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Abstract 
 

In this work, we have investigated the nanosensors based on nanostructures of ZnO compounds. 

The main objectives of this work are to fabricate nanosensors based on nanostructures of ZnO compounds 

and investigate the ethanol sensing properties of nanosensors in order to enhance the sensor response. 

The ZnO nanostructures were prepared by thermal oxidation technique under normal atmosphere. Then, 

ZnO nanostructures exhibited the diameters of 40-300 nm with several micrometer lengths and were 

applied as nanosensors. The metal adding technique was used for enhancement of sensor response by 

metal impregnating and sputtering. The enhancement of sensor response due to metal adding on ZnO 

nanostructure sensors has been observed and found that the sputtering technique give the highest sensor 

response of 478 at sputtering time of 60 s under ethanol concentration of 1000 ppm. The sensor 

response enhancement can be explained by considering the catalytic effect on ethanol adsorption reaction 

and oxygen adsorption reaction. Consequently, the sensor response formula has been successfully 

developed and can describe the dependence of metal amount on sensor response in terms of the 

depletion layer width. As a result, the sensor response can be designed by controlling the depletion layer 

width via the amounts of gold nanoparticles, which can be simply performed by varying sputtering time. 

These results can be further explored for an implication in e-nose applications. 
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Abstract— ZnO and ZnO:Al nanostructure were synthesized 
and fabricated as ethanol gas sensors. For FE-SEM images, the 
diameter and length measured at the middle of the wire-like 
structure were in range of 100-500 nm and several micrometers, 
respectively. From TEM analysis, it was suggested that the 
ZnO:Al nanostructure grew along 0211  direction on 0001   
plane. The Raman spectra of ZnO and ZnO:Al nanostructures 
can confirm existence of defect effects due to oxygen vacancies 
and Zn interstitials of ZnO. Besides, it also suggested that the 
ZnO:Al nanostructures had 0211  direction perpendicular to 
the surface. The ethanol sensors based on ZnO:Al nanostructure 
sensors can be improved when compare with pure ZnO 
nanostructure sensor at the ethanol concentrations of 50-1000 
ppm. The highest sensitivity of 32 was obtained in ZnO:Al 
nanostructure sensors with Al 1% by mol compared to 14 of 
pure ZnO nanostructure sensor at optimum temperature of  
300 C. The sensitivity improvement of ZnO:Al sensors can be 
explained by an increase of oxygen vacancy-related defects 
which increase the surface depletion layer width as described in 
sensitivity equation. The larger surface depletion layer width 
results in higher the potential barrier height at the contacts and 
finally, sensitivity improvement. 

I. INTRODUCTION 
ZnO is a promising n-type semiconducting oxide that has 

potential for gas sensor with excellent sensing toward various 
gases such as LPG, methanol, and ethanol. The ethanol 
sensing properties based on ZnO sensors have been 
extensively studied due to potential in fabricating high-
performance ethanol sensors [1] for application as an alcohol 
breath analyzer [2-3]. An important parameter in ethanol 
sensor study is sensitivity which calculated from the ratio of 
the resistance in air and the resistance in air-mixed gas. 
Typically, the sensitivity of sensors based on bulk and thin 
film of ZnO is low. Thus, several approaches, for example, 
using nanostructure, adding noble metal, and doping for defect 
formation have been studied in order to improve the 
sensitivity.  

There has been a report on the sensitivity improvement of 
ethanol sensor based on Al-doped ZnO nanomaterial [4]. The 
Al-doped ZnO sensors exhibited excellent sensing properties 
of sensitivity (~200), response time (~8 s) and recovery time 
(~10 s) at ethanol concentration of 3000 ppm and working 
temperature of ~290 C for the sample annealed at 500 C with 
2 at.% Al2O3. The sensitivity improvement was explained by 
using effective specific surface model. 

The sensitivity improvement of sensors based on Al-doped 
ZnO film toward methanol has also been reported and 
explained by low lattice disorder [5].   

Moreover, the sensitivity improvement of sensors based on 
Al-doped ZnO nanotetrapods has been reported [1] and 
explained in terms of the enhanced modulation of conductance 
caused by the preferential adsorption of the ethoxy on the 
oxygen vacancies. 

In this work, we have reported on the sensitivity 
improvement by controlling the defect in ZnO nanostructure 
using Al doping. The effect of oxygen vacancies arising from 
Al doping on ethanol sensing properties of ZnO 
nanostructures sensor was investigated. Besides, we have 
proposed a generalized formula to describe the sensitivity 
improvement of ZnO nanostructure sensors due to Al doping. 

II. EXPERIMENTAL DETAILS 
ZnO:Al nanostructures were synthesized on alumina 

substrates via thermal oxidation technique with no catalyst. Zn 
(purity 99.9%) and Al (purity 99.9%) starting powder was 
mixed and ground at Al content of 1-3% by mol. Then, Zn:Al 
powder mixture was mixed with polyvinyl alcohol (PVA) to 
form the paste. The paste was screened as a thick film onto the 
alumina substrate and then, sintered at the temperature 600 C 
for 24 h under a normal atmosphere. The surface morphology 
of ZnO:Al nanostructures were characterized using the field 
emission scanning electron microscopy (FE-SEM). The 
optical properties were investigated by Raman spectroscopy 
using a JY T64000 triple monochromator Raman spectrometer 
(Horiba Jobin Yvon SAS, France) with a backscattering 
optical configuration. An excitation source was an argon laser 
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at a wavelength of 514.5 nm. The crystal structure was 
characterized by transmission electron microscopy (TEM) 
using a JEOL JEM-2010 transmission electron microscope.  

For sensor fabrication, gold inter-digital electrodes were 
pasted onto the sensor area and a heater was put underneath 
the alumina substrate. The heater was made from nickel–
chromium coil with resistance of 35–40  which could be 
controlled the operating temperature in the range of 280–
360 C. The sensors properties were measured using volt-
amperometric technique at the bias constant voltage of 5 V at 
the ethanol concentration of 50-1000 ppm. The sensitivity was 
studied as the ratio of the resistance in air and the resistance in 
ethanol-air mixed gas (Ra/Rg).  

III. RESULTS AND DISCUSSION 
Surface morphology 

The nanostructures have been successfully synthesized on 
alumina substrate at the temperature of 600 C for 24 h under 
normal atmosphere. For comparison, FE-SEM images of 
ZnO:Al nanostructure of Al content 1% by mol, 2 % by mol, 
and 3% by mol with high magnification were shown in Fig. 1 
(a), (b), (c), (d), (e), and (f), respectively.  

It can be seen that the morphology of ZnO:Al 
nanostructures for all cases exhibited similar wire-like 
structures. The diameter and length measured at the middle of 
the wire-like structure were in a range of 100-500 nm and 
several micrometers, respectively. Also, the bending tips of 
ZnO:Al nanostructures were observed in all samples. 

A TEM bright field of ZnO:Al nanostructure with Al 
content of 1% by mol was shown in Fig. 2 (a). The 
corresponding selected area diffraction pattern (SADP) (inset) 
can be indexed as only hexagonal phase indicating alloying of 
ZnO:Al nanostructure. From trace analysis, it was found that 
the growth direction of ZnO:Al nanostructure grew along 

0211  on 0001  plane. Moreover, Fig. 2 (b) shows a high-
resolution TEM image of a single crystalline ZnO:Al 
nanostructure grown at 600°C which the lattice fringes were 
spaced 0.52 nm apart. 

The Raman spectra of ZnO and ZnO:Al nanostructures 
were shown in Fig. 3. The peaks at around 332 and 438 cm-1 
were observed and can be attributed to E2H-E2L and E2H 
vibrational modes. While the observed peaks at 385 and 583 
cm-1 can be attributed to A1(TO) and E1(LO), respectively. 

