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Field-effect transistors based on a single SnO, nanowire were successfully fabricated, and their photon- and
gas-sensing properties were investigated. It is found that the sensitivity of single SnO, nanowire based devices
was remarkably improved by surface functionalization with ZnO or NiO nanoparticles. The heterojunction
between the surface coating layers and SnO, and the corresponding coupling effect of the two sensing materials
play a critical role in controlling device sensitivity.

1. Introduction

Metal oxides such as SnO,, ZnO, WOs3, and In,O3 are widely
used as sensing materials in industry, such as environmental
monitoring, security systems, biomedical instruments, and
healthcare systems.!= The general sensing mechanism of these
sensors is based on the resistance change of the functional
sensing elements when they are subject to different environments
such as different gases, light, and humidity. One-dimensional
(1D) metal oxide nanostructures based sensing devices are of
great importance for significantly improving the performance
of sensors built using thin film technology. Due to the excellent
physical and chemical properties resulting from the reduced
sizes, 1D metal oxide nanostructures like nanowires (NWs) and
nanobelts (NBs) are regarded as promising candidates for use
as sensing units and have drawn much attention recently. To
date, a series of nanosized chemical sensors have been suc-
cessfully constructed."'3 In comparison with traditional metal
oxide sensors, these metal oxide NW or NB-based sensors
exhibit many advantages, such as lower operating temperature
(even at room temperature), higher sensitivity (part-per-billion
and above), and better compatibility with existing microelec-
tromechanical system (MEMS) technology.

Among all of the metal oxide sensing materials, SnO, is one
of the most promising substances due to its high sensitivity and
stability, which ensure superior performance of these devices.
However, to explore the detection limit and enhance measure-
ment accuracy is still a challenge for the SnO,-based sensing
devices. Recently, many solutions have been developed to
improve the sensing performance of SnOj-based sensors,
including optimization of operation temperature,'* surface
functionalization,”> doping of other additives into the SnO,
matrix,'®!” and incorporation of a heterojunction system.!8-2!
However, most of these efforts are focused on those conven-
tional metal oxide sensors (i.e., powder or film-based sensors)
rather than the sensors based on a single 1D nanostructure.
Considering the special geometrical characteristic of 1D nano-
structures, the sensing performance of SnO, NW and NB-based
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sensors has a strong dependence on their surface states.
Therefore, surface functionalization is a very effective strategy
for enhancing the sensitivity of the devices.

Previous work on surface functionalization has been focused
on coating of transition metal catalysts (such as Au, Pt, and
Pd) and other metal oxide sensing materials (such as CuO, NiO,
and Sby03). The general working principle of these additives
for surface functionalization can be classified into three cat-
egories: (1) introducing more structure defects in metal oxide
sensing materials by diffusion of the additives; (2) accelerating
the gas reaction on the metal oxide surface by catalytic action
of the additives; (3) changing surface band structure of metal
oxide sensing materials by the formation of heterojunctions
including p—n junctions and n—n junctions. Efforts have been
devoted into the improvement in sensing performance of 1D
SnO, nanostructure based sensors according to these methods.>!52?
For example, Kolmakov et al. reported that gas sensitivity was
enhanced by functionalizing a single SnO, NW/NB with Pd
particles.” And the study of Qian et al. demonstrated that the
detection limit of a single SnO, NB-based sensor could reach
10 ppm for CO after modification by Au nanoparticles.??

In this article, field-effect transistors (FET) based on single
SnO, NW were successfully fabricated, and the corresponding
photon- and gas-sensing performances were systematically
investigated. It is demonstrated that the sensitivity of the device
can be remarkably improved by surface functionalization with
ZnO or NiO nanoparticles via magnetron sputtering. The
heterojunction between the surface coating layers and SnO, and
the corresponding coupling effect of the two sensing materials
play a key role in enhancing the sensitivity. This method can
work as a feasible solution to improve the selectivity of SnO,-
based sensors and accelerate the commercialization of metal
oxide nanodevices.

