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ABSTRACT: A Schottky contact-based hydrogen (H2) gas
sensor operable at room temperature was constructed by
assembling single-walled carbon nanotubes (SWNTs) on a Si/
SiO2 substrate bridged by Pd microelectrodes in a chemir-
esistive/chemical field effect transistor (chemFET) config-
uration. The Schottky barrier (SB) is formed by exposing the
Pd−SWNT interfacial contacts to H2 gas, the analyte it was
designed to detect. Because a Schottky barrier height (SBH)
acts as an exponential bottleneck to current flow, the electrical
response of the sensor can be particularly sensitive to small
changes in SBH, yielding an enhanced response to H2 gas. The sensing mechanism was analyzed by I−V and FET properties
before and during H2 exposure. I−Vsd characteristics clearly displayed an equivalent back-to-back Schottky diode configuration
and demonstrated the formation of a SB during H2 exposure. The I−Vg characteristics revealed a decrease in the carrier mobility
without a change in carrier concentration; thus, it corroborates that modulation of a SB via H2 adsorption at the Pd−SWNT
interface is the main sensing mechanism.
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1. INTRODUCTION

Hydrogen (H2) is a potentially emission-free alternative fuel
that is considered to be an ideal energy carrier in the
foreseeable future. Rapid and accurate H2 sensors with a low
detection limit have been of significant interest and in high
demand for safety concerns due to hydrogen’s low spark
ignition energy (0.017 mJ) and wide flammable range (4−
75%).1 Several types of H2 sensors

2 have been developed based
on metal oxides such as In2O3,

3 SnO2,
4 ZnO,5 NiO,6 and

TiO2.
7 However, each selective gas response requires a well-

controlled specific high temperature (a few hundred °C) to
achieve optimal sensitivity. While elevating the temperature of
the sensor accelerates the transport of gases, thus improving
both response and recovery times, it can also increase power
consumption and device complexity.
Palladium (Pd) has been found to be an excellent sensing

material for H2 due to its catalytic properties and high solubility
toward H2 under ambient conditions. It has been reported that
the reversible formation of palladium hydride (PdHx) is the
determining factor for Pd-based sensors, where any number of
effects could be exploited, including modulating its lattice
constant,8 conductivity,9 work function,10 or optical proper-
ties.11 Pd sensors that take advantage of H2-induced
modulation in resistance show good sensitivity but suffer
from delayed response and recovery times due to slow gas
transport processes. Pd nanocluster-based H2 sensors exploiting

a H2-induced lattice expansion show improved sensor response
times but albeit at the expense of low sensitivity.8

Schottky contact-based H2 sensors focus on the contact area
between the Pd electrode and the semiconductor, where the
modulation of contact barrier height is the key factor in
determining the performance of a sensor. A metal−semi-
conductor interface can possess rectifying or nonrectifying
energy levels, namely, Schottky or ohmic contacts, respectively.
In an ohmic contact, resistance is inversely proportional to the
cross sectional area perpendicular to the current and the charge
carriers can flow in either direction without rectification under
an applied potential. In an ohmic contact-based sensor, the
interface resistivity is made as low and as stable as possible to
place emphasis on the signal contribution coming from the
semiconductor itself. For a rectifying SB contact-based sensor,
the opposite effects are required. Because a SBH acts as an
exponential limit to current flow in accordance with the law of
thermionic emission,12 the aim of making the modulation of
SBH, the key factor in performance, can be achieved by making
the SBH a dynamic, sensitive and reversible function of the
target analyte concentration. An exponential dependence on a
key factor naturally overrides a linear dependency, yielding an
enhanced sensitivity sensor. This corroborates the fact that
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Schottky contact-base sensors have been found to show higher
sensitivities to analyte gases than ohmic contact-based sensors.
In accordance with the Schottky−Mott model, there is a linear
dependence between the SBH and the metal work function.
Thus, modulation in the metal work function leads to a direct
modulation in the SBH in the metal−semiconductor junction,
causing an exponential change in the conductance of the
sensor.
Over the past few decades, Schottky contact-based H2

sensors have been fabricated by the utilization of Pd with
various semiconductors, such as Si,13 TiO2,