According to Raman selection rule for a back scattering 
configuration of wurtzite hexagonal structure [6], A1(LO) and 
E2 are allowed modes for c-axis perpendicular to the surface. 
But A1(TO), E1(TO), and E2 are allowed modes for 0211  
direction perpendicular to the surface. Thus, the observation of 
A1(TO) peak (no A1(LO) peak) suggested that the 0211  
direction is perpendicular to the surface which was in good 
agreement with the growth direction from TEM analysis. 

In addition, E1(LO) is normally a forbidden peak from 
Raman selection rule. However, E1(LO) peak at 583 cm-1 was 
observed in our cases and generally, can be related to the 
formation of defects due to oxygen vacancies and Zn 
interstitials of ZnO [6-8]. So, the intensity ratio of E1(LO) to 
E2 can be used to indicate degree of defects due to the oxygen 
vacancies and Zn interstitials of ZnO. From the Raman 
spectra, the intensity ratio of E1(LO) to E2 of ZnO:Al 

nanostructures with Al content of 0, 1, 2, and 3% by mol was 
0.132, 0.150, 0.140, and 0.136, respectively. It can be seen 
that the defects were higher for ZnO:Al nanostructures due to 
Al doping. 

 
Fig. 1. FE-SEM images of (a), (b) ZnO:Al 1% by mol, (c), (d) 

ZnO:Al 2% by mol, (e), (f) ZnO:Al 3% by mol. 

 
Fig. 2 (a) TEM bright field of ZnO:Al nanostructure. Inset 

showed the SADP of a single crystalline ZnO:Al 
nanostructure and (b) HRTEM image of ZnO:Al nanostructure 

with the lattice fringes of 0.52 nm. 

Ethanol sensing characteristics 

For optimum temperature determination, the sensitivity 
based on ethanol sensor at ethanol concentration of 1000 ppm 
was plotted between the sensitivity versus the operating 
temperature as shown in Fig. 4. The sensitivity was high at the 
operating temperature of 280-300 C and it was low at the 
operating temperature in range of 300-380 C. So, the 
optimum temperatures were about 300 C for all sensors.  
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Fig. 3 Raman spectra of ZnO:Al nanostructures with Al 

content of 0, 1, 2, and 3% by mol. 

 
Fig. 4 Relation between sensitivity versus the operating 
temperature at the ethanol concentration of 1000 ppm. 

From the resistance response and recovery characteristics 
as shown in Fig. 5, it was found that the sensitivity of ZnO:Al 
nanostructure sensors were higher than that of pure ZnO 
nanostructure sensors. The highest sensitivity of 32 was 
obtained in ZnO:Al nanostructure sensors with 1% Al  by mol 
compared to 14 of pure ZnO nanostructure sensor at optimum 
temperature of  300 C. Thus, the sensitivity improvement was 
clearly achieved by Al doping. 

Moreover, the sensing characteristics can also determine 
the oxygen species on ZnO nanostructure surfaces by using an 
equation of sensitivity (S) [9-12]:                                               

                                     baCS 1                               (1) 

where C represents ethanol concentration, a and b are 
constant.  

 

 
Fig. 5 Resistance response and recovery characteristics of 

ZnO:Al sensors at the temperature of 300 C. 

The value of the constant depends on the sensor material 
and the type of gas sensor which exposed to at the operating 
temperature. The value of the constant b is normally around 
either 0.5 or 1, depending on the charge state of the surface 
ion. It was reported that for b of 0.5 the adsorbed surface 
oxygen ion is O2- and for b of 1, the adsorbed surface oxygen 
ion is O-. The b value can be determined from equation (1) 
which can be rewritten as: 

                         CbaS loglog)1log(             (2) 

It can be seen that log(S-1) has linear relation with log C 
having a slope of b value. Thus, b value can be obtained from 
a slope value of a plot between log(S-1) and log C. Fig. 6 
show linear relation of log(S-1) and log C at the optimum 
operating temperatures for pure ZnO nanostructures and 
ZnO:Al nanostructure sensors. The b values obtained from the 
slope in Fig. 6, were 0.46, 0.37, 0.41, and 0.30 for pure ZnO 
sensor, ZnO:Al 1%, 2%, and 3% by mol, respectively. It can 
be seen that b value of all sensors were closed to 0.5 
suggesting the oxygen ion species on ZnO:Al nanostructure 
surface were still O2- similar to pure ZnO. 

In order to explain the sensitivity improvement due to Al 
doping, let consider the oxygen adsorption reaction that can be 
represented in general equation as [12] 

   OVegasO Oxyk)(
2 2

         (3) 

where O2(gas) is an oxygen molecule in ambient 
atmosphere, e is density of conduction electron at the surface, 
kOxy is the reaction rate constant or reaction rate coefficient, 
O  is a chemisorbed oxygen species, V  is the defect 
effect such as oxygen vacancy or zinc interstitial, 1 for 
singly ionized forms, 2 for doubly ionized forms, 1 
for atomic forms, and 2  for molecular forms.  
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Fig. 6 Plot of log(S-1) versus log C of pure ZnO and ZnO:Al 

nanostructure sensors at the optimum temperature. 

At the chemical equilibrium, equation (3) can be generally 
deduced by mass action law as: 
                       2/12 PeVkOxy                                (4) 
where  is density of O2- per unit area, [V] is a defect density, 
e  is density of conduction electron at the surface, and P  is 

a partial pressure of oxygen molecule. Moreover, if there are 
no electron-trapping sites other than the adsorbed oxygen ion 
O2- on the surface, the depletion layer width (w) can be related 
to density of O2- per unit area as [13]: 

wnd            (5) 
where nd is a density of donor electrons. It can be seen that the 
defect density is linearly dependent on the depletion layer 
width. From our previous work [14], the sensor sensitivity in 
this case is described as  

    
12/exp)/( 2

b
g

d

b
smdEtht C

n
mVVwΦnTkΓS          (6) 

where t is proportional constant, kEth(T) is a reaction rate 
constant between adsorbed oxygen species and ethanol vapor 
which depends on the operating temperature, m is the reduced 
depletion depth which is defined by m = w/Ld, Ld is a Debye 
length,  is a ratio of surface area per volume of material 
(Vm), and Vs is the system volume, Cg is the ethanol 
concentration. 

The sensitivity improvement of ZnO:Al sensors can be 
explained by using equation (6). As seen in Raman results, Al 
doping in ZnO structure increased the oxygen vacancy-related 
defects. The increase of oxygen vacancy-related defects (high 
V  in equation (4)) due to Al doping increases the surface 

depletion layer width. Thus, the larger surface depletion layer 
results in higher sensitivity as seen in equation (6). 

It should be noted that the depletion layer width also 
depends on the height of the potential barrier at the contacts 
[13]. So, the larger the depletion layer width implies that the 
higher the height of the potential barrier at the contacts.    