2. Experimental Section

The SnO, NWs used here were synthesized by a thermal
evaporation method reported in ref 23. In a typical experiment,
an alumina boat loaded with 2 g of SnO; and graphite (molar
ratio 1:4) mixed powder was placed in the middle of a horizontal
tube furnace. And then the system was heated to 1000 °C for
2 h with Ar gas at a flow rate of 50 sccm and a pressure of 200
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Figure 1. (a) Schematic illustration of a single SnO, NW-based FET. (b) A single SnO, NW-based FET packed in a chip. (c) Output characteristic
curves (i.e., gate-dependent /—V curves) and (d) transfer characteristic curve (i.e., /— Vg curve) of the single SnO, NW-FET recorded at room
temperature. The inset in (c) is a corresponding SEM image of the single SnO, NW.

Torr. The as-synthesized SnO, NWs were then collected and
dispersed in ethanol. The devices were fabricated by transferring
the NWs onto a silicon substrate with predefined Au electrodes.
In this way, the NW was lying across the Au electrodes. Then,
a 500 nm thick Pt layer was deposited on the contact point of
the SnO, NW and Au electrode by focused ion beam (FIB)
deposition to enhance the contacts. Surface functionalization
of SnO, NWs was carried out in a magnetron sputtering system.
The average sizes of ZnO particles and NiO particles deposited
on the surface of single SnO; NWs were 10 and 2 nm,
respectively. Scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and energy dispersive X-ray
spectroscopy (EDS) were used to characterize the structures and
composition of SnO, NWs after deposition of NiO and ZnO. It
should be noted that the characterization studies before and after
surface functionalization were carried out on the same SnO,
NW, which eliminated the variation in properties in different
NW samples.

3. Results and Discussion

3.1. Field-Effect Transistor Properties of a Single SnO,
NW-Based Nanodevice. Figure la is a schematic illustration
of a single SnO, NW-based FET, in which two metal leads are
used as source and drain electrodes, the silicon substrate acts
as the back gate, and a 300 nm thick SiO, serves as the
insulating gate dielectric layer. As shown in Figure 1b, the single
SnO, NW-based FET was packed in a chip by wire bonding.
In Figure lc are typical output characteristic curves obtained
from the nanodevice at different V, from —15 to +15 V. The
linear /—Vjys curves indicate that the SnO, NW has an ohmic

contact with metal electrodes. Figure 1d is a typical transfer
characteristic curve obtained from the device at Vg of 5 V. It
is found that the conductance (i.e., /gate) of the single SnO; NW
increases with a sweeping positive gate voltage (i.e., V,) from
—25 to +25 V. The transport characteristics show the perfor-
mance of a typical n-type depletion metal oxide FET. From the
transfer characteristic curve, transconductance (gm = 0las/0Vy)
of this single SnO, NW-based FET is calculated to be 6.0 nS
and the effective field-effect carrier mobility (u.) is also
estimated to be 30 cm?/V+S according to gy, =ueVysCZ/L where
L is the channel length, Z is the channel width, and C is the
oxide capacitance per unit area.?*

3.2. Enhancing Sensing Properties of a Single SnO, NW-
Based Nanodevice by ZnO Nanoparticle Surface Function-
alization. As discussed previously, surface functionalization is
an effective method in improving the device performance. We
first present the effect of surface functionalization on the
electrical properties of the NW. ZnO nanoparticles with about
10 nm in thickness were deposited on the surface of SnO, NWs
via magnetron sputtering (see the inset of Figure 2a). Figure 2a
shows typical /—V curves of the single SnO, NW-based device
before and after ZnO deposition at air and room temperature.
From this figure, it is found that surface functionalization with
ZnO nanoparticles can largely increase the conductivity of SnO,.
According to our calculation, the resistance (2.86 x 10° Q) of
ZnO-functionalized SnO; NW is only /1 of that (2.83 x 107
Q) of SnO, NW without functionalization. The increase in the
conductance should originate from the change of surface
structure and defects in SnO, NWs. In the deposition process,
the bombardment caused by ZnO deposition produces high-
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Figure 2. (a) [—V curves of the single SnO, NW-based device before and after ZnO deposition. The inset is the corresponding SEM image of the
single SnO, NW device after ZnO deposition. The deposition thickness of ZnO is about 10 nm. (b) Photoconductance response curves of the single
SnO, NW-based sensor before and after surface functionalization with ZnO nanoparticles. The wavelength of UV light in our studies is 365 nm.

