-polar or hydrophilic and hydropho-
ic SAM patterns have been studied by a number of researchers
5–15]. On the SiO2 surface, hydrophilic surface molecular
atterns are utilized to assemble and align CNTs and NWs
ver a large surface area, while hydrophobic surface molecular

atterns are utilized to avoid any unwanted adsorption of CNTs
nd NWs. The functionalized surface by the hydrophilic amino-
erminated (–NH2) SAM has a high selectivity in which long
WCNTs can be seen bending to align well with the APTES
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6 d Act

p
S

r
e
p
d
t
w
H
t
t
f
r
t
[

–
o
a
t
r
d
i
N
m

2

L
l
T
S
d
c
d
d
e
f
s
t
s
e
g
1
e

F
i

S
s
i
p
s
c
s
d
t
e
t
d
o
s
a
fi
c
S
m
t
r
o
e
k
D
3
S
H
s
m
t
g
d
s
T
v
were carried out at room temperature. Fig. 2 shows a schematic
of the experimental setup for measurement of the gas sensing
behavior.
8 T.H. Tran et al. / Sensors an

atterns and no nanotubes seem to adhere on non-silanised
iO2 as shown by Liu et al. [13] and Valentin et al. [16].

Patterning the SAM, which can be done with photolithog-
aphy, plasma etching and backfilling techniques, ion-beam,
-beam, atomic-beam or scanning probe microscopy lithogra-
hy, was successfully reported elsewhere in [5–15]. Controlled
eposition of CNTs carried out using the SAM features, owing
o the simplicity of the processing steps, has opened a new
ay for the development of CNTs-based electronics devices.
owever while the use of silanised patterns for CNTs’ selec-

ive deposition has increased, the influence of APTES on
he characteristics of these devices was evaluated in only a
ew studies. So far, only one study of Auvray et al. was
eported on the role of chemical interface SWCNTs/APTES on
he device transport properties of CNT field effect transistors
17].

In this letter, we report on our investigation of the effects of a
NH2 functionalized SiO2 surface on the gas sensing properties
f SWCNTs. The uses of a patterned aminosilane monolayer
s templates turn out to improve the gas sensor characteris-
ics. SWCNTs which play a role as a sensing material of a
esistive gas senor are in contact with electrodes and deposited
irectly on the SiO2 bare surface or via the APTES SAM. We
nvestigated the characteristics of the sensors when exposed to
O2 and discussed the function of the amine groups on APTES
onolayer.

. Experimental

The SWCNT powder (purchased from Iljin Nanotech Co.
td.) has properties of 1–1.2 nm in average diameter, 5–20 �m

ength and ∼90% purity (prepared by an arc-discharge process).
he CNTs were used without further purification. Prior to the
WCNTs manipulation, 8 mg of the sample was ultrasonically
ispersed in 40 ml dimethylformamide (DMF) for 4 h (at a pulse
ycle: 1 s on, 1 s off and at 200 W). The resulting solution was
iluted to 20 mg/L. The DMF organic solvent was chosen to
ebundle the SWCNTs ropes because the amine groups can
asily attach to the surface of the nanotubes providing a uni-
ormly suspended SWNT solution [13,16]. Fig. 1(a) and (b)
hows the schematic diagram of the sensor without the surface
reatment and the illustration of silanization process of the sen-
or with surface treatment. The fabrication of the interdigitated

lectrode (IDE) was carried out using a conventional photolitho-
raphic method with a finger width of 10 �m and a gap size of
0 �m. The interdigitated electrode fingers were made by an
-beam evaporating the 30 nm Ti and 200 nm Au on a layer of

ig. 1. (a) A schematic view of the gas sensor without surface treatment and (b)
llustration of silanization process of the sensor with surface treatment.