14 and SnO2.
15

Although a vast improvement in sensitivity and low detection
limits have been achieved within these configurations, the SBH
on most semiconductors are found to have a much weaker
dependence on the metal work function than the Schottky−
Mott model suggests. This phenomenon, known as Fermi level
pinning, where interface states tend to pin the center of the
band gap to the Fermi level, along with undesired compound
formation,13 reduces the expected SBH and thus diminishing
the sensor performance.
Carbon nanotubes (CNTs) have been of significant interest

owing to their unique electrical, physical, mechanical, and
chemical properties, leading to a wide array of applications,
including supercapacitors, electrodes, field emission devices,
sensors, and other nanoelectronic devices.16 By taking
advantage of its quasi-one-dimensional (1-D) transport proper-
ties, CNTs have been widely used as chemiresistive/
ChemFETs gas sensors, offering the potential to outperform
the established two-dimensional (2-D) thick- and thin-film
sensors.10 In particular, weak Fermi level pinning is anticipated
in a metal−CNT contact because the pinning charge has to
compete with the large charge density at the van Hove
singularities in the density of states of CNTs.17 In other words,
the SBH should be completely controlled by the metal work
function in a metal−CNT contact (i.e., display Schottky−Mott
model behavior). This is in strong contrast to most bulk
metal−semiconductor junctions where Fermi level pinning
often dominates the SBH.17

In this work, we study the effects of p-type SWNTs in
contact with Pd electrodes and show that the development of
SBs at the contacts under H2 exposure enhances their sensing
performances. The sensing mechanism was confirmed by I−V
and FET properties characterization before and during H2
exposure. Even though the modulation of the SBH by H2 has
already been reported for a Pd−CNT contact,10 a H2 sensor
based on this configuration with high sensitivity and fast
response/recovery time has not been demonstrated. The Pd−
SWNTs sensor showed an enhanced sensing performance
when contrasted with other aligned SWNTs made with Pt, Cr,
and Au microelectrodes.

2. EXPERIMENTAL SECTION
Detailed information on these sensor configurations have been
described in our recently published paper.18 Briefly, various metal
microelectrodes including Pd, Pt, Cr, and Au patterned on oxidized Si
substrates (with a SiO2 thickness of 300 nm) were fabricated via lift-off
photolithography processes. Prior to use, prefabricated microelectrode
chips were sonicated in nanopure water, followed by an acetone rinse
to remove residues. The CNT suspension was prepared by adding 0.2
mg of commercially available carboxylated SWNTs (Carbon Solution,
Inc. Riverside, CA) in 20 mL of N,N-dimethylformamide (DMF,
Sigma Aldrich, MO) and sonicating the mixture solution for 90 min
until a well-dispersed solution was obtained. The supernatant of the
suspended SWNTs solution was collected after centrifuging at 15,000
rpm for 90 min.

To accurately align SWNTs across a prefabricated microelectrode, a
customized Teflon cell was employed to hold the microelectrode chip
and confine the suspended SWNTs solution for the AC dielectropho-
retic alignment. The electrical connection between the external
electronic equipment and the microelectrode chip was obtained by
clipping the chip with two 32 pin SOIC test clips purchased from
Pomona Electronics. Afterwards, 200 μL of the supernatant was placed
into the Teflon cell with the chip held for SWNT alignment. To obtain
optimized SWNT alignment, a 2 peak to peak voltage (Vpp) at 4 MHz
frequency was applied to the electrodes for an average of 10 s. A
Labview program was designed to command the Keithley 3390 AC
generator (aligner) and custom-made DAQ switcher for sequential
SWNT alignment. The synthesized sensors were rinsed with nanopure

