
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2011, 21, 17236

www.rsc.org/materials PAPER

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

So
ut

he
rn

 C
al

if
or

ni
a 

on
 1

1 
Ju

ly
 2

01
2

Pu
bl

is
he

d 
on

 2
6 

Se
pt

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1J

M
13

57
9A

View Online / Journal Homepage / Table of Contents for this issue
Electric transport, reversible wettability and chemical sensing of
single-crystalline zigzag Zn2SnO4 nanowires

Di Chen,a Jing Xu,a Bo Liang,a Xianfu Wang,a Po-Chiang Chen,b Chongwu Zhou*b and Guozhen Shen*a

Received 27th July 2011, Accepted 20th August 2011

DOI: 10.1039/c1jm13579a
Ternary oxides have the advantages of tuning their physical properties by varying the proportion of

each component, thus attracting great research attention in recent years. As an example, we

demonstrated in this work the investigation on the electronic transport, surface wettability and

chemical sensing properties of zigzag Zn2SnO4 nanowires, which were synthesized from a thermal

evaporation method. Structural characterizations reveal that these nanowires are single crystals with

average diameters of �100 nm and grow along the [1�11] direction. Single nanowire-based field effect

transistor was fabricated, showing an on/off ratio of 104 and a device mobility of 17.2 cm2 (V s)�1.

Besides, these Zn2SnO4 nanowire-based devices showed a substantial increase in conductance upon

exposure to UV light. Thin films of the zigzag Zn2SnO4 nanowires were configured as high performance

sensors to detect hosts of chemicals with detection limits down to the 1 ppm level, especially for ethanol

and acetone, implying promising applications in detecting toxic volatile organic compounds.
Introduction

Due to their special shapes, compositions, chemical and physical

properties as well as their promising applications in the fabri-

cation of nanoscale devices, one-dimensional (1-D) metal oxide

nanostructures have attracted immense interest since they are the

commonest minerals in the earth.1–10 1-D metal oxide nano-

structures have now been widely used in many areas, such as

ceramics, catalysis, sensors, photodetectors, transparent

conductive films, photocatalysts, electro-optical and electro-

chromic devices.11–20 To date, intensive studies have been carried

out on the synthesis of 1-D binary oxide nanostructures as well as

the exploration of their novel properties, for example, ZnO,

In2O3, SnO2, Ga2O3, TiO2, Cu2O and WO3.
11–20 However, in

comparison with simple binary oxides, there are still very few

studies concerning ternary oxides nanostructures,21–25 though

ternary oxides have more freedom to tune the materials’ chemical

and physical properties by altering the compositions.

The ternary Zn–Sn–O crystal exists in two phases, spinel-type

structured Zn2SnO4 and ilmenite-type structured ZnSnO3, under

normal pressure at room temperature.26,27 Studies verified that

bulk Zn2SnO4 crystal has a high thermal stability, high electron

mobility, and low visible absorption. Zn2SnO4 has potential

applications as electronic and optoelectronic devices including

solar cells, chemical sensors, photodetectors, photocatalysts, and

Li-ion batteries. With 1-D nanoscale shapes, they may have
aWuhan National Laboratory for Optoelectronics and College of
Optoelectronic Science and Engineering, Huazhong University of Science
and Technology, Wuhan, 430074, China. E-mail: gzshen@mail.hust.edu.cn
bDepartment of Electrical Engineering, University of Southern California,
Los Angeles, California, 90089, United States. E-mail: chongwuz@usc.edu

17236 | J. Mater. Chem., 2011, 21, 17236–17241
enormous potential to work as building blocks for nano-

electronics, and are expected to offer superior chemical sensing

and photoconducting performance due to the enhanced surface

to volume ratio.28–40 Despite the utmost importance, only rela-

tively small efforts have been directed toward the synthesis of

1-D Zn2SnO4 nanostructures, such as nanowires, and nano-

belts,28–40 and there is still a lack of efficient investigation on the

device applications of 1-D Zn2SnO4 nanostructures.