F
b
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iO2 which was grown thermally on top of a silicon wafer, as
hown in Fig. 1(a). Then, the substrate modification as shown
n Fig. 1(b) was accomplished by adopting an APTES 99%
urchased from Aldrich Co. monolayer in vapor phase on its
urface after the fabrication of electrodes. The wafer was first
arefully cleaned; soaked in acetone for 5 min, soaked with ultra-
onic agitation for 5 min twice, rinsed in deionized water, and
ried by a nitrogen blow. Following this, the wafer was fur-
her cleaned by microwave plasma ash for 10 min in order to
nhance the quality for the APTES monolayer. It was found that
he thickness of the APTES layer was important because CNTs
id not seem to adhere to the surface if there was more than
ne monolayer of APTES [16]. Then, the wafer was placed in a
ealed container in the presence of APTES, and put in an oven
t 130 ◦C for 3 h. After cooling, the wafer was washed carefully
rst with ethanol and then with water for the removal of all not
hemically bound silane. A quantity of 0.05 �L of a 20 mg/L
WCNT–DMF solution was drop deposited in the area between
icroelectrodes using a hot plate. We experimentally found that

he resistances of the SWCNTs at room temperature typically
anged from several k� to several hundreds of k�, depending
n the density of the SWCNTs across the IDE fingers. In our
xperiments, the resistance value was controlled to about a few
�. This resistance was performed after removal of the solvent
MF. The SWCNTs, on the IDE, were dried under vacuum at
50 ◦C for 9 h to remove the DMF residue. The morphology of
WCNTs was observed by scanning electron microscopy (SEM,
itachi S-4300). The sensor output was measured by using a

ource meter (Keithley 2400) and LabVIEW (National Instru-
ents Corp., Austin, TX) software. The gas concentrations of

he NO2 mixture were 10 ppm and 50 ppm. N2 was used to purge
as. The chamber was first filled with N2 gas then NO2 was intro-
uced. During the experiments, the gas sensor was placed in a
ealed chamber through a vacuum at a pressure of 1 × 10−3 Torr.
he gas was introduced at a pressure of 5 × 10−3 Torr in the
acuum system. The whole process and all the measurements
ig. 2. A schematic of the experimental setup for the measurement the gas sensor
ehavior.
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ig. 3. SEM image of the SWCNTs after drying deposited on the APTES
onolayer.

. Results and discussions

A surface treatment by APTES was found to result in a two
imes higher relative resistance changes and faster response time
or the SWCNTs-based gas sensor compared with the sensor
abricated on a non-silanised SiO2 surface. Fig. 3 shows the
EM image of SWCNTs adhesion on the APTES monolayer.
he SEM images of the interdigitated electrode and SWCNTs
n the bare and treated surface crossed the microelectrodes are
hown in Fig. 4(a)–(c), respectively. The SEM observation was
onducted after removing DMF at 350 ◦C in an oven for 9 h.
he SEM images revealed that the density of the SWCNTs on
PTES was significant. The sensor relative resistance change

Rr) is defined as Rr = [(R − R0)/R0] × 100. R0 is the resistance
f the SWCNTs when exposed to ambient N2 and R represents
he resistance upon exposure to NO2. Fig. 5(a) shows the plots of
he relative resistance change versus time of the SWCNTs upon
xposure to 10 ppm NO2, resulting from the bare and treated sur-
aces. Similar results were obtained for 50 ppm NO2 detection
xperimentally, as shown in Fig. 5(b). The improved relative
esistance changes after 200 s under gas exposure of the gas
ensor with the surface treatment, compared to those without
he surface treatment, were calculated and are represented in
able 1. The relative resistance changes of the SWCNTs are
mproved from Rr = 21% to 53% under exposure of 10 ppm NO2
nd from Rr = 30% to 74% under exposure of 50 ppm NO2. We
efined the response time as the time for 90% total resistance

able 1
elative resistance changes of the gas sensor with and without surface treatment
fter 200 s upon gas exposure

elative resistance changes (%) NO2 (10 ppm) NO2 (50 ppm)

ilanised surface 53.5 75
n-silanised surface 21.1 30.6

o
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ig. 4. SEM images of the (a) interdigitated electrodes, SWCNTs after drying
b) across the two electrodes on the bare surface and (c) across the two electrodes
n the treated surface.