density oxygen vacancies on the surface of SnO, NWs. The
increase of structure defects will inevitably bring an important
influence on photoelectrical properties such as photoconductance
and gas sensing of the device.

Figure 2b shows two photoconductance response curves of
the SnO, NW before and after surface functionalization with
ZnO nanoparticles. The measurements show that when the SnO,
NW was exposed to UV light, the current abruptly increased
and reached a steady value, and when UV light was shut off,
the current gradually recovered to the initial value. It is worth
mentioning that the response sensitivity (S = Rgak/Ruy) of the
single SnO, NW functionalized with ZnO nanoparticles is 1.50,
which is almost 2 times higher than that of the initial SnO,
NW-based sensor. Such significant enhancement in photocon-
ductance achieved surface functionalization is an interesting
phenomenon. This is probably the first report about the
enhancement in photoconductance by integrating ZnO and SnO,,
although extensive studies have been carried out separately for
7ZnO and SnO, 1D nanostructures.%7:25

Previous studies have proved that the photoconductance of
metal oxides like ZnO and SnO; involves two processes
including adsorption/desorption of oxygen species and electron
transitions excited by photons.® Hole—electron pairs in the metal
oxide are generated under the illumination of UV light. The
photon-generated holes will be pulled to the surface by the
electric field and recombine with the adsorbed oxygen species
(Oy” and Oy?7). At the same time, the photon-generated
electrons remain as free carriers and consequently enhance the
conductance of the NW. The electron—hole generation is closely
related to the wavelength of the exciting light.?627 According
to the equation A = hc/E, (h, Planck constant; ¢, light velocity;
E,, band gap of metal oxide semiconductor), electron—hole pairs
can only be generated when the wavelength of exciting light is
shorter than the limit of the permissible exciting wavelength.
For SnO, with the band gap energy of 3.60 eV, theoretically
the intrinsic photoconductance could not be excited by the UV
light of 365 nm, but the pure SnO, NW shows a weak photon-
sensing response under UV light in the present experimental
conditions. This weak photon-sensing response should be
accounted for by an extrinsic photoconductance of SnO;
resulting from extrinsic electron transition between some
impurity and defects states. Due to a fast recombination of the
photon-generated electron—hole pairs, this extrinsic photocon-
ductance of SnO; is very weak compared with its intrinsic
photoconductance. When the surface of the single SnO> NW is
coated with ZnO nanoparticles, both the intrinsic photoconduc-

tance of ZnO and the extrinsic photoconductance of SnO, can
be excited by the UV light of 365 nm at the same time, and a
more important point is that a charge separation process takes
place between ZnO and SnO; due to the difference of their
energy gaps and misalignment of the energy bands. The
conductance band energy of SnO, is lower than that of ZnO by
0.7 eV so that the SnO; can act as an acceptor for photon-
generated electrons in ZnO-functionalized SnO, NWs, whereas
the photon-generated holes in SnO» tend to be trapped within
the ZnO particle. The charge separation of photon-generated
electrons and holes greatly reduces their recombination prob-
ability and accordingly enhances the photoconductance of ZnO-
functionalized SnO, NWs. Such charge separation principle has
been used to account for the photocatalytic properties of
ZnO—Sn0; coupled oxide nanoparticles.?®?° The similar strat-
egy to increase the photon-sensing properties via surface
functionalization has been applied in our previous study of the
single ZnO NB-based UV detector where the UV response of
the ZnO NB was enhanced by up to 5 orders of magnitude with
surface coating of different polymers.”

