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ABSTRACT: “One key to one lock” hybrid sensor conﬁguration is
rationally designed and demonstrated as a direct eﬀective route for the
target-gas-speciﬁc, highly sensitive, and promptly responsive chemical gas
sensing for room temperature operation in a complex ambient
background. The design concept is based on three criteria: (i) quasione-dimensional metal oxide nanostructures as the sensing platform which
exhibits good electron mobility and chemical and thermal stability; (ii)
deep enhancement-mode ﬁeld-eﬀect transistors (E-mode FETs) with
appropriate threshold voltages to suppress the nonspeciﬁc sensitivity to all
gases (decouple the selectivity and sensitivity away from nanowires); (iii)
metal nanoparticle decoration onto the nanostructure surface to introduce
the gas speciﬁc selectivity and sensitivity to the sensing platform. In this
work, using Mg-doped In2O3 nanowire E-mode FET sensor arrays
decorated with various discrete metal nanoparticles (i.e., Au, Ag, and Pt)
as illustrative prototypes here further conﬁrms the feasibility of this design. Particularly, the Au decorated sensor arrays exhibit
more than 3 orders of magnitude response to the exposure of 100 ppm CO among a mixture of gases at room temperature. The
corresponding response time and detection limit are as low as ∼4 s and ∼500 ppb, respectively. All of these could have important
implications for this “one key to one lock” hybrid sensor conﬁguration which potentially open up a rational avenue to the design
of advanced-generation chemical sensors with unprecedented selectivity and sensitivity.
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I

Sysoev and co-workers developed a hybrid sensor arrays
composed of individual pristine SnO2, surface doped (Ni)SnO2 nanowires, and TiO2 and In2O3 whiskers, capable of
diﬀerentiating between H2 and CO reducing gases in the O2
background.20 However, all of these reported studies have
relied on the gas sensing mechanism by reading signal outputs
from the sensing elements in which the signals are mostly
overlapping but with diﬀerent gas selectivity and sensitivity.
Instead of identifying the speciﬁc target gas with a dedicated
sensor element, these mixed signals, potentially redundant and
fault tolerant, would make the gas discrimination implicit and
require tedious data processing/analysis via various pattern
recognition schemes.20−24 Until now, it is still an unresolved

n the past few decades, chemical gas sensing is perceived as
one of the most important technological developments for
the chemical process control, personal safety, and environmental sustainability, and so forth.1−6 High selectivity and
sensitivity, fast response, room-temperature operation, and
long-term reliability are the key requirements for practical
operations of these sensors.7−13 In this regard, among various
active sensing materials, quasi-one-dimensional metal oxide
nanostructures, such as nanowires and nanobelts, have been
extensively investigated due to their extraordinary surface-tovolume ratio and excellent chemical and thermal stabilities
under a wide spectrum of operating conditions.14−17 For
example, Comini et al. explored single-crystalline SnO 2
nanobelts for the eﬀective detection of CO, NO2, and
C2H5OH down to the ppm level by modulating the operating
temperature between 300 and 400 °C.18 Pd-doped SnO2
nanoﬁbers were also exploited for the selective detection of
C2H5OH.19 Later, besides employing a single sensing element,
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Figure 1. Illustration of the design concept “one lock to one key” sensor conﬁguration. (a) Conventional D-mode FETs for the detection of both
reducing and oxidizing gases. (b) Deep E-mode FETs with very large positive threshold voltage yield no response to any target gas. (c) Combing the
deep E-mode FETs as a sensing platform, metal nanoparticles are decorated onto the nanowire channel surface to introduce the gas speciﬁc
selectivity and sensitivity to the particular target gas to achieve the ideal “one lock to one key” conﬁguration, exhibiting the unique single target gas
speciﬁc response.