In this work, n-type field-effect transistors (FET), with an on/

off ratio of 104 and a device mobility of 17.2 cm2 (V s)�1, were

fabricated on a single zigzag Zn2SnO4 nanowire prepared via

a thermal evaporation method. Besides, these devices showed

a substantial increase in conductance upon exposure to UV light.

Fast photoinduced switching surface wettability was observed

for the nanowire films and the contact angle decreased from 122�

to 0� within 40 min. Thin films of the zigzag Zn2SnO4 nanowires

were configured as high performance resister-type sensors, which

can be used to detect hosts of chemicals. Especially, the detection

limit was found to be as low as 1 ppm level for ethanol and

acetone, implying promising applications in detecting toxic

volatile organic compounds.
Experimental section

Zigzag single-crystalline Zn2SnO4 nanowires were synthesized

via a simple catalyst-free vapor-solid method. In a typical

process, a mixture of 0.065 g Zn and 0.335 g SnO, serving as the

source material, were placed in a quartz boat located inside a

1-inch-diameter quartz tube reactor. Si/SiO2 substrate was then

placed face-down above the source material to ensure high vapor

pressure and to collect the product. The furnace was then raised
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 SEM images with different magnifications of the synthesized

zigzag Zn2SnO4 nanowires on a large scale. Scale bars for (c,d): 100 nm.
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to 920 �C and kept at that temperature for 2 h. After reaction,

white product was found deposited on the substrate and collected

for characterization by using scanning electron microscopy

(SEM, Hitachi S4800) and transmission electron microscopy

(TEM, JEOL JEM-3000F) equipped with an energy-dispersive

X-ray spectrometer (EDS). The surface wettability was investi-

gated by measuring the water contact angle by an SL200B

contact angle system (Solon Technology Science Co., Ltd.) at

ambient pressure and room temperature.

To prepare the individual zigzag nanowire FET for electrical

performance testing, the as-prepared nanowires grown on silicon

substrate were sonicated in a suspension in isopropanol (IPA)

and then dropped onto a degenerately doped silicon wafer

covered with 500 nm SiO2. Subsequently, photolithography was

performed to pattern the source–drain electrodes, followed by

thermal deposition of Ti/Au contact pads with thickness of 5 nm/

100 nm. The transport properties were measured by a probe

station with an Agilent 4156B semiconductor characterization

system.

For fabricating the gas sensors, some Zn2SnO4 nanowires

were mixed with a suitable amount of ethanol to form a white

paste after being sonicated. The pastes were coated onto

alumina ceramic tubes with a pair of Pt electrodes attached for

resistance measurements. After being welded on the pedestal,

the gas sensors were aged for 72 h by applying 5 V on the

heating wire. The sensors were then measured with a self-made

chemical sensing system. During the test, a load resistor and

a constant working voltage at 5 V was applied to the system. By

measuring the across voltage of the load resistor, the electrical

resistance of the Zn2SnO4 nanowires sensors can be calculated

by Ohm’s law: RS ¼ (5/VO � 1)RL. The sensitivity (S) was

defined as S ¼ Ra/Rg, where Ra is the sensor resistance in air

and Rg is the resistance in target gas atmosphere. After putting

the sensors in a gas chamber, the measurement was processed

by injecting target gases with different concentrations at the

optimum temperature.
Results and discussion

After synthesis, white products were found deposited on the

silicon substrate. X-ray diffraction studies reveal that they are

pure face-centered cubic structured Zn2SnO4 phase. Fig. 1a

shows a SEM image of the as-synthesized Zn2SnO4 product,

which reveals the formation of 1-D wire-like materials with

diameters of 100–200 nm and lengths of several hundred

micrometres. Fig. 1b is a high-magnification SEM image,

showing several typical synthesized wires. From these images, it

can be seen that most of the 1-D Zn2SnO4 nanostructures are

nanowires with interesting zigzag shapes, instead of the

commonly straight nanowires. Higher magnification SEM

images of two typical zigzag nanowires are depicted in Fig. 1c

and 1d, respectively, where the periodical morphologies can be

clearly seen. In fact, from the images, we can see that the whole

nanowires are actually formed by a row of inlaid uniform

rhombohedral nanocrystals along their axial direction, organized

into ordered steps on the surface of the nanowires with average

diameters of �100 nm. A typical EDX spectrum of the Zn2SnO4

nanowires is shown in Fig. 1e, confirming the formation of pure

Zn2SnO4 products.
This journal is ª The Royal Society of Chemistry 2011
The microstructures of the synthesized Zn2SnO4 nanowires

