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Abstract

Metal nanoparticles decorated single-walled carbon nanotubes (SWNTs) can lead to considerable enhancement in
sensing performance towards different gas analytes, however the sensing mechanism was not clearly elucidated. The
detailed sensing mechanism of hybrid gold-SWNT nanostructures toward hydrogen sulfide was investigated using
field effect transistor (FET) transfer characteristics. At low H,S concentrations (<100 ppby), FET transfer charac-
teristics show that the gold nanoparticles at the surface of SWNTSs acted as nano-Schottky barriers to predominately
modulate transconductance upon exposure to unfunctionalized SWNTs on gold electrodes which showed little or no
response upon exposure. Although the sensitivity of Au/SWNT toward H,S was strongly dependent upon the size
and number of gold nanoparticles, the sensing mechanism was independent of it.
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1 Introduction

Since the first demonstration of single-walled carbon
nanotubes (SWNTs) as highly sensitive gas sensors [1],
there have been numerous studies to understand the in-
teraction between carbon nanotubes and gas molecules
including NH;, NO,, CO, H,0O, CH,, O,, etc. [2-19]. The
possible sensing mechanisms include electrostatic gating
[1], interaction with pre-adsorbed oxygen species [3],
charge transfer from adsorbed gas species to carbon
nanotubes [4,5], alteration of the electrode work function
which lead to change in the carrier mobility due to forma-
tion or removal of Schottky barrier [12,15,20], etc. Al-
though significant progress has been made in understand-
ing the sensing mechanism of pristine SWNTs towards
gas molecules, the operation/sensing mode of surface
modified/functionalized SWNTs still remains ambiguous
[14,18,21-27]. While many covalent and noncovalent
methods have been employed to functionalize SWNTs
with various materials including polymers, metal oxides,
and metals [25], metal nanoparticles decorated SWNTSs
have been extensively studied and have shown to cause
great enhancement in sensing performance. Kong et al.
first demonstrated that surface modification of SWNTs
with palladium nanoparticles resulted in superior sensitiv-
ity toward hydrogen [26]. They attributed the response to
changes in the work function of palladium nanoparticles
upon exposure to hydrogen. By comparing aluminum
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nanoparticles decorated on SWNT to decoration on con-
tacts, Kim et al. found that sensitivity of contact decorat-
ed devices towards NH; and NO, markedly increased
compared to SWNT decorated devices, suggesting that
the higher sensitivity is mainly attributed to Schottky bar-
rier modulation between contacts/electrodes and SWNTs
[27]. Kauffman etal. [24] electrochemically decorated
SWNTs with different metal nanoparticles and exposed
them to NO,. They concluded that the sensor response is
a combination of both charge transfer at the SWNT-metal
nanoparticles and Schottky barrier modulation between
SWNTs and electrodes and it is a function of the individ-
ual work function of metal deposited. Recently, we dem-
onstrated that electrochemically decorated palladium and
gold nanoparticles on SWNTs resulted in a 0.4% per
ppmy and 0.07 % per ppby detection toward H, and H,S,
respectively, while carboxylated SWNTs showed no or
very little response towards these analytes [18,28], again
indicating that the sensing enhancement is due to the
presence of metal nanoparticles. However, a number of
questions remain as far as the sensing mechanism of
these hybrid nanostructures is concerned. In this report,
the sensing mechanism for gold nanoparticles decorated
SWNTs towards very low concentrations of H2S (2-100
ppby) was systematically investigated using field effect
transistor (FET) measurements at room temperature.
Gold was selected as both functional metal nanoparticles
and contact/electrode material for SWNTs to differentiate
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the role of metal nanoparticles and metal contacts/elec-
trodes on sensing mechanism. H,S was selected as analyte
of interest because of its strong interaction with gold
[28,29] at low concentrations (< 100 ppby) and its ab-
sence of interaction with SWNTs [28], avoiding any inter-
ference arising from nanotube-analyte interaction.

