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Abstract We present an excellent detection for nitrogen monoxide (NO) gas using polycrystalline ZnO wire-like films

synthesized via a simple method combined with sputtering of Zn metallic films and subsequent thermal oxidation of the

sputtered Zn nanowire films in dry air. Structural and morphological characterization revealed that it would be possible to

synthesize polycrystalline hexagonal wurtzite ZnO films of a wire-like nanostructure with widths of 100-150 nm and lengths

of several microns by controlling the sputtering conditions. It was found from the gas sensing measurements that the ZnO wire-

like thin film gas sensor showed a significantly high response, with a maximum value of 29.2 for 2 ppm NO at 200 oC, as

well as a reversible fast response to NO with a very low detection limit of 50 ppb. In addition, the ZnO wire-like thin film

gas sensor also displayed an NO-selective sensing response for NO, O2, H2, NH3, and CO gases. Our results illustrate that

polycrystalline ZnO wire-like thin films are potential sensing materials for the fabrication of NO-sensitive high-performance gas

sensors.

Key words oxide semiconductor, zinc oxide, nanostructure, gas sensor.

1. Introduction

Semiconducting metal oxides such as SnO2, ZnO, TiO2,

WO3, Bi2O3, etc. have been widely used for gas sensors

since the first observation of the gas sensing effect in

ZnO films by Seiyama et al.
1) The operating principle of

these sensors is based on a change in electrical resistivity

of semiconducting metal oxides caused by adsorption-

desorption of gases in air on the oxide surfaces. Among

semiconducting metal oxides, ZnO has been intensively

investigated for the detection of various gases such as

NH3, NO
x
, CO

x
, H2, and ethanol vapor. Here, our

attention is focused on the detection of nitric oxide (NO)

because the NO gas is an air pollutant produced by

cigarette smoke, automobile engines and power plants.

To date, ZnO-based NO gas sensors with various forms

of ZnO, including bulk ZnO, conventional ZnO thin

films, ZnO nanostructures and composites, have been de-

monstrated.2-8) However, there are some limitations for

making commercial ZnO-based gas sensors such as low

sensitivity, slow response, poor selectivity and high

operating temperature.2-4)

It is well recognized that the fabric of the micro-

structures of the sensing material ZnO has a distinct

impact on the gas sensing properties of ZnO-based gas

sensors. In this respect, such ZnO nanostructures as

nanowires, nanorods, nanobelts and nanocomposites are

very promising for an improvement of the gas sensing

properties in virtue of their great surface-to-volume ratio.

While there have been reported several synthesis methods

for the growth of ZnO nanowires, it is actually hard to

obtain ZnO nanowires directly by sputtering even at high

substrate temperatures and/or high working pressures. We

attempt here to synthesize polycrystalline ZnO wire-like

thin films by a simple method combined with sputtering

Zn metallic films and subsequent thermal oxidation of

the sputtered Zn nanowire films in dry air, because a

large scale of uniform metallic Zn films is expected to be

deposited easily by sputtering.9) It is also supposed that

the morphology of Zn nanowire films can be easily

controlled by varying the sputter conditions through

adjusting sputtering power and substrate temperature. In
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the previous work,10) we reported on the hydrogen gas

sensing properties of pure ZnO wire-like thin films

synthesized by thermal oxidation of sputtered Zn metallic

films in dry air. These preliminary results clearly showed

the enhancement of H2 sensing compared to conventional

ZnO films. However, the pure ZnO wire-like thin films

having high initial resistance values are not suitable for

the detection of oxidizing gases (e.g., NO). Hence, it is

noted here that we intentionally dope Al of about 2 at%

into ZnO thin films via magnetron cosputtering from Zn

and Al metal targets in order to secure reliable n-type

semiconducting ZnO layers with reduced resistivity.

In the present work, we report on the NO gas sensing

characteristics of polycrystalline ZnO wire-like thin films

prepared by thermal oxidation of sputtered Zn nanowire

films. The ZnO wire-like thin film gas sensors exhibit a

highly sensitive and reversible fast response as well as a

good selectivity to NO even at quite low NO concen-

trations and relative low temperatures, illustrating that the

ZnO wire-like thin films are promising materials for NO-

sensitive high-performance gas sensors.

2. Experimental Procedure

ZnO wire-like thin films were prepared similar to the

procedure reported in the previous work.10) Because a

pure ZnO wire-like thin film having high initial re-

sistance values is not suitable for the detection of oxidizing

gases including NO, metallic Zn films containing a small

amount of Al were deposited on the SiO2/Si substrates

from two separate Zn and Al metal targets by a rf

cosputtering method in an Ar atmosphere of 5 mTorr.