Figure 1. (a) Real-time sensing response, (b) calibration curve, (c) response time, and (d) recovery time of AC aligned SWNTs on Pd
microelectrodes toward H2 at different concentrations. The sensing performance including sensitivity, response time, and recovery time are
characterized based on a sample number of 14.
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water, dried with ultra-pure N2 gas, and then annealed at 300 °C for 2
h in forming gas.
Back-gated FET properties (I−Vg characteristics) were measured by

sweeping the gate voltage from −20 V to +20 V with a fixed source-
drain voltage of 1 V during exposures of dry air and 2000 ppmv H2 gas
in dry air, respectively. Furthermore, the sensing performance was
investigated by assembling the sensing chip in a sealed Teflon sensing
cell with gas inlet and outlet ports for gas flow and then clipping the
chip to a Keithley 236 source measurement to obtain the electrical
connection. An applied potential of 1 V was given to each sensor and
the resistance was continuously monitored every 0.2 s for the 15
sensors by a custom-made LabView program. H2 gas was first diluted
in dry air to various concentrations and then introduced into the
Teflon cell at a total gas flow of 200 sccm for gas sensing
measurements.

3. RESULTS AND DISCUSSION

The sensing performance to H2 adsorption on the aligned
SWNTs bridged across the Pd microelectrodes configured as
chemiresistors was investigated at room temperature. These
sensors were sequentially tested with varied concentrations of
H2 gas ranging from 50 to 2000 ppmv with a period of H2
exposure for 15 min and a period with dried air for 20 minutes,
respectively. The transient response was plotted as the
normalized change in electrical resistance [ΔR/R0 × 100 =
(Rf − R0)/R0 × 100] % of sensors as shown in Figure 1a, where
Rf is the peak resistance and R0 is the initial baseline resistance
prior to analyte exposure. The ΔR/R0 increased to a steady-
state during H2 exposure and returned to its initial baseline
when switching H2 back to dried air. Figure 1b presents the plot
of ΔR/R0 as a function of H2 concentration showing a
logarithmic function relationship. The inset in Figure 1b depicts
the plot of ΔR/R0 as a function of H2 concentration on a semi-
log scale, yielding a rather straight line given by ΔR/R0 (%) =
3.440 × Ln ([H2]) − 8.584 with a correlation coefficient R2 =
0.9987. This relationship projects ΔR/R0 (%) ≈ 2.5% at 25
ppmv exposure.
Additionally, the response and recovery times are important

key factors when evaluating the overall sensing performance. In
general, the response time τ90 and the recovery time τ90 are
calculated, which are defined as the time for the sensor to reach

90% of its steady-state value and the time required for the
sensor to return to 10% of its maximum response. However,
the recovery time τ50, which indicates the time needed for the
sensor response to restore 50% of its maximum response, is
chosen for sensor performance evaluation owing to slow
recovery rates against rapid cycling of H2 concentration. Figure
1c,d illustrated the sensor response time τ90 and recovery time
τ50 at room temperature as a function of H2 concentration. The
average response time for the Pd−SWNTs sensor was
determined to be 10 min at H2 concentration of 50 ppmv.
The response time decreased rapidly to 1.13 min at H2

concentration of 2000 ppmv. A trend line of average response
time τ90 as a logarithmic function of H2 concentration for the
Pd-sensor gives τ90 = −2.43 × Ln ([H2]) + 19.47 with a R2 =
0.9989. Extrapolating to 25 ppmv of H2 gas gives an average
response time τ90 = 11.8 minutes. The average recovery time
τ50 was also reduced from 12.28 min at 50 ppmv to 0.37 min at
2000 ppmv of H2. Complete recovery was observed after the
final H2 exposure with recovery time τ100 of 30 min at 2000
ppmv.
The sensing performance (ΔR/R0 × 100)% of Pd−SWNTs