2 Methods

For sensor studies, 500 um thick heavily doped Si was
used as substrate where a SiO, dielectric layer (~100 nm)
was grown on the top of the substrate by thermal oxida-
tion. Photolithography was employed for the fabrication
of the source and drain gold electrodes. The thickness of
gold was ~180 nm with a ~20 nm thick chromium adhe-
sion layer. The electrode gap was approximately 3 pum.
Carboxylated SWNTs (Carbon Solution, Inc. Riverside,
CA, USA) dispersed in N,N-dimethylformamide solution
(DMF, Sigma Aldrich, MO, USA) were dispensed be-
tween electrodes and AC dielectrophoretically aligned
between the gold electrodes[30]. Note that the SWNTs in
this work are on top of gold electrodes and the contact
regions are fully accessible to the gas being analyzed. The
aligned SWNTs were then functionalized with gold nano-
particles using electrodeposition technique.
Electrodeposition of gold nanoparticles on SWNT net-
works was performed using a three electrode configura-
tion. The electrochemical cell was formed by dispensing a
3uL drop of commercial available gold electrolyte
(Techni. Inc, gold 25 ES, CA, USA) on top the SWNT
networks with platinum and chlorinated Ag wires posi-
tioned inside the droplets using micropositioner. The

Fig. 1.

SWNT networks along with the gold electrodes served as
the working electrode, while platinum wire and chlorinat-
ed Ag wire served as the counter and pseudo-reference
electrode, respectively. The electrodeposition was carried
out at 25°C and at ambient pressure. The details of elec-
trochemical deposition are reported elsewhere [28]. After
deposition, the electrodes were rinsed three times with
deionized water, to remove any salt residues and other
impurities present. Figure 1 shows schematic representa-
tion of a unfunctionalized SWNTs (i.e. carboxylated
SWNTs) and electrochemically functionalized SWNTs,
with their corresponding SEM images.

To determine the sensing mechanism, sensors were
configured in FET mode by using gold electrodes as the
source and drain electrodes, while heavily doped silicon
substrate as the back gate electrode. 100 nm thick SiO,
layer served as a dielectric layer. Transport and conduc-
tivity measurements were performed using a dual channel
Keithley source meter (Keithley-Model 2636A, CA). The
transfer characteristics of the device were measured by
applying a constant bias of 1 V between source and drain
while scanning gate voltage between +10 V at a scan rate
of 0.1 V/s. For each configuration, more than five devices
were fabricated and studied to investigate the reproduci-
bility and to ensure representativeness.

The sensors were wire-bonded and each sensor had a
typical resistance of 500 KQ to 1 MQ at room tempera-
ture. A 3.6 cm® glass chamber with gas inlet and outlet
ports for gas flow-through was placed over the sensor
chip. All experiments were conducted with hydrogen sul-
fide gas diluted in dry air (purity: 99.998 %) at a fixed gas
flow rate of 200 std. cm® min~". The whole sensor area
was exposed to the gas being analyzed; hence any change
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Schematic representation of SWNT devices used in this study: a) Carboxylated SWNT device aligned between gold electrodes

using AC field and b) Au nanoparticles decorated SWNT device. Corresponding SEM images of carboxylated and Au decorated

SWNTs are also shown.
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in device characteristics can be attributed to changes oc-
curring along SWNT channel and across Schottky barrier
between gold electrodes and SWNTs. To test the perfor-
mance of SWNT-FET devices towards H,S, a constant
source drain voltage of 1V was applied across the source
and drain electrodes, while gate voltages were swept from
—20V to +20 V in steps of 0.5 V. In all the experiments,
sensors were first exposed to zero grade dry air and then
to a desired concentration of H,S gas, and then back to
dry air which completed one cycle. Similar to transport
measurements, for gas sensing studies, more than three
devices for each sensor configuration were fabricated and
studied and representative results are reported here.