were studied by TEM and the corresponding images are depicted

in Fig. 2. Fig. 2a and 2b show the TEM images of two zigzag

Zn2SnO4 nanowires, both of which are formed by several

rhombohedral nanocrystals along the axis of the nanowires, in

accordance with the SEM result. Selected-area electron diffrac-

tions (SAED) taken from the two nanowires are shown in Fig. 2a

inset, revealing their single crystalline nature. Lattice-resolved

high-resolution TEM (HRTEM) images of the parts framed in

Fig. 2b are demonstrated in Fig. 2c and 2d, respectively. Three

groups of clearly resolved lattice fringes are calculated to be

around 0.50 nm, 0.50 nm and 0.43 nm, corresponding to the

(�111), (1�11) and (002) planes of face-centered cubic Zn2SnO4

phase. The results indicate the formation of single crystalline

Zn2SnO4 nanowires with the preferred growth directions along

the [1�11] planes.

Since no catalyst was used in the reaction, a vapor-solid (VS)

process should be the dominant mechanism. The growth process

of the zigzag Zn2SnO4 nanowires can be expressed as follows. At

high reaction temperature, Zn and SnO reacted with the residual

oxygen in the system to form Zn2SnO4 octahedral nanocrystals,

which tend to grow along the [�111], [11�1], and [002] directions, as

indicated in Fig. 2e. The newly formed Zn2SnO4 octahedral

nanocrystals then grow rapidly along the [1�11] direction and

finally stretch into a zigzag shaped nanowire. Similar results were
J. Mater. Chem., 2011, 21, 17236–17241 | 17237

http://dx.doi.org/10.1039/c1jm13579a


Fig. 2 (a) TEM image of the zigzag Zn2SnO4 nanowires. Inset is the

corresponding SAED patterns. (b) High-magnification TEM image

taken from the framemarked in (a). (c,d) HRTEM images taken from the

parts framed in (b). (e) Schematic illustration of the growth of zigzag

Zn2SnO4 nanowires.

Fig. 3 (a) IDS–VDS curves measured at different gate voltages with a step

of 5 V. Insets are the corresponding SEM image of the device and IDS–VG

transfer curve, respectively. (b) I–V curves of the Zn2SnO4 nanowire

device measured before and after UV light illumination, respectively.
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observed for the formation of zigzag Zn2SnO4 nanowires from

the vapor-liquid-solid (VLS) process in the presence of gold

nanoparticles.30

As an important wide band gap transparent semiconductor,

Zn2SnO4 has great applications in electronic and optoelectronic

devices.39,40 Here, we first fabricated single Zn2SnO4 nanowire

based FETs directly on Si/SiO2 substrate to investigate its electric

transport properties. The upper-left inset in Fig. 3a is a SEM

image of the single nanowire FET device. The channel width of

the device is 1.5 mm. Fig. 3a shows the drain current (Ids) versus

source–drain voltage (Vds) curves of a typical device. Linear

current vs. voltage is obtained, indicating very good Ohmic

contacts between the electrodes and the nanowire. The applied

gate voltages range from �30 V to 30 V with an average step of

5 V. From the curves, the conductance of the device increased

gradually with increased gate voltages, indicating n-type semi-

conducting behaviors. The Ids–Vg curve was also measured and

the curve was shown in Fig. 3a inset (bottom right). The on/off

ratio is around 104. Calculated from the curve, the device

mobility was found to be around 17.2 cm2 (V s)�1, which is a bit

higher than the previously reported one on straight Zn2SnO4

nanowire from the VLS process.39

Photoconducting properties of the as-synthesized zigzag

Zn2SnO4 nanowires were also studied by exposing the nanowire

FETs with a UV lamp of 254 nm in wavelength. A schematic

diagram of the photodetecting device is shown in Fig. 3b inset.
17238 | J. Mater. Chem., 2011, 21, 17236–17241
Fig. 3b shows the I–V curves measured with (blue curve) and