aligned sensor to H2 gas exposure is contrasted with other
aligned SWNTs made with Pt, Cr, and Au microelectrodes in
Figure 2a−c, respectively. The response of the Pt−SWNTs
aligned sensor shown in Figure 2a is mainly attributed to the
catalytic properties of Pt toward H2 adsorption. The adsorbed
hydrogen atoms exothermically react with oxygen molecules or
weakly adsorbed oxygen atoms on the Pt surface, leading to
hydroxyl radicals and/or water formation. The local heating
from this catalytic reaction is considered to be a major
contributor to the sensing response. However, this exothermic
reaction was not activated until H2 concentration exceeded 250
ppmv, and a very pronounced response (i.e., ΔR/R0 = 8.98%)
was obtained at 2000 ppmv of H2 gas. The drawback to the Pt−
SWNT aligned sensor is its slow response and recovery time
due to the slow gas adsorption processes at room temperature.
Even though the Cr−SWNT aligned sensor gave about the
same response (ΔR/R0 ≈ 2.5%) at 250 ppmv of H2 gas as the
Pt−SWNT aligned sensor, the Cr-sensor’s signal was more

Figure 2. (a−c) Real-time sensing response and (d) calibration curves of AC aligned SWNTs on (a) Pt, (b) Cr, and (c) Au electrodes toward H2 at
different concentration.
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distinct (less noisy). The Cr sensor also gave a larger response
than the Pt sensor at 2000 ppmv of H2 gas, with ΔR/R0 =
14.54% vs 9%, respectively. The sensor response of this device
is expected to be controlled by the trade-off between the
resistance decrease induced by the reduction of the native oxide
layer and the resistance increase from the CrHx formation.
Once the sensor is exposed under H2 gas, reduction of the
native oxide layer on the surface of the Cr electrode will release
the oxygen bonded electrons, increasing the electron
concentration and decreasing the resistance. On the other
hand, H2 is anticipated to cause an increase in the Fermi energy

of Cr, therefore, decreasing its work function.19 This leads to an
augment in the SBH at the Cr−SWNT interface, resulting in
the resistance to increase. In our work, Schottky becoming
“Schottkier” is considered to be the key factor to generate a
distinct positive sensor response, because the native oxide layer
on the surface of the Cr electrode is normally too thin to
produce any well-defined negative response. Note, however,
that the Cr-sensor exhibited no recovery after exposed to 250
ppmv of H2 gas and showed two distinguishable recovery rates
in the higher H2 concentration region. The plateaued ΔR/R0

region indicates that an irreversible process happened on the

Figure 3. (a) Response time and (b) recovery time of AC aligned SWNTs on Pd, Pt, and Cr electrodes towards 2000 ppmv H2. No recovery time for
Cr electrodes is included.

Figure 4. (a) Current (IDS) − voltage (VDS) and (b) IDS − VDS
1/4 characterization of AC aligned SWNTs on Pd electrodes in air (black) and 2000

ppmv H2 (red).

Figure 5. (a) Schematic representation (b) band diagram, and (c) equivalent circuit of SWNT devices in air (1) and H2 (2).
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surface of the Cr electrode, such as a hydrogenation. Due to the
much lower solubility of hydrogen in Cr than Pd, poorer
performance was observed in the Cr−SWNT aligned device
than Pd−SWNT. The Au−SWNT aligned sensor showed an
insignificant response at all tested H2 concentrations.
Figure 2d shows the (ΔR/R0 × 100)% response calibration

curve of the four (i.e., Pd, Pt, Cr, Au) SWNT aligned
chemiresistive H2 sensors, and the corresponding response/
recovery times plotted, as histograms referenced at 2000 ppmv
of H2 gas, are shown in Figure 3. The response time of the Pd
sensor was 8 times faster than the Pt sensor and about 11 times
faster than the Cr sensor, whereas the recovery time of the Pd
sensor was 46 times faster than the Pt sensor and the Cr sensor
never did recover. This substantiated that aligned SWNTs
bridged Pd microelectrodes had high affinity toward H2 gas and
outperformed other fabricated sensors in this study.
To confirm that the superior sensing performance from the