3 Results and Discussion

Figure 2a and b shows corresponding /-V and FET trans-
fer curves for SWNT-FET device, before and after elec-
trochemical decoration with gold nanoparticles. From the
I-V and FET transfer measurements, two clear differen-
ces are noticed. First and most obvious is the decrease of
source—drain current after electrochemical decoration for
all gate voltages. This is probably due to the introduction
of gold nanoparticles, which are preferably deposited at
defect sites on the SWNTs. These gold nanoparticles on
the surface of nanotubes may form localized charge de-
pletion regions [24] near the nanotube-nanoparticle inter-
face resulting in charge scattering sites and thus decreas-
ing the hole mobility. The second obvious change ob-
served in the FET transfer characteristics is the shift in
threshold voltage (V) towards negative gate voltage. The
absolute value of the shift was found to be around 1.1+
0.3 V. This shift may be due to ground state charge trans-
fer of electrons from gold nanoparticles to SWNTs result-
ing in electron-hole recombination and hence decreasing
hole density. Another possible reason for the negative
shift in V,, may be due to the displacement of oxygen
molecules [20] from the surface of SWNTs during gold
nanoparticle decoration. Simplified band diagrams for
carboxylated and gold decorated SWNTs are shown in
the inset of Figure 2b. The electron donation from gold
nanoparticles to SWNTs and/or displacement of oxygen
molecules from the surface of SWNTs may cause an in-
crease in SWNT Fermi level, resulting in greater down-
ward band bending of valence and conduction band
edges. Because of the greater downward band bending
experienced by gold decorated SWNTs compared to car-
boxylated SWNTs, a decrease in source-drain current is
observed for all gate voltages, consequently requiring
more negative gate voltages for the device to switch on.

Figure 3a and 3b shows representative sensor responses
for carboxylated SWNTs and gold nanoparticles decorat-
ed SWNTs FET devices towards low concentrations of
H,S. It can be clearly shown that at lower concentrations
of H,S (10-100 ppby), the carboxylated SWNT device ex-
hibits a negative shift in the threshold voltage (V) but
no change in its transconductance (i.e. a measure of slope
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Fig.2. a) Iyp—Vsp curve and b) Igp-V (transfer characteristics)

curve of SWNT FET device, before and after decoration of gold
nanoparticles. The transfer curves were measured at a constant
Vsp=1 V. Inset: Proposed band diagrams for carboxylated and
gold decorated SWNT-FET device configuration. M represents
the contact metal electrodes. Ey is the Fermi energy level and Ey,
and E are the valence and conduction band energies of SWNTs
and Au decorated SWNT respectively.

of source-drain current with respect to on-state gate volt-
age) value. If a H,S gas molecule which has high binding
affinity toward gold is modifying the nanotube-gold elec-
trode contact barrier, the result would be a change in
device mobility, indicated by a “tilt” in the observed
transfer curve and not the “shift” as observed here. The
observed “shift” could be due to charge transfer from
H,S to SWNT channel or due to the displacement of
oxygen molecules from the surface of SWNTs on expo-
sure to H,S gas. In order to corroborate the above obser-
vations, FET measurements were carried out for carboxy-
lated SWNTs in the presence of dry air and in the pres-
ence of nitrogen (purity: 99.98%) alone (data not
shown). It was observed that when the gas was shifted
from dry air to nitrogen, a shift in transfer curve was ob-
served. As theoretical studies predict very weak adsorp-
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Fig. 3. Transfer characteristics of a) carboxylated SWNT-FET device and b) Au decorated SWNT-FET device before and after expo-
sure to different concentrations of H,S. All the measurements were done at 25 °C with a constant Vi, of 1 V. ¢) Changes in transcon-
ductance of the device (AG/G,) and d) threshold voltage shift before and after exposure to H,S for carboxylated and Au/SWNT FET
device. G is the slope of I, with respect to V; at on-state. The error bars shown here are representation from 3 samples or more.