IV. CONCLUSIONS 
ZnO and ZnO:Al nanostructure were synthesized and 

fabricated as ethanol gas sensors. From characterization, the 
diameter of the wire-like structure was in range of 80-600 nm 

with the growth direction along 0211  on 0001  plane. The 
Raman spectra of ZnO and ZnO:Al nanostructures can 
confirm existence of defect effects due to oxygen vacancies 
and Zn interstitials of ZnO. The ethanol sensors based on 
ZnO:Al nanostructure sensors can be improved when 
compare with pure ZnO nanostructure sensor at the ethanol 
concentrations of 50-1000 ppm. The sensitivity improvement 
of ZnO:Al sensors can be explained by an increase of oxygen 
vacancy-related defects which increase the surface depletion 
layer width as described in sensitivity equation. The larger 
surface depletion layer width results in higher the potential 
barrier height at the contacts and finally, sensitivity 
improvement. Thus, the doping for defect formation is a 
promising technique for the sensitivity improvement. 
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The  ethanol  sensing  characteristics  in  ZnO  nanostructure  sensors  with Au  coating  by sputtering  tech-

nique were  investigated.  The enhancement  of  sensor  response  due  to  gold  nanoparticles  (AuNPs)  on ZnO

nanostructure sensors  has been  observed  and  explained by  considering  the  catalytic  effect on ethanol

adsorption reaction  and oxygen adsorption  reaction.  Consequently,  the  sensor  response  formula has  been

developed based on the  adsorption reactions.  In  addition,  the dependence  of  gold  amount  on  gas  sensor

response was  systematically  investigated.  It  was  found  that  under the  ethanol  concentration  of  1000  ppm,

the sensor  response  increased  as the  sputtering  time increased,  exhibited  maximum value  of  478  at  sput-

tering time of  60 s, and  then,  decreased  at longer  sputtering  time.  Based  on the  results,  the  developed

formula can  describe  the  dependence of  gold  amount on  sensor  response  in  terms of  the  depletion  layer

width. As  a  result,  the  sensor response  can  be designed by  controlling  the  depletion  layer width  via the

amount of  gold  nanoparticles  (AuNPs),  which  can  be simply performed  by  varying  sputtering  time.  These

results can  be further  explored for  their  an implication  in  e-nose  applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gas sensors based on metal-oxide semiconductors such as ZnO

[1–4],  SnO2 [5],  TiO2 [6],  WO3 [7],  Fe2O3 [8],  and In2O3 [9] have great

potential applications in environmental monitoring, chemical pro-

cess controlling, and personal safety [10].  In particular, gas sensors

based on ZnO nanostructures have been widely investigated due to

the feasibility for ultrahigh sensitive sensors in ppb-level detection.

However, ethanol sensors based on ZnO nanostructure typically

exhibit low sensor response unless the nanostructure size is  smaller

than the value of Debye length (less than 15 nm)  [11,12],  which

is  not easy to achieve. Thus, the techniques for sensor response

enhancement have been intensively studied. Adding noble metals,

such  as gold (Au) [13–15], platinum [16],  palladium [17,18], and

silver [19], is one of the techniques commonly used to improve

the sensor response. Typically, the noble metal acts as a catalyst to

modify surface reactions of  metal oxide semiconductors to enhance

gas  sensing and results in higher sensor response than that of pure

ZnO.

From our previous reports, the approaches of mixing gold

with ZnO nanostructure [13] and impregnating by dropping gold

∗ Corresponding author. Tel.: +66 53 943375; fax: +66 53 357511.

E-mail address: supab99@gmail.com (S.  Choopun).

solution on ZnO nanostructure [14,15] have been studied and the

enhancement of sensor response have been observed in both cases.

These two methods are simple and easy for fabrication, but it is dif-

ficult  to control metal uniformity and metal size distribution which

affects performance of the sensors.

These problems can be overcome by using sputtering technique.

Normally, as-sputtered gold on ZnO nanostructure is  found to form

thin gold layer. However, heat treatment of the thin gold layer

can  lead to the formation of a  stable population of gold nanopar-

ticles which uniformly disperse on the ZnO surface [20].  There are

several reports on using sputtering technique for metal adding.

For  example, Li et al. coated gold by sputtering technique on  ZnO

nanorods with diameters down to 15 nm and found an increase in

the  sensor response and  decrease in the response time [21]. Also,

Santhaveesuk et al. have reported the sensor response enhance-

ment of ZnO tetrapods (T-ZnO) and ZnO tetrapods mixing with TiO2

(T-TiZnO) using gold coating by sputtering technique [22].  How-

ever,  there is  still no report of a  systematic study on  the relation

between gold amount and gas sensing properties. Moreover, there

is  still no sensor response formula that describes the effect of mech-

anism of gold nanoparticle on the surface of ZnO nanostructure

sensor.

In this work, we have systematically investigated the gold

amount dependence on gas sensor response. The  sensor response

enhancement due to gold nanoparticles on ZnO nanostructure

0925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2012.03.050
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Fig. 1. Schematic diagram of ethanol sensing characteristic measurement.

sensors have been explained by catalytic effect on  ethanol adsorp-

tion reaction and oxygen adsorption reaction. Furthermore, an

explicit sensor response formula has been proposed according

to this explanation. Also, we have demonstrated that the sensor

response can be designed by control of depletion layer width via

amount of gold nanoparticles and this can be simply performed by

varying sputtering time.

2. Experimental

2.1. ZnO nanostructure preparation

ZnO nanostructures were prepared by thermal oxidation tech-

nique with no catalyst on alumina substrates [15].  Zn powder

was evaporated on alumina substrate without substrate heating.

In  brief, Zn powder (purity 99.9%) with 0.3 g was  placed on an

alumina boat that was inserted in the chamber under pressure of

5  × 10−5 torr and the heating current was set to approximately 30 A.

The  distance between boat and substrate was about 10 cm.  After

evaporation process, a  gray Zn thin film was formed on the alu-

mina substrate with a  thickness of 3  �m. Next, it was  sintered to

form a ZnO nanostructure at the temperature of 500 ◦C for 24 h

under normal atmosphere. The ZnO nanostructures were charac-

terized by using field emission electron microscopy (FE-SEM) and

energy dispersive spectroscopy (EDS). Finally, the gold nanopar-

ticles on the surface of the ZnO nanostructure were observed by

using  transmission electron microscopy (TEM), (JEOL JEM-2010).

2.2.  Ethanol sensor fabrication

Ethanol sensors were fabricated by using ZnO nanostructure

with an area of about 5 × 5  mm2 as shown in Fig. 1.  Sensors based on

pure  ZnO nanostructure were called S00. Adding metal on the sur-

face of ZnO nanostructure was performed by sputtering technique.

ZnO nanostructures were coated with gold at  sputtering time of

10–100 s by using SPI-moduleTM sputter coater and the direct cur-

rent (DC) of 18 mA.  The distance between the gold target and ZnO

nanostructure was about 5 cm.  Then, the as-sputtered gold on ZnO

nanostructure was heated at  the temperature of 400 ◦C in air for

24  h in order to form AuNPs. Finally, the Au-coated ZnO nanostruc-

tures were used for fabricating ethanol sensors which were called

S10–S100 according to sputtering time.

The  sensors were fabricated by putting gold paste as interdigi-

tal  electrodes on the top of the sensor surface and putting a  heater

underneath the alumina substrate. The heater for the sensor was

made from nickel–chromium which could control temperature in

the  range 280–380 ◦C.  The operating temperature was measured by

thermocouple placed on  the middle of the sensor. The  characteris-

tics of the sensor were studied in a gas flow chamber. The electrical
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Fig. 2.  X-ray diffraction pattern of thin film after sintering at  500 ◦C for 24 h com-

pared with Zn film  and alumina substrate.

measurements were performed by using a  volt-amperometric tech-

nique. A  constant bias voltage of 5 V  was applied to the sensor. The

sensors were heated at  the temperature of 300 ◦C for 24 h  before

testing. After that, the current and voltage signals were monitored

and recorded through a  desktop computer. From these signals, the

sensor’s resistance was then determined with the active gas at var-

ious concentrations (50, 100, 500, and 1000 ppm).

Ethanol vapor with various concentrations was  generated from

ethanol solutions by using alcohol simulator (GUTH laboratories

Inc.,  Harrisburg USA) which simulated the alcohol concentration

similar to an exhaled human breath. The sensor response is defined

as  the ratio of the electrical resistance of sensor in air (Ra) and in

ethanol–air mixed gas (Rg).