without (red curve) UV light irradiation, where the device

conductance was found to increase immediately upon exposure

to UV light irradiation. At a voltage of 4 V, the measured current

of the device is up to 593 nA under UV light irradiation, while the

value is around 34 nA in the dark. The current increased over ten

times with the UV light irradiation, indicating their possible

applications in photoswitches, optical imaging technique, and

optoelectronic circuits. The increase in current under light irra-

diation can be expressed as follows. For a zigzag Zn2SnO4

nanowire exposed to air, O2 adsorbs on the nanowire surface and

combines with the nearby free electrons to form an O2
� layer on

its surface. Thus it subsequently reduced the conductivity of the

zigzag Zn2SnO4 nanowire. Upon exposure to UV light, the O2
�

ions first recombine with the photogenerated holes, discharge O2

molecules from the surface, and the process brings the nanowire

to the original electron-rich state. Further illumination with UV

light generates more electron–hole pairs in the conduction and
This journal is ª The Royal Society of Chemistry 2011
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valence bands, thus significantly increase the conductance of the

nanowire.41–45

Surface wettability of nanostructures, in terms of contact angle

(CA), is one of the most important properties of nanostructured

films.46–48 The surface wettability of the as-synthesized zigzag

Zn2SnO4 nanowires was also investigated by measuring the

contact angle of a water droplet on the nanowire film. Fig. 4a is

the corresponding result. The CA was measured to be 122�,
indicating its hydrophobic behavior. According to previous

reports, the CA was mainly governed by two factors. One is the

chemical composition and the other is the roughness of the

surface. The surface roughness of the current zigzag Zn2SnO4

nanowires film is also thought to be the key reason for its

hydrophobic behavior since the surface roughness contained

enough room to hold air in the troughs between nanowires.

Similar results were also obtained for many binary oxide nano-

wires, including In2O3, SnO2, ZnO, and so on.49–55

The photoinduced wettability conversion of the as-synthe-

sized zigzag Zn2SnO4 nanowires was also studied. Fig. 4b

presents the conversion of the CA during UV illumination. It

was found that, when the nanowire film is exposed to UV light,

the CA gradually decreased from 122� to 0� with the increase of

exposure time. The hydrophobic-superhydrophilic transition

occurred within 40 min and it can be recovered in 20 min in the

dark. Several cycles were performed, confirming the reversible

wettability switching behavior between hydrophobic and

superhydrophilic surface properties. The fast surface wettability

transition of the current zigzag Zn2SnO4 nanowires might be

improved to be applied in the sensitive smart switches. It is well-

known that UV illumination will generate electron–hole pairs in

the Zn2SnO4 nanowire surface—some of the holes can react with

lattice oxygen to form surface oxygen vacancies. The defective

sites are kinetically more favorable for polar water molecules

than oxygen molecules, which lead to dissociative adsorption of

the water molecules on the surface. However, in the dark

periods, the hydroxyl groups adsorbed on the defective sites can

be replaced gradually by oxygen atoms due to their instability.

As a consequence, the wettability of the Zn2SnO4 nanowire

surface can be switched.

Trace detection of chemicals, like industrial gases, and chem-

ical warfare agents, is an important issue to human health and

safety.56–61 Sensing behavior is one of the most important and
Fig. 4 Photoinduced reversible wettability of the zigzag Zn2SnO4

nanowires. (a) Before and (b) after UV illumination.

This journal is ª The Royal Society of Chemistry 2011
well-known properties of metal oxide materials and it was found

that metal oxide sensors usually demonstrate much higher

sensitivity to their chemical environment than the other chemical

sensors in their sensitivity, selectivity, and stability. The gas

sensing properties of the zigzag Zn2SnO4 nanowires were also

studied by configuring the nanowires into thin film type sensors.