The rf powers were maintained at 80 and 40 W for the

Zn and Al targets, respectively. The substrate temperature

is varied between 100 and 200 oC. Thermal oxidation of

the as-sputtered metal films was processed in dry air at

various temperatures from 300 to 700 oC for 5 hours using

a rapid thermal annealing system with the initial in-

creasing rate of the annealing temperature being kept at

20 oC/min.

The crystalline structure of the ZnO wire-like films

was characterized by X-ray diffraction (XRD) using Cu

Kα radiation. The microstructures and composition of the

films were examined by transmission electron microscopy

(TEM) and scanning electron microscopy (SEM), equip-

ped with an energy dispersive X-ray spectroscopy (EDX)

detector. SEM analysis was also used for much closer

investigation of the growth morphology. 

ZnO wire-like thin film gas sensing elements as

schematically shown in Fig. 1 were fabricated following

the previously reported procedure.10) For electrical mea-

surements, Au wires with 50 μm diameter were attached

on the electrode pads with silver paste. The formation of

an Ohmic contact between the ZnO-based active layer

and electrodes was confirmed by observing a linear

current-voltage (I-V) characteristic of the sensing elements.

The electrical and gas sensing properties of the fabricated

ZnO-based gas sensors were measured via two conductive

electrodes by a multi-meter (Keithley 2400) assembled in

a computer-controlled gas sensing characterization system

using flow-through method. The sensors were placed in a

sealed 500-ml chamber having one inlet and one outlet

with electrical feedthrough. During the whole measure-

ment, dry air was flowed into the chamber continuously

at a flow rate of 500 ml/min. For the gas sensing

measurements, the applied dc voltage was fixed at 3 V

and the change in current (or resistance) with time was

recorded.

3. Results and Discussion

We present typical SEM images of the as-sputtered Zn

metal films including a small amount of Al and their

oxidized ZnO wire-like thin films, respectively, in Fig.

2(a) and 2(b), clearly revealing the formation of a wire-

like nanostructure. The Al content in the ZnO wire-like

films was identified to be about 2 at% by EDX analysis.

In Fig. 3, we also show typical XRD patterns corres-

ponding to the as-sputtered Zn metal films and the

synthesized ZnO wire-like thin films. It is clearly seen

from Fig. 3 that an as-sputtered Zn film has a hexagonal-

closed-packed and then the diffraction peaks corresponding

to Zn metal phase disappear after thermal oxidation at a

temperature of 400 oC, indicating that the metallic Zn is

completely transformed into ZnO even at a low annealing

temperature of 400 oC. Apart from the Si (002) and (004)

reflection lines from the substrate, six peaks appear at 2θ

from 25o to 80o, being indexed to the hexagonal wurtzite

ZnO crystal structure as reported in the standard XRD

data for ZnO. The average ZnO crystallite size was

Fig. 1. A schematic illustration of the fabricated gas sensing

element.
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estimated to be about 22 nm from the Scherrer formula

using three main diffraction peaks of ZnO (100), (002),

and (101) for the ZnO wire-like thin films. Here, it

should be noted that the average crystallite size estimated

from the XRD data is relatively small in comparison

with the wire dimensions (a diameter of 100-150 nm and

a length of several microns) observed from SEM images.

This implies that a ZnO wire practically consists of a

chain of many small grains, demonstrated by TEM image

as shown in the inset of Fig. 2(b). 

The NO gas sensing properties of the ZnO wire-like

thin film gas sensors were measured for various NO con-

centrations and operating temperatures. We first examine

the effect of the oxidation temperature on the response of

the ZnO wire-like thin film gas sensors for NO gas. In

general, for an oxidizing gas including NO gas, the

sensitivity S of the gas sensor is defined as a ratio of the

change in resistance upon exposure to the target gas in

dry air (ΔR = Rg − Ra) over the resistance in dry air Ra:

S = (Rg − Ra)/Ra, where Ra and Rg are the electrical

resistance in dry air and upon exposure to the target gas

in dry air, respectively.11) Fig. 4(a) shows the dynamic

response curves of the gas sensors based on the ZnO

wire-like thin film oxidized at different annealing tem-

peratures of 400, 500, and 600 oC. Here the gas sensors

were exposed to 2 ppm NO in dry air at an operating

Fig. 2. Typical top-view SEM images of (a) an as-sputtered Zn nanowire film and (b) ZnO wire-like thin film obtained by oxidizing the

Zn nanowire film at 400
o
C for 5 hours in dry air. The inset shows the TEM image of an individual ZnO wire.