The gas-sensing properties of these SnO, NWs after surface
functionalization were also investigated. Figure 3a shows gas-
sensing sensitivities of a SnO, NW-based sensor before and
after ZnO surface coating to three detected gases. The gases
tested are 500 ppm H,S, CO, and CH; at an operation
temperature of 250 °C. It is found that the changes on the
sensitivity (S = Rn2/Rgqs) of the SnO, NW after ZnO surface
coating behave distinctively for different gases. For H,S, the
sensitivity of the device increased from 1.26 to 1.50, but in
contrast, the sensitivity to CO decreased from 1.15 to 1.08. The
sensitivity of the device to CH4 was just slightly affected by
the coated ZnO. From the experimental results, selectivity of
the single SnO, NW was improved to a certain extent by surface
functionalization. Figure 3b shows the different sensitivity to
three detected gases of the ZnO-functionalized SnO, NW-based
sensor at different operation temperatures, which indicates that
the device has the highest sensitivity to H,S at 350 °C and to
CH,4 at 450 °C. By combining ZnO surface functionalization
and choosing the optimistic operation temperature, the sensitivity
and selectivity of the device can be effectively improved.

As far as gas-sensing properties are concerned, the working
mechanisms of SnO, and ZnO are very similar. Both of them
are typical surface-controlled gas-sensing materials. Many
studies have demonstrated that ZnO—SnO, composite based
sensors possess a better selectivity to some special gases such
as C,HsOH and H,S. Possible mechanisms for selective
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Figure 3. (a) Comparison of gas-sensing sensitivity of the pure and ZnO-functionalized SnO, NW-based sensor to three detected gases. (b) Sensitivity
to three detected gases of the ZnO-functionalized SnO, NW-based sensor at different operation temperatures. The concentration of detected gases
is 500 ppm, the operation temperature is 250 °C, and the fixed bias is 1 V.
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Figure 4. (a) EDS spectrum and (b) typical high-resolution TEM image of a NiO-functionalized SnO, NW. The inset in (a) is the corresponding
SEM image of the single NiO-functionalized SnO, NW device. The deposition thickness of NiO is about 2 nm.

enhancement of ZnO—SnO, composite structure have been
proposed.?039-34 Tt is suggested that some intermediate com-
pounds such as Zn,SnO4 and ZnSnO3; may form during the
sintering process at high temperature (600 ~ 800 °C) and act
as highly selective sensing elements to CoHsOH and NO,.303!
However, our operation temperature is in the range of 250
~ 450 °C. And no secondary phases were found in the XRD
spectrum. Therefore, this mechanism is not responsible for the
improvement in the selectivity of ZnO-functionalized SnO; NW.
Another possible mechanism may be the formation of n—n
heterojunction with an energy difference of about 0.75 eV
between ZnO and Sn0,.2° The heterojunction contains two
sensing materials with two different reductive—oxidative and
acid—base properties. The adsorption/desorption and oxidation/
reduction processes of the detected gas might be greatly
promoted by the heterojunction, although more studies will be
needed to determine the detailed sensing mechanism.

3.3. Enhancing Sensing Properties of a Single SnO, NW-
Based Nanodevice by NiO Nanoparticle Surface Function-
alization. The influence on the gas-sensing properties of SnO;
NW from NiO surface functionalization is also investigated in
a similar procedure. A layer of NiO with 2 nm thickness was
deposited on the surface of a SnO, NW via magnetron
sputtering. The inset of Figure 4a is a typical SEM image of
the device after NiO deposition. Although no visible particles
are found from the SEM image, the corresponding EDS
spectrum (Figure 4a) clearly shows the presence of elemental
Ni. The direct evidence of NiO deposited on the SnO, NW
surface is provided by high-resolution TEM characterization.
As shown in Figure 4b, the single-crystalline SnO, NW grows
along the [110] direction and its surface is coated with a thin