challenge to design and achieve the selective, real-time chemical
gas sensing of speciﬁc target gas in a highly complex
background with a quick response, great sensitivity, and longlasting stability.
The present Letter provides a facile and rational design of an
ideal hybrid chemical gas sensor which is constructed based on
the “one key to one lock” conﬁguration, with diﬀerent sensing
elements (“key”) speciﬁc to various target gases (“lock”)
integrated into a single platform. In this work, enhancementmode (E-mode) Mg-doped In2O3 nanowire FET arrays with
appropriate threshold voltages are employed as the fastresponse and reliable gas sensing platform, while various
discrete metal nanoparticles (Au, Ag, and Pt) are decorated
onto the nanowire channel to provide the gas speciﬁc selectivity
for reducing gases (e.g., CO, C2H5OH, and H2). The versatility
of these hybrid sensors can be demonstrated with the sensitivity
down to sub-ppm level with a fast response time of ∼4 s,
therefore enabling the direct discrimination of diﬀerent target
gases with unprecedented selectivity and sensitivity for the
next-generation practical gas sensing.
The design concept is simple and the corresponding
theoretical support can be found in Supporting Information,
Figure S1. In brief, it is well-known that the electron transfer
between metal oxide nanowires and gas molecules would lead
to the FET conductance modulation such that oxidizing
(reducing) gases can serve as electron withdrawing (donating)
groups and thus change the channel carrier concentration.22,25,26 Speciﬁcally, in the case of n-type nanowires, when
an oxidizing gas (e.g., O2) is introduced to the sensor, the
following reaction happens:

nanowire FET sensors is deﬁned as the change of output
current at the zero gate bias which is similar to the resistance
sensors. Based on this deﬁnition, n-type depletion-mode FET
would exhibit response to both reducing and oxidizing gases,
since the output current, Ids, increases (decreases) with the
introduction of reducing gas (oxidizing gas) at Vgs = 0 V
(Figure 1a and Supporting Information, Figure S1a). Notably,
this mixed signal can only discriminate diﬀerent types of gases
by the pattern recognition, which is not gas-speciﬁc. In contrast,
n-type E-mode FET can only give response to reducing gases
but no detection for oxidizing gases. It is due to the fact that the
oxidizing gas exposure would decrease the carrier concentration, shift the threshold voltage to a more positive direction,
and yield a nil output current at the zero gate bias.
Furthermore, for the deep E-mode FET which has a larger
positive threshold voltage, even reducing gases at decent
concentration can hardly switch on the transistor so that no gas
can be detected (Figure 1b and Supporting Information, Figure
S1b). Without the sensitivity, this deep E-mode nanowire FET
conﬁguration here can actually provide an ideal gas sensing
platform due to the large nanowire surface area collecting target
gas molecules, eﬃcient electron transport transmitting output
signals, as well as high crystallinity achieving long-term
chemical and thermal stability. Then the gas selectivity and
sensitivity can be introduced into the nanowire surface by
decorating various metal nanoparticles.27−29 More importantly,
each type of these metal nanoparticles can respond to a speciﬁc
gas molecule through diﬀerent catalytic reaction such that this
detection can achieve the almost perfect gas selectivity with
high performance. For instance, it is reported that Au
nanoparticles could give the excellent response to the CO
oxidation activity even at subambient temperatures due to the
low activation energy barrier for the CO oxidation.30−33 In
addition, Pt nanoparticles are used in the selective detection of
H2 since they can catalytically activate the dissociation of
hydrogen molecules to form atomic hydrogen. The atomic
hydrogen can then further diﬀuse to the surface of metal oxide,
which facilitates the reaction between hydrogen and the
adsorbed oxygen.34−36 Also, Ag nanoparticles are illustrated
to yield the outstanding sensitivity to C2H5OH in previous
reports.37−39 In this case, combining deep E-mode nanowire
FETs with the metal nanoparticle decoration, ﬁnally, a rationaldesigned “one key to one lock” hybrid sensor is achieved which
allows the real-time detection of a single compound among a
mixture of ambient gases (Figure 1c and Supporting
Information, Figure S1c).
In this design, three criteria are necessary: (i) quasi-onedimensional metal oxide nanostructures as the sensing platform

O2 + e− → 2O−

This way, O2 serves as charge accepting molecules and
withdraw electrons from the surface of metal oxides, results
in a reduction of the carrier concentration and consequently
lowers the conductance of the nanowire channel. On the other
hand, if the sensor is exposed to a reducing gas (e.g., CO), the
following reaction will take place:
CO + O− → CO2 + e−