hange. It can be seen from Fig. 5(a) and (b) that the response
ime of the gas sensor in the case of the bare surface was slow
hundreds of seconds), while the response time of the gas sen-
or in the case of the treated surface was fast (a few seconds).
he much faster response of the treated sensor than the normal
ensor indicates that the chemical potential barrier against gas

dsorption is lower. The reason for this might be that the charac-
erization of the APTES layer and the interaction of the APTES
ith the sidewall of SWCNTs gave easier accessibility during

dsorption.
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with surface treatment, the presence of the APTES monolayer
close to the NT/metal interface may result in an increased dipole
density and thus a more substantial Schotkky barrier lowering,
ig. 5. Relative resistance changes vs. time of the SWCNTs on a bare and treated
urface upon exposure to (a) 10 ppm NO2 and (b) 50 ppm NO2.

The SWCNTs adhered on the bare surface as well as on
he treated surface exhibited a typical p-type electrical prop-
rty while decreasing the electrical resistance upon exposure to
NO2 atmosphere, as shown in Fig. 6. In order to investigate

he effect of APTES to the desorption process of our sensors the
xperiment was carried out at room temperature without heating
reatment. Fig. 6 shows the resistance changes when the sensors
ere exposed to 50 ppm NO2 for three cycles as a function of

ime. As seen in Fig. 6, the surface treatment by the APTES
onolayer did not affect the recovery time, the recovery time

eing even a little worse than the sensor without surface treat-
ent. The –OH groups on a bare SiO2 surface turn to the –NH2

roups of the APTES monolayer on the treated surface after
odification, as schematically shown in Fig. 7(a)–(c) shows the

nergy band diagram of the individual p-type semiconducting
WCNT on un-silanised and silanised SiO2, respectively, under
xposure to NO2 molecules. The NO2 molecules attached to

he walls of the SWCNTs acted as electron acceptor molecules.
he interaction between the amine groups of the APTES and

he semiconducting SWCNTs has been reported by Kong and
ai [18]. Electron donating due to the amine-terminating group

F
d
a

ig. 6. Resistance changes vs. time of the SWCNTs on a bare and treated surface
pon exposure to 50 ppm NO2 at room temperature for three cycles.

–NH2) on the monolayer will transfer electrons to SWCNTs,
hereby giving more charge carriers to the SWCNTs. Therefore,
t is reasonable to consider that the amine groups introduced
n the surface caused an enhancement of charge density in the
WCNTs and hence increased the amount of electron transfer
etween SWCNTs and gas molecules which increased the hole
urrent of p-type SWCNTs. Moreover, when a gas sensor is
ut in an environment containing some kinds of gas molecules,
he molecules are adsorbed onto the SWNTs, the APTES SAM
nd the metal electrodes. The metal/SWNTS interface is simi-
ar to the case without surface treatment. However, in the case
ig. 7. (a) The silanization of the SiO2 surface by APTES. An energy band
iagram of the individual semiconducting p-type SWCNT on (b) un-silanised
nd (c) silanised SiO2 upon exposure to NO2 gas molecules.
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s reported by Auvray et al. [17], which leads to the better
mprovement of gas sensitivity.

. Conclusions

In conclusion, we fabricated a gas sensor based on SWCNTs
ith and without surface treatment with an aminosilane SAM.
e investigated the electrical resistance response of the SWC-
Ts on the bare SiO2 surface and on the surface treated with

he APTES monolayer to ppm level of NO2 at room tempera-
ure. The SWCNTs adhered to the bare surface as well as on
he treated surface exhibited a typical p-type electrical property
f a decrease in resistance upon exposure to the NO2 atmo-
phere. The relative resistance changes of the SWCNTs to NO2
n the case of the APTES-treated surface were twice larger than
he case without surface treatment under the same conditions.
he surface treatment by the APTES did not affect the recovery

ime of the gas sensor. A significantly fast response time of the
ensor with the APTES-treatment was observed when exposed
o 10 ppm or 50 ppm NO2. The interaction between the SWC-
Ts/APTES and the gas molecules was also discussed. These

esults showed that the method for selective deposition of CNTs
elied on the SAM patterns can be further optimized for better
erformance of gas sensing. Thus, the method has high potential
or gas sensor applications.
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