3. Results and discussion

3.1. Characteristics of  ZnO nanostructure and Au-coated ZnO

nanostructure

After  the evaporation process, the obtained thin film had gray

color on alumina substrates. After sintering at  500 ◦C for 24 h, the

gray color of the film changed to white color suggesting a  change of

Zn to ZnO via the chemical reaction 2Zn +  O2 →  2ZnO which can be

confirmed from XRD pattern as shown in Fig. 2.  It can be seen that

peaks in XRD pattern of the film after sintering can be indexed for

only ZnO peaks and Al2O3 substrate. The growth mechanism of ZnO

nanostructure by thermal oxidation process has been proposed in

our  previous report [23].

The morphology of ZnO nanostructure on  alumina substrates

was  observed from FE-SEM as shown in Fig. 3(a). It was found that

the nanostructures exhibited the wire-like structure with diam-

eter of 40–200 nm and  length of several microns. The  thickness

of  ZnO nanostructure on alumina substrates was about 3  �m. For

Au-coated ZnO nanostructure, the morphology looked similar to

ZnO nanostructure as shown in Fig. 3(b)–(d) at the sputtering time

of  20, 60, and 100 s, respectively. Nevertheless, gold nanoparti-

cles  (AuNPs) could not  be observed on  ZnO nanostructure surface

although this may  be due to low magnification of the FE-SEM

images.

However, AuNPs on ZnO nanostructure surface could be

observed from the TEM bright field image of Au-coated ZnO nano-

structure at the sputtering time of 20 s as shown in Fig. 4.  It can be

seen that the AuNPs (black spots) adsorbed on ZnO nanostructure

surface with particle size less than 15 nm.  It should be noted that

after the heat treatment the gold nanoparticles were observed as

similar to those in other reports [20].
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Fig. 3. FE-SEM images of (a) pure ZnO nanostructure, (b) ZnO nanostructure coated

with Au for 20 s, (c) 60 s,  and (d)  100 s,  respectively.

The chemical composition of Au-coated ZnO nanostructure

was investigated by using EDS. The EDS spectra are shown in

Fig.  5(a)–(c) for sputtering time of 20, 60, and 100 s, respectively.

The peaks of Au, Zn, and O signals are clearly observed. The peak

at  around 2.1 keV which corresponds to M� energy level of gold,

is  clearly observed, suggesting gold particle on ZnO nanostruc-

ture surface. The average atomic percent of  Au  is  0.64%, 1.83%,

and 13.19% at sputtering time of 20, 60, and 100 s respectively,

indicating different amounts of  gold for different sputtering time.

The  coating amount of Au  on ZnO nanostructure was confirmed

by measuring the Au thickness coating on glass substrate using

Rutherford Backscattering Spectrometry (RBS) and fitting the RBS

spectrum with results from the simulation program SIMNRA [22].

The sputtering rate was derived from the measured Au thickness

and found to be about 0.47 nm per second. Moreover, RBS can deter-

mine area concentration of gold which can indicate gold amount

dependence on sputtering times which is  a  linear relationship

between Au atom concentration and sputtering time as shown in

Fig. 6.

3.2. Ethanol sensing characteristics

The resistance response and recovery characteristics of  S60 sen-

sor  exposed to ethanol concentration of 1000 ppm at  the operating

Fig. 4. TEM bright field image of ZnO nanostructure coated with Au at the sputtering

time of 20 s.

Fig. 5.  EDS spectra of ZnO nanostructure coated with gold at the  sputtering time of

(a) 20 s, (b) 60 s, and (c) 100 s, respectively.

temperature in range of 280–380 ◦C are shown in Fig. 7(a). The

resistance of the sensor dropped sharply in ethanol atmosphere

and recovered to the initial value after removing ethanol vapor. All

sensors exhibited similar resistance response and recovery char-

acteristics with different resistance value. In Fig. 7(b), the sensor

responses at  1000 ppm ethanol are plotted as a  function of operat-

ing temperature. It can be seen that all the sensors exhibited the

highest  sensor response at  300 ◦C. Therefore, this is the optimum

operating temperature for all the sensors.

Fig. 8(a) shows the sensor response of  S00–S100 exposed to the

ethanol concentration of 1000 ppm at the optimum temperature of

300 ◦C. It was  found that the sensor response of S10–S100 sensors

(with Au-coating sensors) was higher than that of S00 sensor (with-

out Au-coating sensor). The sensor response of S00 sensor is  about
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Fig. 7. (a) Resistance response and recovery characteristics of S60 sensor exposed

to  ethanol concentration of 1000 ppm at  different operating temperatures, (b)  the

sensor response versus the operating temperature of sensors under ethanol concen-

tration of 1000 ppm.
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under ethanol concentration of 1000 ppm at  the optimum temperature of 300 ◦C.
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of  300 ◦C.

40 while the sensor responses of S10–S100 sensors are 222, 269,

277, 404, 446, 478, 319, 304, 200, and 132 respectively, as seen in

Fig.  8(b). The highest value of sensor response was obtained from

S60 sensor. It can be seen that the sensor response increased at

short sputtering time, reaches maximum value at 60 s, and then

decreases for longer sputtering time. The sputtering time depen-

dence on sensor response will be discussed in detail later.

Fig. 9 shows the relation between the sensor responses versus

ethanol concentration at  the operating temperature of 300 ◦C with

ethanol concentration in the range of 50–1000 ppm. Clearly, the

sensor response depends on ethanol concentration but the relation

is not linear. This will be discussed in more detail in the next section.

3.3. Oxygen adsorption on ZnO surface

Normally, the oxygen adsorption reaction on the surface is  of

two  types, depending on the operating temperature [24]. When

ZnO nanostructure is heated at  low temperature (100–200 ◦C), oxy-

gen molecules (O2) in air adsorbed onto the surface of the ZnO

nanostructure forming oxygen ion molecules O−
2 .  At  high tem-

perature (250–350 ◦C), oxygen molecules in air are dissociated to

become oxygen ions with single or double negative electric charge

due  to the attraction of an electron from the conduction band of

the ZnO nanostructure. Thus, the oxygen adsorption reaction can

be  represented as:

ˇ

2
O2(gas) +  ˛ē ↔ O˛−

ˇ
(1)

where O2(gas) is  an oxygen molecule in ambient atmosphere, ē is an

electron on the surface that is depleted from the conduction band of

the ZnO nanostructure, O˛−
ˇ is  a  chemisorbed oxygen species, ˛  =  1

for singly ionized forms, ˛ = 2  for doubly ionized forms,  ̌ =  1 for

atomic forms, and  ̌ =  2 for molecular forms.

From Eq. (1),  oxygen adsorption on  the ZnO nanostructure sur-

face  has various species that depend on the operating temperature.

The oxygen species on the surface can be obtained from fitting with

experimental data. Usually, gas adsorption on the surface can be

empirically represented as [25–27]:

S =  1  +  aCb (2)

where C represents ethanol concentration. The sensor response (S)

is characterized by the constant a and b. The value of the constant

depends on the sensor material and the type of gas sensor. The value

of  the constant b is normally around either 0.5 or  1, depending on

the charge state of  the surface ion. It was  found that the adsorbed

oxygen ion is O2− for b of 0.5, the adsorbed oxygen ion is O− for b



234 E.  Wongrat et al. /  Sensors and Actuators B 171– 172 (2012) 230– 237

100 100 0

100

1000

b=0. 43

b=0. 60

b=0. 48

Ethanol c oncentrat ion (ppm)

S
en

so
r 

re
sp

o
n

se
-1

S20

S60

S100

Fig. 10. Plot of log(S − 1) versus log C  of S20, S60, and S100 at the optimum temper-

ature.

of 1 [14,25]. So Eq. (2)  can be rewritten as in Eq. (3) in order to find

oxygen adsorption species on the surface.

log(S  − 1) = log(a) + blog(C) (3)

It can be seen that log(S  − 1)  has a  linear relation with log C

having a slope of value b. Thus, the b value, which represents oxygen

ion  species on the surface of ZnO sensors, can be obtained from a

plot of log(S − 1) versus log C.