Here, the reducing gas would react with the adsorbed oxygen
ions on the surface of nanowire and thus leads to an increasing
carrier concentration and enhance the channel conductance. As
a result, the FET conductance can be modiﬁed with the
presence of diﬀerent target gases (oxidizing vs reducing) in the
environment as the sensor signal outputs.
Considering the requirement on low power, easy integration,
and simple operation, in the current studies, the sensitivity of
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particles are presented in the Figure 2b inset. Because of the
strong atomic number contrast of HAADF, Ag particles appear
to be bright spots in the image,16 which again conﬁrms the
uniform particle distribution and high density here.
Figure 3a illustrates the schematic of this hybrid chemical gas
sensor which is used for the performance analysis in this
experiment. The sensor array is composed of three individual
Mg-doped In2O3 NW back-gate FETs. In the previous study, Emode back-gated FETs fabricated with Mg-doped In2O3 NWs
have been reported in detail.40 The threshold voltage can be
eﬀectively modulated through varying Mg content in the NWs.
With the metal nanoparticle decoration (Au, Ag, and Pt), this
hybrid nanostructured sensor array is designed to achieve the
gas speciﬁc detection of single reducing gas in a mixture of
ambient gases. Figure 3b (top left) shows the optical image of
the ﬁnished chemical sensor chip, where Mg-doped In2O3 NWs
are dispersed in the center. Metal nanoparticles (Au, Ag, and
Pt) are then deposited on the surface of three individual NWs,
respectively, through the JEOL 6510 SEM with NPGS electron
beam lithography (Supporting Information, Figure S2). The
corresponding SEM image of NW FET array is shown in Figure
3b (right) while Figure 3b (bottom left) gives the high
magniﬁcation SEM image of Au nanoparticles decorated Mgdoped In2O3 NW. Moreover, the evolution of Ids−Vgs curves
with the noble metal deposition is presented in Figure 3c. The
threshold voltage of pristine Mg-doped In2O3 NW FETs is
about +10 V. With the metal deposition, it is obvious that there
is signiﬁcant reduction in conductance and a positive shift in
threshold voltage. This phenomenon is probably due to the
reduction in carrier concentration which can be explained by
the “spillover eﬀect”.42,43 According to this mechanism, metal
particles catalytically activate the dissociation of molecular
oxygen, whose atomic products then diﬀuse to surface of the
metal oxide. This way, the atomic oxygen can withdraw
electrons from the metal oxide and reduce the corresponding
carrier concentration.16,44
To shed light to investigate the sensor performance, further
measurements on the sensor arrays are performed: (i) at room
temperature, (ii) using fresh ambient air as the background gas
to simulate the practical environment and (iii) one of the four
target gases (pure O2, H2, C2H5OH and CO) is added to the
continuously ﬂowing air stream at a low concentration of 100
ppm. The sensors are then measured at a ﬁxed condition
including temperature, humidity and Vgs sweep rate in order to
avoid the disturbance of any uncertain random circumstance. In
speciﬁc, the hysteresis of Ids−Vgs curve is observed when Vgs is

which exhibits good electron mobility and chemical and
thermal stability; (ii) deep E-mode FETs with appropriate
threshold voltages to suppress the nonspeciﬁc sensitivity to all
gases (decouple the selectivity and sensitivity away from metal
oxide nanostructures); (iii) metal nanoparticle decoration onto
the nanostructure surface to introduce the gas speciﬁc
selectivity and sensitivity to the sensing platform. To achieve
all of these requirements, Mg-doped In2O3 NW FET arrays are
employed as sensing platform due to their controllable carrier
concentration and superior electron mobility among metal
oxide nanostructures.40 Their channel surfaces are then
decorated/functionalized with metal (Au, Ag, and Pt) nanoparticles by the thermal or electron beam deposition and
subsequent heat treatment processes at 200 °C. Here, metal
(Au, Ag, and Pt) nanoparticles are utilized to trigger the gas
speciﬁc detection through the particular oxidation activity of
CO, C2H5OH, and H2, respectively, in a complex ambient
background.
Figure 2 shows transmission electron microscope (TEM)
images of In2O3 NWs decorated with Au, Ag, and Pt