layer of NiO film consisting of numerous nanoparticles.
Although the interface area (the dashed line in Figure 4b) seems
to be amorphous, the discontinuous layer exhibit clear lattice
fringes with a spacing of about 0.245 nm, which is consistent
with that of {111} planes of cubic NiO (JCPDS 04-0835). It is
well-known that NiO is not only an excellent catalyst but also
a good p-type sensing material.>>=37 Therefore, the presence of
the NiO layer on the surface may enhance the gas-sensing
properties of the single SnO, NW-based sensors.

Figure 5a shows the response curves of the pure and NiO-
functionalized SnO, NW to CO and CH4 with concentrations
of 100 ~ 500 ppm. The response sensitivity of SnO, NWs has
a good reproducibility for the same concentration of detected
gas. Furthermore, the response is proportional to the concentra-
tion of the detected gas. The corresponding concentration-
dependent sensitivity curves are shown in Figure 5b. We find
that there is a large difference in sensitivity for two detected
gases (CO and CHy) of pure SnO, NW without NiO coating.
For the 500 ppm concentration, the sensitivity to CO is up to
9.8, whereas the sensitivity to CHy is only 3.3. After NiO surface
functionalization, the sensitivity of SnO, NW to CO is magnified
to 15.9, whereas the sensitivity of SnO, NW to CHy4 is not
obviously affected. These results prove that the selectivity to
CO and CHy of the device can be greatly improved by NiO
surface functionalization.

The formation of NiO film on the NW surface might be
responsible for the improvement on selectivity of the single
SnO, NW-based device. In previous similar studies, some
possible mechanisms based on the p—n heterocontact were
proposed to explain the improvement in the selectivity of
composite metal oxide sensors including CuO—Zn0O, CuO—
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Figure 5. Gas-sensing response curves and corresponding concentration-dependent sensitivity curves of the pure and NiO-functionalized SnO»
NW-based sensor to (a and c) CO and (b and d) CH,4. The concentration of detected gases is from 100 to 500 ppm, and the operation temperature

is 250 °C.

Sn0,, and NiO—Sn0,.2%343 According to the mechanism
proposed by Hidalgo et al.*? adsorbed CO on the NiO surface
would react with adsorbed oxygen on the SnO, surface, and
hence, the sensitivity of the metal oxide sensor should depend
upon the catalytic activity for CO oxidation. In addition, the
NiO layer might be reduced into Ni particles that would increase
the conductance of the SnO, sensing elements. Although there
is still a debate on the function of the p—n heterojunction in
the improvement of selectivity up to now, it has been verified
that the coordinate effect of two sensing centers of NiO and
ZnO plays a key role.

4. Conclusions

In summary, we have successfully fabricated an FET based
on a single SnO, NW and acquired useful information about
the electron transport of the nanodevice. In addition, we achieved
the improvement of photon- and gas-sensing properties of the
devices by deposition of ZnO or NiO nanoparticles on the
surface of the SnO, NW. Some possible mechanisms based on
the heterojunction (i.e., n—n junction for ZnO—SnO; and p—n
junction for NiO—SnO,) and corresponding coordinate effect
of two sensing centers are proposed to explain the function of
these surface additives. Besides heterojunctions, many other
factors, such as the size and crystalline state of surface additives
and the concentration change of structure defects in the NW,
may bring a pronounced influence on the photon- and gas-
sensing performance of the SnO, NW-based device. Therefore,
it is difficult to use a uniform model to completely elucidate
the nature of the surface additives. Despite this, surface
functionalization is a good strategy to improve the sensitivity
and selectivity of the SnO,-based nanodevice and breaks a
promising path to eventually achieve the practicability of metal
oxide nanodevices.
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