From our results, the b value was obtained from a  linear fit of

log(S  − 1) and log C as shown in Fig. 10. It can  be seen that the b value

of all sensors was nearly 0.5 suggesting the oxygen ion species on

ZnO nanostructure surface were O2−.

3.4. Explanation of sensor response enhancement

The sensor response enhancement due to AuNPs on  ZnO nano-

structure sensors can be explained by the effect of catalyst on

ethanol adsorption reaction and effect of catalyst on oxygen

adsorption reaction. It is  well-known that Au exhibits an  excel-

lent catalytic ability, especially for Au NPs [20,28,29]. Therefore, Au

coating would result in the higher reaction rate constant for both

ethanol adsorption reaction and oxygen adsorption reaction.

3.4.1. Effect of catalyst on ethanol adsorption reaction

Let us consider ethanol adsorption reaction as given by:

CH3CH2OHads + O2−
ads

kEth←→C2H4O + H2O  +  2e− (4)

This reaction can be used to derive sensor response formula

which does not account for depletion layer effect as [24]:

S  = Rair

Rgas
= ��kEth(T)[Oion

ads
]
b

n0
Cb

g + 1 (5)

where �� is proportional constant, kEth(T) is  a reaction rate con-

stant between adsorbed oxygen species and ethanol vapor which

depends on the operating temperature, [Oion
ads

] is  adsorbed oxygen

species concentration, Cg is  the ethanol concentration, and n0 is  the

electron concentration of sensor in air.

Since the reaction rate constant kEth(T) is directly proportional

to  the sensor response, as seen in Eq. (5),  AuNPs coating on ZnO

surface sensor will result in the higher sensor response through

increasing of electron concentration at  the surface, as seen in Eq. (4).

This explanation is similar to our previous report [22]. The evidence

for having higher kEth(T)  is observed from the sensor resistance in

the  ethanol ambient. It is clearly seen in Fig. 11 that the sensor

resistance in the ethanol ambient of  Au-coated ZnO nanostruc-

ture sensor is lower than that of pure ZnO nanostructure sensor,
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Fig. 11. Sensor resistance as a function of the sputtering time for all sensors in air

and  ethanol–air mixed gas at  the  operating temperature of 300 ◦C  under ethanol

concentration of 1000 ppm.

indicating the higher reaction rate constant kEth(T) between

adsorbed oxygen species and ethanol vapor.

3.4.2. Effect of  catalyst on oxygen adsorption reaction

Let us consider the oxygen adsorption reaction as given in Eq.

(1).  In the previous section, we stated that oxygen ion specie was

O2− for ZnO sensor. Thus, Eq. (1) can be rewritten by substituting

with  ̌ = 1  and ˛ = 2  as given in Eq. (6)

1

2
O2(gas) + 2ē(ZnO)

kOxy←→O2− (6)

The  chemical reaction from Eq. (6) is  the reversible reaction

including reaction constant, and equilibrium constant of oxygen

adsorption reaction (kOxy) which is defined as kOxy = ka/kd,  ka and

kd for oxygen adsorption and desorption reactions, respectively. At

equilibrium condition, it can be deduced by using the mass action

law  that

ka[e]2P1/2 =  kd� (7a)

�  = kOxy[e]2P1/2 (7b)

where � is  density of O2− per unit area, [e] is  density of conduc-

tion  electron at the surface, and P is  a partial pressure of oxygen

molecule.

Typically, the resistance of sensors including two  parts: the

resistance along a cylindrical nanowire and between nanowires.

The resistance along the nanowire is  due to surface depletion layer

and conductive channel. The resistance between nanowires is due

to  potential barrier (band bending) between wires which depend

on  a  size of nanostructure. Thus, let us consider a  diameter of  cylin-

drical  nanowire D  with a  depletion layer width (w). It can be divided

into  three cases.

1. Under D �  2w (large size)

In this case, the depletion layer width is much narrow compared

to  diameter of cylinder so the depletion layer has small effect on the

electron density and in the wires. However, it does greatly affect the

potential barrier of the contacts between wires. Thus, the resistance

of the sensors is  dominantly controlled by the potential barrier in

this  case [11].

The density of conduction electrons at surface [e] is expressed

in  terms of surface potential as follows [30]:

[e] =  nd exp

(
−qVB

kT

)
(8)
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where nd is density of donor electron, which is assumed to be con-

stant  throughout ZnO semiconductorand the relation between VB

and w is shown as:

w =
(

2ε

qnd
VB

)1/2

= Ld(2ˇVB)
1/2, VB = (w/Ld)

2

2ˇ
(9)

Here Ld is the Debye length defined by LD = (εkT/q2nd)1/2,  and

ˇ  = q/kT, where k and  T are Boltzmann constant and  temperature,

respectively. By using Eq. (9), we can  rewrite it  as:

[e]  = nd exp(−m2/2) (10)

where m is the reduced depletion depth which is  defined by

m = w/Ld, Since the resistance of  the sensors is dominantly con-

trolled by the potential barrier in this case, the sensor resistance

R,  can be considered to be inversely proportional to the electron

density:

R = R0 exp(m2/2), R ∝ 1

[e]
(11)

where R0 is the resistance under the flat band condition.

Moreover, if there are no electron-trapping sites other than the

adsorbed oxygen ion O2− on the surface, the depletion layer width

(w) can be related to density of O2− per unit area (�) as [30]:

�  = ndw (12)

From Eq. (12), the larger depletion layer width results in higher

density of O2− per unit area (�). Finally, density of O2− per unit area

(�) and [e] ([e] = n0 in this case) can be inserted into sensor response

formula [24] give:

S  =
(

�tkEth(T)(˚ndw(Vm/Vs))
b

exp(m2/2)

nd

)
Cb

g + 1  (13)

where � t is proportional constant, kEth(T) is a  reaction rate constant

between adsorbed oxygen species and ethanol vapor depends on

the  operating temperature,  ̊ is  a  ratio of  surface area per volume of

material (Vm), and Vs is the system volume, m is  the reduced deple-

tion depth which is  defined by m = w/Ld,  and Ld is  Debye length, nd

is density of donor electron, which is assumed to be constant, w is

the depletion layer width and Cb
g is  the ethanol concentration.

From Eq. (13) (under D  �  2w), it  can be seen that the gas sens-

ing mechanism is controlled by the potential barrier of the contact

between wires. Furthermore, the potential barriers are indepen-

dent of the cylinder size and therefore the sensitivity is  independent

of  D.

2. Under D > 2w

In this case, the depletion layer has effect on both electron den-

sity in the wires and the potential barrier of the contacts between

wires. Thus, the resistance of the sensors is  controlled by surface

depletion and the potential barrier in this case.

The conductance related to nanowire after oxygen adsorption is

given as:

G  = e�0[e]�(D − 2w)2

4l
(14)

where �0 is the crystal electron mobility, l the distance between

electrodes. Thus, the gas-sensing mechanism is  dependent on both

the width and height of  the contact potential barriers [31,32].

Thus, the sensor resistance due to surface depletion layer and

potential barrier is represented by:

R  = R0

(
D

D − 2w

)2

exp(m2/2) (15)

From Eq. (12), (8) and using [e] =  n0, the sensor response for-

mula [24] can be given as:

S =
(

�tkEth(T)(˚ndw(Vm/Vs))
b

exp(m2/2)

nd

)(
D

D  − 2w

)2

Cb
g + 1

(16)

From this equation, it can be seen that the sensor response

depend not only on  the potential barrier between wires but also

on the size of nanowire.