Pd−SWNT was primarily from the SB modulation at the
metal−semiconductor interface, electrical characterizations of
the sensors were performed. Room temperature I−Vsd
characteristics show a linear response for SWNTs in air and a
nonlinear, S-shaped I−V curve when the sensor was exposed to
2000 ppmv of H2 gas (Figure 4a). An ohmic contact was
anticipated at the Pd interface and SWNT due to the larger
work function of Pd (5.22 eV20) than that of SWNT (5.05
eV21). This assumption was corroborated by the experimentally
obtained linear I−V characteristic in air. During H2 adsorption,
atomic hydrogen is believed to dissolve into the Pd. Formation
of Pd−H rapidly lowers the electronic work function (i.e., ∼0.4
eV) and creates a SB at the interfacial Pd−SWNT contact.22

Figure 5 shows the schematic diagrams of the sensor device and
the band diagrams of Pd−SWNT−Pd contacts, demonstrating
an equivalent back-to-back Schottky circuit.
Among those back-to-back Schottky configurations where

the thermionic emission rule applies, three models were
frequently observed with regard to the number of MS interfaces
considered as well as the direction of the current flow. Some
papers (Model 1) treated back-to-back Schottky as a Schottky
diode where only one forward current is counted to calculate
the total current whereas other papers (Model 2) considered
the total current is a sum of two forward biased currents. In this
paper12 (Model 3), the total current is considered to be limited
only by the reverse biased junction because this is the true
bottleneck of the current. The reverse current can be explained
by the following equations:
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where Ir is the total current equal to the saturation current, A*
= 4πm*k2/h3 is the effective Richardson constant, A is the cross
section of the effective area perpendicular to the current, φb is
the effective barrier height, φ0 is the ideal barrier height, V0 is
the bias voltage, and Vbi = ϕb − ξ is the built-in potential, with ξ

being the energy of the Fermi level of the semiconductor
measured from the bottom of the conduction band.
From these equations, the logarithm of the reverse

thermionic current must be linear to the 4th root of bias
voltage, as shown in the Figure 4b. Hence, the reverse
thermionic emission current gives a satisfactory explanation of
the experimental results. However, the SBH is not able to be
extracted from a single I−V measurement because neither the
effective Richardson’s constant nor the electrically active area of
SWNT is known.17

FET characterization was carried out to confirm the SB based
sensing mechanism in the Pd−SWNT system. Typical FET
Ids − Vg curves in dry air and H2 gas are shown in Figure 6.

Notably, a decrease in source-drain current after exposure to H2
gas was observed irrespective of the gate voltages. This is
consistent with the anticipated decrease in p-channel
conductance due to the SB formation at Pd−SWNTs interface
upon exposure to H2. If the charge transfer and chemical
doping of the transducer is modulated by the gas molecules, an
ion gating effect is anticipated as a sensing mechanism, resulting
in a change in device carrier concentration with no change in its
mobility.23 In contrast, if an electrostatic gating effect becomes
the dominating sensing mechanism, the charge transfer
between a sensitive element and gas analyte or chemical
doping caused by gas molecules would alter the sensor’s carrier
concentration. Therefore, a redistribution of the charge carriers
therefore reflects a shift in Vth, while transconductance (i.e.,
carrier mobility) remains unchanged.
The carrier mobility was calculated using the following

equations:24

μ =
( )L W

C V

I
VSD SD

d
d

G SD

G

(Eq. 4)

with

εδ
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L W
t

( )( )
G

SD SD

DL (Eq. 5)

where μ is the carrier mobility (cm2/(Vs)), LSD is the length of
the SWNT or the electrodes’ gap size (3 μm), WSD is the width
of the CNT film (10 μm), dI/dVG is the transconductance (A/
V), CG is the capacitance (F), VSD is the applied source-drain

Figure 6. Current (ISD) − back gated voltage (VG) characterization of
AC aligned SWNT on Pd electrodes in air (black triangle) and 2000
ppm H2 (red square).
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voltage (V), ε is the permittivity constant (8.85 × 10−12 F/m), δ
is the dielectric constant of SiO2 (δ = 3.925), and tDL is the
thickness of the dielectric layer (300 nm). A mobility change of
23.2% was calculated. This result is consistent with the sensing
data.
Table 1 compares this work with the literature reported Pd−