Fig. 3. Typical XRD patterns of as-sputtered Zn films (I) and

thermally oxidized ZnO films (II).

Fig. 4. (a) Dynamic response curves for the ZnO wire-like thin film gas sensors oxidized at different temperatures upon exposure to 2 ppm

NO in dry. (b) Sensor response as a function of the oxidation temperature for the sensors under exposure of 2 ppm NO. The inset shows

the dependence of sensor response on the deposition temperature during sputtering process. Here NO gas sensing measurements were carried

out at 200 oC.
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temperature of 200 oC. It is clearly seen from Fig. 3(a)

that the response characteristics of the ZnO wire-like thin

film gas sensors depend on the oxidation temperature. In

Fig. 4(b), we present the estimated saturation value of the

sensitivity for our NO gas sensors as a function of the

oxidation temperature, which gives a maximum value of

29.2 for the ZnO wire-like thin film oxidized at 400 oC.

The observed reduction in the response of the sensors at

higher oxidation temperatures could be attributed to the

increase of the crystallite size as observed. Moreover, as

obviously seen in the inset of Fig. 4(b), the ZnO wire-

like thin film gas sensor fabricated from the Zn metal

film deposited at a substrate temperature of 200 oC shows

the highest response.

Now we examine the NO gas sensing properties of the

ZnO wire-like thin film gas sensors fabricated under the

condition of the metallic Zn deposition temperature of

200 oC and oxidation temperature of 400 oC. In Fig. 5(a),

we present the typical resistance response curves of the

sensors upon exposure to 2 ppm NO in dry air at various

operating temperatures of 100, 200, and 300 oC. The

resistance of the ZnO wire-like thin film sensor increases

abruptly when it is exposed to NO, indicating that NO is

an oxidizing gas. It is clearly seen form Fig. 5(a) that the

response characteristics of the sensor depend on the oper-

ating temperature. The reversible cycles of the response

curve, as can be seen in the inset of Fig. 5(a), indicate a

stable and repeatable operation of NO gas sensing. The

response time tr, which is usually defined as the time

taken for the sensor to attain 90 % of the saturation

signal upon exposure to the target gas, is estimated to be

~28 sec for 2 ppm NO at 200 oC. Fig. 5(b) shows the

resistance response curves of the ZnO wire-like thin film

gas sensor upon exposure to NO for various concen-

Fig. 6. (a) Sensor response as a function of the operating tempera-

ture of the ZnO wire-like thin film gas sensor upon exposure to 2

ppm NO in dry air. (b) Sense response as a function of the NO

concentration at an operating temperature of 200
o
C. The inset

shows a linear relationship between the sensitivity and NO con-

centration over a low NO concentration range up to 2 ppm.

Fig. 5. (a) Dynamic resistance response curves of the ZnO wire-

like thin film gas sensor upon exposure to 2 ppm NO in dry air

at several operating temperatures. The inset shows the typical

dynamic response curves of the sensor during periodic exposure to

2 ppm NO in dry air. (b) Dynamic resistance response curves of

the ZnO gas sensor for various NO concentrations at an operating

temperature of 200 oC.
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trations in dry air at an operating temperature of 200 oC.

The relative change of the sensor resistance, that is,

sensor sensitivity, exhibits a distinct variation and a strong

reduction with decreasing NO concentration. It is worth

noting that the detection limit of the sensor to NO gas is

as low as 50 ppb. On the other hand, the response time

is found to increase slightly with decreasing NO concen-

tration (e.g., tr = 26 sec and 1.8 min for 5 ppm and 50

ppb NO at 200 oC, respectively). This observed change in

the response time with the NO concentration is attributed

to the enhancement of the interaction strength between

the target gas and the sensing ZnO layer with increasing

the target gas concentration.10) It is noted that the ZnO

wire-like thin films exhibit a faster response than ZnO

nanorods (tr > 10 min for 500 ppb NO)3) and Al-doped

ZnO pellets (tr = 40 sec for 800 ppm NO
x
)2) operated at

higher temperatures from 300 to 350 oC.

Fig. 6(a) shows the sensor response S versus operating

temperature of the ZnO wire-like thin film gas sensor

upon exposure to 2 ppm NO in dry air. The sensitivity of

the sensors reaches the maximum value of 29.2 at the

optimal operating temperature of 200 oC, which is several

time higher than InO2-ZnO composite films8) and much

higher than maximum response of other types of ZnO-

based NO gas sensors.2-4) It is worth noting that the

optimal operating temperature of 200 oC for the ZnO

wire-like thin films is relatively low in comparison with

other ZnO-based NO gas sensors operated at temperatures

from 275 to 350 oC.2-4) These results indicate that the

ZnO wire-like thin film gas sensors have quite high

sensitivity to NO at relatively low temperatures.