tion of H,S on graphitic structures at room temperature
[31], and based on our above-observed results, we con-
clude that the observed “shift” is mainly caused by the
displacement of oxygen molecules. By contrast, gold dec-
orated SWNTs show both “shift” and “tilt” in their FET
transfer curve after exposure to low concentrations (2—
100 ppby) of H,S. The observed shift is caused by Schott-
ky barrier mechanism [32] where adsorbed gas molecules
at metal-nanotube contact alter the work function of the
metal and thereby change the band alignment resulting in
carrier scattering and decreased hole mobility. Since both
deposited nanoparticles and contact electrodes are gold,
and no such “tilt” was observed for carboxylated SWNTs
device, the “tilt” observed here is mainly due to the inter-
action of the gas molecule at nanoparticle-nanotube in-
terface. Hence gold nanoparticles act as nano-Schottky
barriers, whose work function is lowered locally upon ex-
posure to H,S gas molecules, causing a decrease in
source-drain current across the SWNT channel. However
for high concentration of H,S (1000 ppby), both gold dec-
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orated and carboxylated SWNT-FET device showed large
decrease in source-drain current with no modulation with
respect to gate voltages, concluding that the modulation
of Schottky barrier at nanotube-gold contact interface is
the dominant mechanism for both carboxylated and gold
decorated SWNT device at higher H,S concentrations.
The effect of density and size of gold nanoparticles were
also investigated by examining Au/SWNT hybrid nano-
structures synthesized with different deposition charge.
For example, higher applied deposition charge led to
large gold nanoparticles decorated on SWNTs. Independ-
ent of the deposition charge, Au/SWNT show both “shift”
and “tilt” in their FET transfer curve upon exposure to
H.,S, which indicated that the sensing mechanism was in-
dependent of size and density of gold nanoparticles.
Figure 3c and 3d analyzes the changes in device trans-
conductance (AG/G,) and changes in carrier concentra-
tion (threshold voltage shift) for carboxylated SWNTs
and gold nanoparticles decorated SWNTs-FET devices at
different concentrations of H,S. A large change in trans-
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Fig.4. a) Real time detection of H,S at 25°C under zero gate

voltage for carboxylated and gold decorated SWNT device with
a constant Vgp of 1 V. b) Calculated sensitivity (AR/R,) of car-
boxylated and Au/SWNT devices, where R is the resistance of
the device at Vg of 1V and at zero gate voltage. The error bars
shown here are representations from 3 samples or more.

conductance with increasing H,S concentrations is ob-
served for Au-SWNTs, compared to practically no change
observed in the carboxylated SWNTs device. This indi-
cates that the sensing region that is most responsible for
conductance modulation is localized near the gold nano-
particle-nanotube interface. As the absolute values of
threshold voltage shift are almost similar for both car-
boxylated and gold decorated samples, it is hard to deter-
mine whether the shift observed in gold decorated
SWNTs is because of electrostatic gating at nanotube-
nanoparticle interface or displacement of oxygen mole-
cules as observed for carboxylated SWNT device or a
combination of both.

Figure 4a shows real-time responses of gold decorated
and carboxylated SWNT device towards different concen-
trations of H,S (at zero gate voltage). The sensitivity
(AR/Ry) of Au decorated and carboxylated SWNT devi-
ces is reported in Figure 4b. The results clearly show that
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the gold decorated SWNT device has a lower detection
limit and a greater sensitivity towards H,S compared to
the carboxylated SWNT device. As was demonstrated
above, this significant increase in sensitivity is primarily
due to the increased nano-Schottky barriers introduced
by gold decoration, resulting in local modulation of the
work function upon exposure to gas molecules.

4 Conclusions

The sensing mechanism of carboxylated and gold decorat-
ed SWNT-FET devices towards H,S was investigated.
Since the SWNTs were functionalized with same material
as the electrode contacts and the SWNTs had very low
adsorption capacity for the gaseous analyte, the role of
the functional elements on sensing could be isolated and
explained. These results indicate that gold nanoparticles
functionalized on SWNT surface act as nano-Schottky
barriers and play a dominant part in hole mobility modu-
lation by gaseous molecule interaction. We speculate that
the same mechanism may exist for other metals function-
alized on the surface of SWNTSs. Of course, the extent of
conductance modulation will depend on the choice of the
metallic functional element and on the gaseous analyte.
A greater understanding of the role of functional ele-
ments in sensing will help in optimizing SWNT-FET devi-
ces and will results in more sensitive and selective gas
Sensors.
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