Figure 2. (a) TEM image of an Au-decorated In2O3 NW. The Au
particles, 2−5 nm in diameter, cover the surface of the NW uniformly.
(Inset) The corresponding HRTEM image of the NW. (b) TEM
image of an Ag-decorated In2O3 NW. (Inset) The corresponding
HAADF image. (c) TEM image of a Pt-decorated In2O3 NW.

nanoparticles. It is clearly observed that the metal particles,
which appear as dark spots, are distributed uniformly and
densely on the surface of In2O3 NWs. The corresponding highresolution transmission electron microscope (HRTEM) image
(Figure 2a inset) depicts that Au particles are 2−5 nm in
diameter which is similar with the other two metals (Ag and
Pt). The advantages of this small size and high density
distribution can eﬀectively introduce and enhance the response
toward the target gases.16,41 High-angle annular dark-ﬁeld
(HAADF) image of the single In2O3 NW decorated with Ag

Figure 3. (a) Schematic of the hybrid chemical sensor arrays, composed of three individual Mg-doped In2O3 NW FETs. The surface of NWs is
decorated with Au, Ag, and Pt nanoparticles, respectively. This sensor is designed to achieve the gas speciﬁc detection of single compound (CO,
C2H5OH, and H2) in a mixture of ambient gases. (b) Optical (top left) and SEM (right) image of the chemical sensor arrays. (bottom left) High
magniﬁcation SEM image of Au decorated Mg-doped In2O3 NW. (c) Ids−Vgs curves at Vds = 1 V for the back-gated Mg-doped In2O3 FETs with and
without the metal decoration.
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swept from −40 V to +40 V and back to −40 V; however, the
hysteresis does not show any signiﬁcant diﬀerence upon the
exposure to diﬀerent gases (Supporting Information, Figure
S3). Additionally, there is no obvious hysteresis for Ids-Vds
curves as Vds is swept from 0 V to +1 V and back to 0 V
(Supporting Information, Figure S4). All of these suggest the
consistency of our hybrid sensor performance operated at room
temperature. The representative Ids−Vgs curves of Au decorated
E-mode FETs is then shown in Figure 4a. Obviously, at Vgs = 0

state at Vgs = 0 V. This way, the sensor can indeed provide the
almost perfect gas selectivity to CO in this hybrid conﬁguration.
Figure 4 panels b, c, and d represent the Ids−Vds characteristics
at Vgs = 0 V for Au-decorated, Ag-decorated, and Pt-decorated
FETs. At low Vds, Ids increases linearly with Vds, indicating that
ohmic contacts are successfully formed between the NWs and
the source/drain electrodes, regardless of the metal-functionalization. Importantly, the gas speciﬁc enhancement in the FET
conductance can be clearly demonstrated with Au, Ag, and Pt
nanoparticles decorated nanowire channels for the selective
detection of CO, C2H5OH, and H2, respectively. Notably, an
absence of conductance change for the O2 exposure also can be
observed, which further conﬁrms the gas selectivity of the
sensor conﬁguration in this work.
Besides the selectivity, sensitivity is another important
requirement for the high-performance chemical gas sensors,
and the experimental ﬁndings on the sensor sensitivity will be
discussed in this section. The sensor sensitivity (S) is deﬁned as
S = Ig/Ia, in which Ig and Ia are, respectively, the steady-state
output current values measured with the analytic gas added to
the air stream and just the air stream alone. Figure 5a plots the
current change for Au decorated E-mode FET sensor arrays at
Vds = 1 V and Vgs = 0 V as a function of time. Six cycles are
successively recorded, corresponding to six diﬀerent CO/air
concentrations ranging from 100 ppm down to 0.5 ppm,
respectively. As predicted, the introduction of these decreasing
CO concentrations would lead to a little reduction of the
nanowire carrier concentration which subsequently increases
the channel resistivity and thus lowers the output current.
Obviously, the sensor exhibits a nearly linear response to CO in
the range of 0.5−100 ppm (Figure 5b). Such favorable
characteristics indicate that the present sensor is very suitable
for the detection of CO at low levels. The largest response, up
to 3 orders of magnitude (∼2200), is observed upon the 100
ppm CO exposure. This is one of the best values so far
reporting for the metal oxide nanomaterials based CO gas
sensors, which can be ascribed to the high on/oﬀ output
current ratio of these deep E-mode FETs employed here.
Moreover, high-performance sensors are also expected to
respond eﬃciently (e.g., in a short response time) for the target
gases for practical applications. Here, the response time is

Figure 4. (a) Ids−Vgs curves at Vds = 1 V for the Au decorated E-mode
FETs upon the exposure to various gases at a low concentration of 100
ppm. A family of Ids−Vds curves at Vgs = 0 V for (b) Au decorated, (c)
Ag decorated, and (d) Pt decorated E-mode FETs toward the gas
speciﬁc detection of O2, H2, C2H5OH, and CO.