3. Under D ≤ 2w

In  this case, the depletion layer has effect only on electron den-

sity in the wires and can be regarded as fully depleted cylinders.

The fully depleted cylinders are occurred when the Fermi level is

totally controlled by surface states under nearly flat energy bands

[31–33] and so potential barrier can be neglected. Thus, the resis-

tance of the sensors is  controlled only by surface depletion in this

case.

Normally, the depletion layer width depends on  Debye length

as  shown in Eq. (9).  So, the sensor response of ZnO nanostructures

is ultra high when their sizes are comparable or  less than to Debye

length (less than 15 nm)  similar to the third case of D  ≤ 2w. How-

ever, in this work, we  used AuNPs to increase the depletion layer

width. Thus, the sizes of ZnO nanostructures can be larger in order

to  satisfy condition of D ≤ 2w or D  > 2w  for enhancement of sensor

response.

In addition, the depletion layer width can be approximately

obtained from resistance in air  and the resistance under the flat

band condition (the resistance before oxygen adsorption) as in

Eq.  (15). For example, the depletion layer width is  obtained to be

18.62 nm for S60 and 15.54 nm for S00. It is  worth to noted that the

depletion layer width of S00 is in agreement with that of pure ZnO

in Wang’s work (about 15 nm)  [11].  Therefore, our sensors corre-

spond to the case of  D > 2w and sensor response formula as in Eq.

(16)  was  used to explain in our case.

From Eq. (16), it can be used to explain the enhancement of  sen-

sor response. It can be seen that an increase of kOxy due to catalytic

effect of AuNPs leads to a  decrease in density of conduction elec-

tron at the surface ([e]), as seen in Eq. (7), and the decrease of [e]

results in the larger depletion layer width (w), as seen in Eq. (15).

Finally, the larger depletion layer width results in the enhancement

of  sensor response as seen in Eq. (16).

However, the sensor response decreases when gold sputtering

time is  more than 60 s. To explain the decrease of sensor response,

let us consider a  ZnO  cylinder with diameter of D  and having deple-

tion layer width of w,  as shown schematically in Fig. 13.  As discussed

earlier, the depletion layer width relates to density of  O2− per unit

area (�) and also equilibrium constant of oxygen adsorption reac-

tion (kOxy),  which should be proportional to the amount of Au

nanoparticles.

3.4.3. Dependence of gold nanoparticle amount on depletion

layer width

Since the sputtering time related to gold nanoparticle amount

on ZnO naostructures which is  can be related to the depletion layer

width as shown Fig. 12.  So, let us consider gold amount dependence

on depletion layer width in three cases. First, when there is  no Au

nanoparticle coating on  the surface of the ZnO cylinder, as shown in

Fig. 13(a). In this case, the depletion layer width (w0) is very small

when compared with the cylindrical diameter. The sensor response

depends strongly on the ZnO morphologies via surface to volume

ratio (˚) parameter [24] and will be considered as a  reference or

control sensor.
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Fig. 12. Relation between depletion layer width and sputtering time.

Second, consider the case when there are some AuNPs on the

surface of the ZnO cylinder, as shown in Fig. 13(b). As discussed

before, AuNPs increase kOxy due to catalytic effect on oxygen

adsorption reaction. Then, the dissociation of oxygen molecules

in air leads to oxygen ions adsorption by capturing electron to

become oxygen ion species, O2− [24]. ZnO nanostructure loses more

conduction electrons at  the surface ([e]) due to AuNPs spillover

effect which causes a spillover zone at the neighborhood of AuNPs.

Therefore, the depletion layer width is enlarged with suppression

of  the underlying conduction channel [34]. The larger depletion

layer width (w1) results in the enhancement of sensor response as

seen in Eq. (16). Moreover, the larger depletion layer width results

in  increase height of the potential barrier at  the contacts among

the nanowires and consequently leads to resistance increase of the

Fig. 13. Schematic diagrams of gold adsorbed on ZnO surface, (a) without gold, (b)

with gold nanoparticle and (c)  with large amount of gold nanoparticles.

nanowire sensors. It should be noted that the resistance of sensor

coated with AuNPs (S10–S100) in air atmosphere showed higher

resistance than pure sensor (see in Fig. 11)  even though the sensor

has a large amount of  AuNPs on the surface.

Finally, at  higher loading amounts of AuNPS, the over amount

of AuNPs on the ZnO surface results in an overlap with the other

AuNPs on ZnO surface as seen in Fig. 13 (c). The overlapped AuNPs

leads  to less capability of conduction electrons at the surface to

capture adsorbed oxygen because there were not enough exposed

surfaces of ZnO nanowires to receive dissociated oxygen adsorbs.

And less exposed surfaces of ZnO nanowires also affected narrow

depletion layer width (w2) of the sensors [35,36].  Thus, at overload-

ing  amounts of AuNPs the depletion layer width is narrower instead

of  wider due to overlap effect. However, the sensor response in this

condition is still higher than that of pure or reference sensor.

It can be seen that the dependence on depletion layer width with

gold  amount in three cases can be used to explain our  results of  sen-

sor  response dependence on sputtering time as shown in Fig. 8(b).

Therefore, the sensor response can be designed by controlling of

depletion layer width via the amount of AuNPs. It should be noted

that  it is easy to fabricate sensors with different sensing character-

istics by using this sputtering technique. The sensors with different

sensing characteristics are an essential component in electronic

nose applications. Thus, these results can be further explored for

their implications in e-nose applications.

4. Conclusion

AuNPs were successfully coated on ZnO nanostructure by sput-

tering technique to create ethanol sensors. The enhancement of

sensor response due to AuNPs on ZnO nanostructure has been

observed and explained by catalytic effect on  ethanol adsorption

reaction and oxygen adsorption reaction. Based on the adsorption

reactions, a  sensor response formula has been successfully devel-

oped  for explanation. Also, the gas sensor response dependence on

gold  amount was  successfully explained in term of the depletion

layer  width. Therefore, the sensor response can  be designed by con-

trol  of depletion layer width via the amount of AuNPs, which can

be  simply performed by varying sputtering time. The results have

an implication in e-nose applications.
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ABSTRACT
ZnO whiskers were grown in quartz tube by thermal oxidation method. Zinc powder

was heated in a horizontal quartz tube with a furnace at a temperature of 700oC for 2 hr,
under normal atmosphere. Three different kinds of  the products can be obtained after the
oxidation process. One is transparent whiskers located at the bottom of  the quartz tube. Next
is cotton-like bulk and the other is white, fluffy product. The products were characterized by
field emission scanning electron microscopy (FE-SEM) and energy dispersive spectroscopy
(EDS). It was found that the products composed of  whiskers and tetrapod whiskers. The
lengths and the diameter of whiskers were in the range of 10-240 mm and 0.20 - 4.60 mm,
respectively while the percent of yield was up to 20% by weight.  The lengths and the diameter
of tetrapod whiskers were in the range of 3.15-10.63 mm and 0.13- 2.64 mm while the
percent of yield was up to 68% by weight.

Keywords: zinc oxide, whisker, tetrapod, thermal oxidation.

1. INTRODUCTION
Recently, quasi one-dimensional (1D)

nanostructures such as whiskers, wires, rods,
belts, and tubes have received the great interest
due to their very large surface-to-volume ratio
and become the focus of intensive research
owing to their unique applications in
mesoscopic physics, fabrication of nanoscale
optic and electronic devices [1]. ZnO is now
receiving special attention for it potential
applications in optical and electronic materials
[2]. It is an n-type semiconductor with a direct
band gap of 3.37 eV at room temperature
close in properties to GaN (Eg = 3.5 eV at
room temperature), which is widely used in
the fabrication of  blue light emitting diodes.