Fig. 6(b) shows the sensitivity as a function of NO

concentration for the ZnO wire-like thin film gas sensor

at the optimal operating temperature of 200 oC. It can be

seen from Fig. 6(b) that the ZnO wire-like thin film gas

sensor has a wide detection range for NO from 50 ppb to

10 ppm and its sensitivity increases dramatically from

0.57 for 50 ppb NO up to 80 for 10 ppm NO. The

measured sensitivity is found to illustrate a saturation

behavior when the NO concentration is over 5 ppm.

Actually, before approaching the saturation, the observed

increase in the response of a semiconducting oxide gas

sensor with increasing target gas concentration can be

empirically represented as S = (Rg − Ra)/Ra = Ag(Pg)
β, where

Pg is the target gas pressure, which is proportional to gas

concentration, Ag is a prefactor, and β is the exponent on

Pg.
11) In our case, the value of β is found to be around 1

for the NO concentration in the range of 50 ppb to 2

ppm, determined by the fit shown as the solid line in the

inset of Fig. 6(b). Our observed linear response relation

over a low NO concentration range suggests that the

adsorbed surface oxygen species are primarily O− at 200
oC for the ZnO wire-like thin films, being consistent with

the observation by Takata et al. for ZnO.12) 

In order to check the NO gas selectivity of the ZnO

wire-like thin film gas sensors, we also examined their

response to other gases such as H2, NH3, CO and O2. In

Fig. 7, we show the relative response curves of the ZnO

wire-like thin film gas sensor upon exposure to 2 ppm

NO, 50 ppm CO, 500 ppm H2, 50 ppm NH3 and 2 % O2

at an operating temperature of 200 oC. Obviously, in

contrast to the case of the oxidizing gases NO and O2,

the resistance of the sensor specifically decreases upon

exposure to the reducing gas H2, NH3 and CO. Con-

sidering that the test gas concentration of NO is much

smaller than those of the other gases, it is clearly seen

that the ZnO wire-like thin film sensor is the most

sensitive to NO among these gases. This is supposed to

result from that the formation of adsorbed oxygen species

O− from the surface chemical reaction between ZnO and

NO gas has a comparative low activation energy and

consequently a rapid rate of reaction compared to the

possible reactions between ZnO and the other gases.

Compared to conventional ZnO-based thin films, the

observed higher sensitivity, faster response, lower oper-

ation temperature and lower detection limit of the

synthesized ZnO wire-like thin films can be understood

on the basis of the synthesized polycrystalline wire-like

film structure. It is well known that grain boundary plays

an important role in the gas sensors. Compared to the

case of single-crystalline nanowire, the individual poly-

crystalline ZnO nanowire with multiple grain boundaries

can enhance sensor performance with grain boundary

barrier modulation.13) In our case, the randomly oriented

ZnO wires consist of a chain of many small grains and

they provide electrical paths through the net of wires and

the boundaries between grains. Thus, the enhancement in

gas sensing performance is mainly attributed to the

Fig. 7. Relative response curves of the ZnO wire-like thin film

sensor upon exposure of 2 ppm NO, 50 ppm CO, 500 ppm H2, 50

ppm NH3, and 2 % O2 at 200
o
C.
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intrinsically small crystallite size and high surface-to-

volume ratios associated with the polycrystalline oxide

nanowires.10,14)

4. Conclusions

In summary, the ZnO wire-like thin film gas sensors

fabricated through thermal oxidation of sputtered Zn

nanowire films in dry air at low temperature exhibited

excellent NO gas sensing properties. In particular, the

NO gas sensors showed a high sensitivity, a fast response

and a good selectivity to NO as well as a relatively low

optimal operating temperature of 200 oC. It is worth

noting that the NO gas sensors exhibited an obvious

response to NO concentration as low as 50 ppb. The ob-

served enhancement in gas sensing performance for the

ZnO wire-like thin film gas sensors is mainly attributed

to the intrinsically small crystallite size and high surface-

to-volume ratios associated with the polycrystalline ZnO

nanowires. These results, along with the simple synthesis

process, indicate that ZnO wire-like thin films are

promising in fabricating low-cost and high-performance

NO gas sensors, being practically operable at lower tem-

peratures and concentrations.
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