CNT (graphene)-based room temperature H2 sensors,
including the sensors’ configurations and sensing performance
(i.e., dynamic range, sensitivity, response/recovery time, and
lowest detection limit (LDL)). These sensors were grouped
into two categories, depending on whether the transducer (i.e.,
CNT, graphene) was decorated with Pd (Category 2) or
without (Category 1). Category 1 includes sensors that are
based on either a single Schottky diode26,27 or a back-to-back
Schottky contact.10 Their gas sensing response is mainly
attributed to the modulation of metal−semiconductor (MS)
contacts in the interface of electrode and transducer. For
Category 2, Pd nanoparticles (NPs) or clusters are function-
alized to a single CNT, CNT array, or CNT films. Modulation
in the conductance of the transducer rather than the MS
contact was dominated during the gas detection, due to the
local SBH change induced by the Pd on the transducer upon
the H2 gas exposure.
Sensors obtained in this work show the best sensitivity

among the Pd−CNT based H2 gas sensors in Category 1; our
sensitivity is slightly higher than that of the Pd-single SWNT-
based device 10 but 1 or 2 orders higher than that from SWNT
films28 and graphene.27 In a single SWNT, a sensitivity of 0.02
% ppm−1 was achieved upon exposure to 0.5% of H2 gas, with
the presence of −5 V gate voltages. Sensitivity without the gate

voltage cannot be quantified here due to the resolution of the
figures provided but should definitely be higher than 0.02 %
ppm−1 owing to the diminished tunneling effect. SWNTs used
in this study are carboxylated SWNTs, which contain
carboxylated defects and stone-wall defects.29 Higher sensitivity
obtained in our work may be due to the presence of defects in
the SWNTs at the Pd/SWNT contact region, forming a defect-
Pd−H2 system, which therefore, augment the sensing perform-
ance.30 More detailed explanation will be given in a following
paragraph of this paper.
In a SWNT film or network, the presence of a mixture of

metallic (m-SWNTs) and semiconducting SWNT (s-SWNT) is
expected. Hence, the carriers are more likely to flow though the
m-SWNT, where no SB is constructed,31 and bypass the barrier
within the metal-s-SWNT contact, in accordance with the
parallel resistor law. This leads to attenuation in the signal and
lower the sensitivity of the sensor. In addition, the interactions
of adjacent aligned CNTs may lead to carrier screening effects,
hopping, or even Schottky junctions as semiconducting and
metallic tubes cross each other,32 therefore altering the carrier
transport behavior and the sensing performances. A stronger
“bypass” effect and interaction are anticipated in a CNT film,
rather than the aligned SWNTs in this work (a mixture of m-
SWNTs and s-SWNTs with a ratio of 1:2), which leads to a
diminished sensitivity in the film sample.
Compared to the sensors in Category 1, the Pd decorated

SWNTs (Category 2) show an improved sensing performance.
The highest sensitivity, almost 1 order higher than that of this
work, was obtained in a Pd and DNA cofunctionalized SWNT
based device.33 The Pd NPs are not only considered as the

Table 1. Characteristics of Various Pd−CNT (Graphene)-Based Room Temperature H2 Sensors

sensor configuration sensing performance

category substrate electrode transducer
Pd

decoration
dynamic range

(ppm)
sensitivity (%

ppm−1) τ90 (min)
τ50

(min)