The strong exciton binding energy of  60 meV,
which is much larger than that of GaN (25
meV) and the thermal energy at room
temperature (26 meV) can ensure an efficient
exciton emission at room temperature under
low excitation energy [2-5]. ZnO can be
grown into a variety of micro and
nanostructures, such as tetrapod-shape,
microrods, one-dimensional microtubes, thin
film, nanobelts, nanowires, nanoneedles,
nanotubes, nanorods, nanocables and whiskers
[1, 6-14]. ZnO nanostuctures are particularly
adaptable and have various potential
applications, such as gas sensors [15, 16], solar
cells [17], field emitters [18] and the field effect
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transistor (FET) [19]. Among them, ZnO
whisker has attended due to ease of prepara-
tion and single crystalline properties.

ZnO whiskers have a hexagonal columnar
shape (pencil-like structure) and ZnO whiskers,
having tatrapod shape, consist of a ZnO core
in the zinc blended structure form in which
four ZnO arms in the wurtzite structure
radiate. Each arm is well faceted with a
hexagonal cross-section and is uniform in
length and diameter [20]. Among kinds of
ZnO whiskers, tetrapod whisker possesses
good comprehensive properties, such as
semiconductivity, wear resistance, vibration
insulation and microwave absorption. Owing
to the unusual geometry and single crystalline
character, they can be widely applied as both
devices and structural materials [21,22]. In
particular, the introduction of ZnO tetapod
whiskers imparts antielectrostatic and
antibacterial properties to polyacrylate-based
composites. Tetrapod-polymer composites
can be used in the fabrication of  solar cells.
Moreover, similarly other structures, ZnO
whiskers have attractive gas-sensing and
luminescent properties [2].

Due to these promising applications,
ZnO whiskers can be prepared by several
methods such as solvothermal [1], thermal
evaporation [23], Metal Organic Chemical
Vapor Deposition (MOCVD) [24], Pulsed
Laser Deposition (PLD) [25] and thermal
oxidation [15,16,21,22]. The thermal oxidation
method is a simple, low cost and fast process.
So in this work, ZnO whiskers were prepared
with high yield by thermal oxidation of  Zn
powder.

2. MATERIALS AND METHODS
ZnO whiskers were prepared by thermal

oxidation technique. In typical preparation
processes, Zn powder mass (Ajax Finechem,
quoted purity of 99.9%) was used at weight
of 3, 3.5, 4, 4.5, 5, 5.5 and 6 g then the powder

was hand-grounded in agate mortar. After
that, ZnO powder was put into the horizontal
one-end sealed quartz tube (150 ml) to serve
as the source materials. The quartz tube was
then pushed into the central of a conventional
tube furnace under normal atmosphere at
700oC. The gate of the furnace was closed
without special sealing during the whisker
generation process. After 2 hr. sintering, the
quartz tube was taken out from the furnace
into air for rapid cooling.

The obtained products were investigated
by field emission scanning electron
microscope for morphology and energy
dispersive spectroscopy for chemical
composition.

3. RESULTS AND DISCUSSION
Before heating, a typical color of zinc

powder is grey. After heating process, Zn was
oxidized with O2 in normal atmosphere and
transform to ZnO. It was observed that wall
of the quartz tubes were covered with a white
layer product and there were three different
kinds of the products ranging from the
bottom to the edge of the quartz tube. One
is transparent columned whiskers located at
the bottom of the quartz tube. Next is white,
cotton-like bulk and other is white, fluffy
product. It can be further classified in three
portions according to morphologies and
density, namely the first portion, the second
portion and the third portion as showed in
Figure 1.

The different morphologies of products
in different portions due to the growth
mechanism of the wire-like nanostructures
including nanowires, nanorods, nanobelts and
whiskers can be explained by the kinetics of
anisotropic growth via a vapor-solid
mechanism represented as:
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Figure 1. Schematic of  the ZnO whiskers formed in different portion in the quartz tube.

Quartz tube
|

where P is the nucleation probability on the
surface of a whisker, B is a constant
parameter, σ is the surface energy of  the solid
whisker, kB is the Boltzmann’s constant, T is
the absolute temperature, and α is the
supersaturation ratio between the actual vapor
pressure and the equilibrium vapor pressure
corresponding to temperature  (usually,  > 1)
[26-28]. The supersaturation ratio play an
important parameter in controlling morphology
of wire-like and belt-like nanostructures[26].
Smaller supersaturation ratio promotes the
growth of  wire-like structures. In contrast,
larger supersaturation ratio promotes two
dimensional growths resulting in the
formation of  belt-like structures. However,
the tetrapod whisker was not grown on
substrate and the supersaturation ratio should
be larger than belt-like structures for facilitate
the three dimension nucleation resulting in the
formation of  tetrapod whiskers [28].

In this work Zn in gas phase can be
occurred when we heat Zn metal at 700oC
which above melting point of it. The mechanism
can be explained based on the thermal
oxidation reaction  which expressed as:

The O2 for this reaction come from the
residual O2 inside the tube at the beginning and
the O2 which enter into the quartz tube from

the opened end. Then the O2 concentration
near the opened end of the tube is higher than
the O2 concentration far inside the tube
therefore the supersaturation ratio of ZnO
vapor near the opened end is larger than at
the bottom. In this result the shape of products
depend on the supersaturation ratio of ZnO
vapor’s zone in the quartz tube as can see from
the SEM images in Figure 2  which the first
portion is composed of ZnO whiskers with
the hexagonal column (pencil-like structure).
The diameter and length were in the range of
30-140 mm and 0.38-4.59 mm, respectively
(Figure 2a). The second portion is white and
quite dense. It consists of tetrapod whiskers
which have the hexagonal cylinder legs. The
leg-length of 7.34 ± 0.87 (6.17-9.21) μm and
the diameter of 0.32-0.66 (0.49 ± 0.09) μm
(Figure 2b). We obtained two types of
tetrapod whiskers in the third portion. In this
portion, there is the highest concentration of
O2 lead to high probability of Zn vapor
oxidized with O2. Large supersaturation
ratio promotes tetrapod growth easily. The
obtained tetrapod whiskers have 2 different
kinds due to the growthing time. That mean
tetrapod whisker in the inner layer have been
grown first and the growth is continuously.
Thus, the tetrapod whiskers in the inner layer
will be longer and bigger than that in the outer
layer as showed in the figure that the outer
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layer is white, fluffy which quite porous with
a thickness of about 1-3 mm and it is
composed of tetrapod whiskers which have
the leg-length of 4.77 ± 1.46 (3.15-8.87) μm
and the diameter of 0.66 ± 0.14 (0.43-0.97)
μm at the base, 0.21 ± 0.05 (0.13-0.28) μm at
the needle (Figure 2c).  The inner layer

composed of tetrapod whiskers which have
the hexagonal cylinder legs. The leg-length of
7.21 ± 1.64 (4.26-10.63) μm and the diameter
of 1.50 ± 0.65 (0.67-2.64) μm (Figure 2d). By
SEM observation, the tetrapod whiskers
become shorter in leg-length and smaller in
aspect ratio as from outside to inside.

Figure 2. SEM images of  ZnO whiskers in difference portions. (a) first portion, (b) second
portion, (c)  outer layer of third portion, d) inner layer of third portion.

Figure 3 showed EDS spectra of (a)
whisker and (b) tetrapod whisker. The spectra
were obtained by focusing electron beam in
the top of  whisker. The peaks at Zn and O
signals indicated that Zn was oxidized with
O and form ZnO whiskers. The atomic ratio
of Zn and O from the EDS spectra of
whisker and tetrapod whisker were 47.65 :
52.35 and 44.19 : 55.81, which was nearly 1:1
ratio. Thus, the obtained whisker could be
considered as ZnO.