Fig. 5a shows the representative dynamic gas response of the

Zn2SnO4 gas sensor to ethanol with concentrations ranging

from 1 ppm to 200 ppm. Seven cycles were successively recor-

ded, corresponding to ethanol gases with the concentrations of

1, 5, 10, 50, 100, 150, and 200 ppm, respectively. From the

curves, it can be seen that the conductance of the sensor

undergoes a drastic rise upon the injection of ethanol and

rapidly drops to its initial state after the sensor was exposed to

air. The sensitivity of the sensor to 1 ppm ethanol is around 2

and to 200 ppm ethanol is around 27, respectively. The gas

sensing response and recovery times of the Zn2SnO4 gas sensor

were also studied, which are believed to be the two important

parameters to evaluate the performance of a gas sensor. From

Fig. 5b, we can see that the sensing response and recovery times

were 7 s and 8 s for 50 ppm ethanol, respectively, indicating the

fast sensing ability of the current nanowire sensors. The values

are comparable to previously reported flower-like Zn2SnO4

nanostructures (10–15 nm in diameter) and ZnSnO3 nanowires

(20–90 nm in diameter) though our zigzag nanowires in this

work have relatively larger diameters.35,62 We believe that the

special zigzag shapes of our nanowires contributed to the good

sensing performance.

The sensing ability of the Zn2SnO4 nanowire sensor to acetone

with different concentrations was also studied. The detection

limit to acetone was found to be 1 ppm. Fig. 5c is the dynamic gas

response of the Zn2SnO4 nanowire sensor to acetone with

concentrations ranging from 1 ppm to 200 ppm, respectively.

Similar to the detection of ethanol, the conductance of the sensor

also undergoes a drastic rise upon the injection of gases and

drops to its initial state after the sensor was exposed to air.

Similar to the sensing mechanism of binary oxide chemical

sensors, we explained the sensing mechanism of the Zn2SnO4

nanowire sensor as follows. Once the sensor was exposed to air at

high temperature, oxygen molecules were adsorbed on the

Zn2SnO4 surface, which were reduced to generate ionized oxygen

species, such as O2
�, or O�, through trapping electrons from the

conductance band of Zn2SnO4. As a result, the conductivity of

the Zn2SnO4 nanowires decreased. Once reduction gases, such as

ethanol, were introduced into the sensing system, the approached

gas molecules reacted with the generated ionized oxygen species,

which resulted in the release of electrons to the surface layer of

Zn2SnO4. Thus, the conductivity of the Zn2SnO4 nanowires was

increased gradually.

We also measured the response of the zigzag Zn2SnO4

nanowire based gas sensor to other volatile organic compounds

with a fixed concentration of 100 ppm, such as methanol,

methylbenzene, chloroform, styrene, formic acid, acetic

acid, and formaldehyde. As shown in Fig. 5d, different sensi-

tivities were obtained for different chemicals and the sensing

response and recovery time are also quite short. We believed

that the as-prepared zigzag Zn2SnO4 nanowires may have

potential applications in the detection of volatile organic

compounds.
J. Mater. Chem., 2011, 21, 17236–17241 | 17239
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Fig. 5 (a) Dynamic response–recovery curves of the gas sensors to ethanol with varied concentrations. (b) Dynamic response–recovery curves of the gas

sensors to 50 ppm ethanol. (c) Dynamic response–recovery curves of the gas sensors to acetone with varied concentrations. (d) Sensing response of the

gas sensors to different gases with a concentration of 100 ppm.
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Conclusions

In conclusion, single nanowire based FETs were fabricated by

using single crystalline zigzag Zn2SnO4 nanowires, obtained

from catalyst-free vapor-solid method, as the active material. An

on/off ratio of 104 and a high device mobility of 17.2 cm2 (V s)�1

were obtained from the device. Upon UV light irradiation, the

current of the device increased over ten times from 34 nA in the

dark to 593 nA in light irradiation. Surface wettability studies

showed the hydrophobic behavior with an average CA of about

122�, with the feature of fast photoinduced reversible switching

between hydrophobic to hydrophilic. Besides, the obtained

zigzag Zn2SnO4 nanowires exhibited excellent gas sensing

performance towards ethanol and acetone with detection limits

around 1 ppm. Our results suggest that the zigzag Zn2SnO4

nanowires may find great applications in electronic and opto-

electronic devices, such as high performance photodetectors,

photo switches, as well as chemical sensors to detect toxic volatile

organic compounds.
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