@ H2
concentraion

(%)
LDL#

(ppm) year

1 Sa Pd aligned
SWNTs

N/A 25−2 × 103 0.074 1.1 0.37 0.2 25 this
work

S Pd single SWNT N/A 5 × 103−5 × 105 0.020 200310

Si Pd CNT film N/A 1.1 × 10−4 200326

S Au graphene N/A 50−1 × 104 6.8 × 10−3 0.94 0.40 0.2 50 201327

2 S Au/Ti single SWNT NPs 0.12 0.1 3.3 0.04 <40 200142

SWNT film 0.060 0.3 3.3 0.04 <40

S Pd SWNT film NPs 10−500 0.29 14 0.05 10 200528

Al2O3 Au SWNT film NPs 5 × 103−4 × 104 2.0 × 10−3 6.0 12.1 0.5 <5000 200515

glass Cr SWNTs NPs 100−1 × 104 1.0 × 10−4 5.3 2.9 0.1 <100 200743

PET Pd/Ti SWNTs CLsb 30−1 × 104 0.10 0.48 0.17 0.1 30 200744

S Au/Ti SWNT film NPs 100−3 × 103 0.42 11.2 57 0.2 100 200722

PET Pd/Ti SWNTs CLs 100−1 × 104 0.26 1.11 0.1 100 200845

S Pd/Ti single SWNT NPs 0.06 0.095 0.62 100 201030

Al2O3 Pt SWNT film/
SiO2

NPs 1−100 0.21 0.17 0.01 1 201146

Flc MWNT
yarns

CLs 20−4 × 104 6.0 × 10−3 2.3 0.68 0.1 20 201247

S Au DWNTs NPs 500−3 × 104 0.018 0.75 0.45 0.1 <500 201248

CNT paper NPs −7.7 × 10−5 1.9 0.54 5 360 201249

glass Pt CNT/Ni film NPs 200−1.6 × 104 1.4 × 10−3 1.9 × 10−3 0.038 0.2 200 201250

S Au/Ti SWNTs/
DNA

NPs 100−2 × 103 0.5 10.6 1.6 0.1 100 201333

S Au MWNT array NPs 500−1 × 104 2.8 × 10−4 1.9 0.54 0.1 <500 201351

S Au graphene NPs 1−1 × 103 0.027 0.90 4.62 0.1 1 201352

S Au SWNT film NPs 250−2.5 × 104 5.8 × 10−4 2.5 0.25 250 201353

aS: Si/SiO2 substrate. # LDL: lowest detection limit. bCLs: clusters. cFl: filament, @ H2 conc. (%) means at which H2 concentration the response/
recovery time was determined.
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catalyst to oxidize the H2 to H2O but also function as nanogate
electrodes to scatter the carriers in the SWNTs. Therefore, the
electrical resistance of the sensor can be altered significantly
and its magnitude increases with the number of Pd NPs.33

SWNT films that are electrochemically functionalized by Pd
NPs also have a high sensitivity toward H2 gas.

22 This could be
attributed to the alteration of the electronic work function of
the Pd upon the gas exposure, which leads to the modulation of
the local SBs in the interface of Pd NPs and SWNTs, thereby
resulting in the sensors’ electrical resistance change.
Presence of defects at the Pd/SWNT interfaces can also

enhance the sensitivity. It is known that defects can alter the
electronic properties of SWNTs because they can significantly
limit the mean free path of the carriers, thereafter creating a
potential drop along the SWNTs.34 When exposed to gases,
even though the adsorption of gas molecules (i.e., NH3) on
defective SWNTs are known to be easier than on defect-free
SWNTs,35 both of the defective and defect-free SWNTs are
reported to show no difference when exposed to H2 gas.30

However, Pd coverage on the defect has extraordinary
consequences on the improvement of the sensitivity towards
H2 gas, showing a 1000-fold increase in resistance change. The
author attributed this augmentation to a specific interdepend-
ence between defect sites’ electronic transmission and the
chemistry of the defect-Pd−H2 system.30 The effect of defects
was also observed in the electrochemically functionalized
SWNT films, where a superior sensitivity, over those are
synthesized by vacuum evaporation and sputtering, was
observed.22