V, only diluted CO brings about a remarkable change in the
output current due to the signiﬁcantly enhanced catalytic
activity for CO oxidation induced by the Au nanoparticles.
Although other reducing gases (H2 and C2H5OH) would also
shift the threshold voltage to the negative direction slightly as
well, the alteration is not suﬃcient to switch the FETs to onstate. In addition, the oxidizing gas (O2) causes the threshold
voltage a positive shift which infers that the FETs is still in oﬀ-

Figure 5. (a) Current change of the Au-decorated sensor upon exposure to 0.5, 1, 10, 20, 50, and 100 ppm CO gas at Vds = 1 V and Vgs = 0 V. (b)
The variation of sensitivity and response time of the E-mode FET sensor arrays with the diﬀerent concentrations of CO. (c) Performance
reproducibility of Au decorated E-mode FET sensor arrays to the 1 ppm CO exposure. Bar chats summarize the sensitivity of the (d) Au-decorated,
(e) Ag-decorated, and (f) Pt-decorated E-mode FET sensor arrays to the diﬀerent gas at 100 ppm concentration.
3290

dx.doi.org/10.1021/nl401498t | Nano Lett. 2013, 13, 3287−3292

Nano Letters

Letter

Notes

deﬁned as the time required reaching 90% of the total response
of the output current upon exposure to the target gas. Figure 5b
as well illustrates the typical response time of the Au decorated
E-mode FET sensor arrays to diﬀerent CO concentrations. The
response time to the range of 0.5−100 ppm in the CO
concentration is around 8 to 4 s, accordingly. These times are
short enough for practical applications. To further check for the
performance stability, Ids−Vgs curves at Vds = 1 V upon 100
ppm CO exposure are measured several times at intervals of 20
min (Supporting Information, Figure S5). There is no
signiﬁcant change in both hysteresis and threshold voltage,
indicating the good stability of the sensor in the test
environment. In addition, the response to 1 ppm CO exposure
is measured for several cycles, as shown in Figure 5c. Nearly
constant sensitivity to this 1 ppm CO introduction shows that
the sensor has good reproducibility. The bar chats of Figure
5d−f summarize the response of the sensor arrays to diﬀerent
target gases (at 100 ppm concentration). Apparently, sensors
decorated with Au and Ag nanoparticles exhibit excellent
performance in both selectivity and sensitivity to CO and
C2H5OH, respectively. Although Pt decorated sensors show a
slight fall in the selectivity, their performance can be further
improved through modulating the threshold voltage to more
positive values, therefore providing the better discrimination of
H2 among the other gases.
In summary, the presented work rationally designs an ideal
“one key to one lock” hybrid sensor conﬁguration which can be
used in the selective detection of a speciﬁc reducing gas among
the complex ambient background. In comparison with the
conventional chemical sensors whose selectivity is based on
reading out overlapping signals of several diﬀerent target gases,
this rational-designed sensor has a unique advantage in the
speciﬁc eﬃcient response to one particular target gas. To
demonstrate our rational design for the highly selective
reducing gas sensor, Mg-doped In2O3 NW E-mode FET arrays
are decorated with metal nanoparticles (Au, Ag, and Pt) and
employed as the illustrative prototypes. The sensors are
operated and tested at room temperature for their ability to
distinguish among three reducing gases (CO, H2, and
C2H5OH), which they are able to diﬀerentiate unequivocally.
Furthermore, the sensors also exhibit high sensitivity, low
power, and fast response, which are important for the practical
applications. As a result, this unique approach can indeed
facilitate a new avenue to nanowire-based highly selective and
sensitive gas sensors to impact broadly from chemical sensors
to biosensors.
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