In addition, existence of SBs within a CNT, except for
between the metal contact and the CNT, may increase the
sensitivity. When contacted with Pd, the local density of state of
the SWNTs exhibits substantial hybridization between the
SWNT and metal surfaces.36 In this case, no potential barrier
exists between the SWNTs and the Pd surface. This implies
that the SWNTs are no longer acting as semiconductors once
they are contacted with Pd. Therefore, any SB present would be
between a metallic-like and a semiconducting segment in the
same CNT.37,38 Those barriers are hosted along the CNT and
can be altered upon the gas exposure, thereby modulating the
electrical resistance of the sensor assembly.
Even though the sensitivity of SWNTs increases significantly

by the Pd decoration, their sensing performances are still
poorer than those are based on other semiconductors, such as
these Si,13 ZnO,39 and AlGaN.40 Those sensors are based on
either a single Schottky diode39,40 or a back-to-back Schottky
contact.13 It is expected that superior sensing performances will
be obtained from a CNT-based sensor, because the SBH should
be fully controlled by the metal work function in a metal−CNT
contact as opposed to most bulk metal−semiconductor
junctions. However, in a side-contacted CNT where the
depletion region extends perpendicular to the main axis of
CNT, there is only a short available distance in which the band
can realign to equilibrate the Fermi levels.32 Therefore, only
partial band realignment is possible, which will introduce
pinning to the surface of the CNT, causing the work function
control over SBH to fail. In addition, an even stronger pinning
effect is expected when a CNT is chemically functionalized with
foreign groups. Because the chemical groups (i.e., carboxylic
groups in this work) are mainly localized at the edges of the
CNT, the interface states in the metal−CNT contact area are
anticipated to increase. This will drive the junction’s perform-
ance away from the Schottky−Mott limit and result in Fermi

level pinning. Therefore, pinning should still be taken into
consideration in this work and be regarded as one of the main
factors that weaken the control over SBH from the metal’s
work function, consequently resulting in reduced sensing
response.
Furthermore, electron tunneling may be another factor that

alters the sensing performance of CNTs. In 2-D films or 1-D
structures with large diameters, doping or a high gate voltage is
necessary to narrow the SB width and then activate the carrier
tunneling. However, doping or a high gate voltage are not
essential in CNTs due to its exceptionally small diameter (∼1.4
nm) because the SB width can be narrowed by the internal
electric field, which is focused across the barrier. In other
words, the effective SBH that an electron can “see” is lowered
in the CNT because the electrons can tunnel though the SB
instead of “jump” over the barrier. In our work, the tunneling
effect is expected from the I−V0.25 plot shown in Figure 4b,
where the correlation coefficient (<1) shows a deviation of the
device’s behavior from the pure thermionic transport. In
addition, extra carriers, which are induced by either the intrinsic
defects in our CNTs or the chemical functionalization
processes, will further increase the possibility of tunneling
effect.12

Finally, the crystallographic structure of the metal surface is
essential in determining a SBH.41 Because the Pd electrodes in
this work are synthesized by e-beam evaporation, they are
polycrystalline with an average grain size of about 15−20 nm.
In this case, a nonuniform Fermi level is likely to position at the
Pd/SWNT interface, leading to the construction of nonuniform
SBHs. Variations in the modulation of these nonuniform SBHs,
which deviate the sensing performances from sample to sample,
explain the non-negligible error bars in the Figure 1b.

4. CONCLUSIONS

Chemiresistive H2 gas sensors were fabricated using SWNTs as
transducers bridged across various metal (e.g., Pd, Pt, Au, and
Cr) microelectrodes. The chemiresistive sensors with Pd−
SWNTs combination in this study demonstrated a significantly
higher sensitivity with notably faster response and recovery
times as compared to other Pd−CNT sensors fabricated. I−V
characteristic of the sensors was fitted with a back-to-back SB
configuration, where the reverse thermionic emission current
gives a satisfactory explanation of the experimental results. The
formation of Pd−H at the Pd−SWNT contacts lowers the work
function of Pd, thus modulating the SBH after electronic band
rearrangement. The sensors configured as FETs corroborates
that modulation of the SBH at the interfacial Pd−SWNT
dominates the sensing mechanism toward H2 adsorption with a
distinct signature (i.e., a decrease in carrier mobility without a
change in carrier concentration).
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