Figure 4 showed the effect of Zn
powder weight on the producting yield.
Producting yields of tetrapod whisker was
high when the weights of Zn powder was
used more than 3.5 g and it seem to be
saturated. Producting yield of whiskers did
not have a significant change with the change
of Zn powder weight used. The obtained
whiskers which prepared by thermal oxidation
of Zn powder were almost hexagonal
column shaped but the higher of weight of



Chiang Mai J. Sci. 2011; 38(1) 43

Energy (keV)

Energy (keV)

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

Figure 3. The EDS analysis of  (a) whiskers, (b) tetrapod whiskers.

Figure 4. The effect of ZnO powder weight on the producting yield.
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Zn powder led to less uniform of  structure,
as showed in Figure 5. Because of the high
vapor pressure of Zn in the growth area, it

was found that a lot of fine particles were
deposited on the surface of  whiskers.

Figure 5. SEM images of ZnO whiskers which different ZnO
powder weight used. (a) Zn powder 3.5 g, (b) Zn powder 5 g.

4. CONCLUSIONS
ZnO whiskers were successfully

prepared by thermal oxidation method. From
FE-SEM, the lengths of whiskers were in the
range of 10-240 μm, the diameters were in
the range of 0.20 - 4.60 μm while the percent
of yield was up to 20% by weight.  The lengths

of tetrapod whiskers were in the range of
3.15-10.63 μm, the diameters were in the range
of 0.13- 2.64 μm while the percent of yield
was up to 68% by weight. From EDS, it was
suggested that the chemical component is
ZnO. It was found that the higher of  weight
Zn powder led to less uniform of  structure.
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ABSTRACT
In this work, the effects of  solution on the growth of  zinc oxide tetrapod (T-ZnO)

were investigated. T-ZnO nanostructures were prepared by the thermal oxidation technique
of metal zinc powder mixed with different solutions such as methanol (CH3OH), ethanol
(C2H5OH) and hydrogen per oxide (H2O2). The mixtures were heated at the temperature of
1,000oC in normal atmosphere. A detailed field emission scanning electron microscopy
(FE-SEM) showed that T-ZnO prepared by heating zinc and H2O2 gave the best tetrapod-
like nanostructures. The length and diameter at the leg tip of  T-ZnO is about 8.17 1.17 m
and 47.8 nm, respectively. With this condition the highest percent yield of  T-ZnO was about
4.82% by weight. Moreover, as determined by the energy dispersive spectroscopy (EDS), the
atomic ratio of Zn and O was about 1:1. In addition, this study reveal that H2O2 acts as a
strong oxidizing properties and has a role as a strong oxidizer to supply more reactive oxygen
species to zinc in order to form T-ZnO.

Keywords: ZnO, tetrapod, thermal oxidation technique.

1. INTRODUCTION
Zinc Oxide (ZnO) is one of the promising

metal oxide wide-band gap (3.37 eV) semicon-
ductors[1]. It has potential applications in
optoelectronics, catalysis, surface acoustic
wave devices, microelectronics, biomedical
devices, solar cells, and most widely applied
as gas sensing materials [2-6]. Moreover, it can
be grown into a variety shape both micro and
nano crystal structures, such as microrods,
one-dimensional microtubes, thin films,
nanobelts, nanowires, nanoneedles, nanotubes,
nanorods and tetrapods [7-15]. Recently,

tetrapod-shaped ZnO nanostructures
(T-ZnO), having sharp legs with enhanced
properties [16], have received the great interest
due to their very large surface-to-volume ratio.
Now, its applications are also expanding
continuously [17].

T-ZnO can be synthesized by many
techniques, Zhou et al. [18] synthesized T-ZnO
whiskers which were prepared with high yield
and good purity in a short reaction with
otherwise shaped metallic zinc at 500-800oC
under atmospheric pressure. Also, Guo-ping
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et al. [19] synthesized T-ZnO whiskers and
microrods in one crucible by thermal
evaporation of Zn/C mixtures at 930oC in
air without any catalyst. While Fu  et al. firstly
reported [4] the growth of  T-ZnO
microtubes which were synthesized from
mixtures of high-purity Zn powder and
activated carbon in a crucible at 930-940oC in
air without the presence of  any catalyst. Recently,
we synthesized T-ZnO nanostructures by
heating the mixture of zinc powder and
hydrogen peroxide solution at 1,000oC under
normal atmospheric pressure [20]. However,
the synthesis of  T-ZnO is still a subject of
investigation, especially, in the case of  heating
zinc and solution which acts as a strong oxidizer
to supply more reactive oxygen species to zinc
in order to form ZnO nanotetrapods.

In this work, we reported the effects of
solution on the growth of  T-ZnO. The
different solutions such as CH3OH, C2H5OH
and H2O2 were used as a supply more reactive
oxygen species. The morphology and chemical
reaction of  T-ZnO for every case were
discussed.

2. MATERIALS AND METHODS
ZnO nanotetrapods were prepared by a

thermal oxidation technique. Zinc powder and
different solutions such as methanol

(CH3OH), ethanol (C2H5OH) and hydrogen
per oxide (H2O2) were thoroughly mixed
together at 10:1 ratio by weight heated at the
temperature of  1,000oC in normal atmosphere.
The detail sample and solutions are listed in
Table 1. The horizontal furnace was heated
inside the furnace. During the process, Zn and
the mixtures evaporated to Zn vapor rapidly
when put into a hot alumina crucible. The
oxidation process of Zn at 1,000oC took for
a few minutes under normal atmospheric
pressure and the obtained products color
changed from grey to white and fluffy
product. After that, a crucible was pulled out
from furnace and left it to cool down at
room temperature. Finally, the morphology
and composition of  the obtained T-ZnO
products were characterized by field emission
scanning electron microscopy (FE-SEM) and
energy dispersive spectroscopy (EDS),
respectively.

3. RESULTS AND DISCUSSION
FE-SEM images of the synthesized

T-ZnO at magnification of  x2,000 and
x50,000 (tip), respectively, are shown in
Figure 1. Notice that the four-legs of the
T-ZnO can be observed. Figure 1(a) also
shows T-ZnO whiskers from pure Zn powder.
The analyses of  the leg tip of  the T-ZnO

Table 1. The details samples and solutions in this work.

The mixtures
Conditions

Solutions

(1) -

(2) methanol (CH3OH)
zinc powder (J.T. Baker, 100% purity)

(3) (Ajax, 99.99% purity) ethanol (C2H5OH)
(Merck, 99.9% purity)

hydrogen peroxide (H2O2)
(4) solution

(Merck, 30% concentration)
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nanostructures were made. The results show
that the length and diameter of the tetrapods
are about 9.30-12.77 m and ~67.13 nm,
respectively. The average length of  the
tetrapods was 10.87 1.13 m and the diameter
at the tip was normally less than 100 nm,
having a hexagonal shape corresponding to
hexagonal ZnO structure. In addition, figure 1

(b)-(d) show T-ZnO whiskers from Zn mixed
with different solutions. The minimum and
maximum of the length and diameter of the
T-ZnO are summarized in Table 2. It should
be noted that Zn powder mixed with solutions
give the products which have secondary
growth less than that of  pure Zn powder.
This result indicates that the smaller size and

Figure 1. FE-SEM images with x2,000 magnification of  T-ZnO from (a) pure Zn powder,
(b) Zn+CH3OH, (c) Zn+C2H5OH, and (d) Zn+H2O2. Insets are FE-SEM images at the tip
with x50,000 magnification of  T-ZnOs.

Table 2. The minimum and maximum of  length and diameter of  T-ZnO synthesized from
mixture of  Zn with different solutions by using thermal oxidation technique.

Lengths  ( m)

Samples Min-Max of Lengths Average of Lengths Average of Diameters

( m) ( m) (nm)

(1) Zn 9.30-12.77 10.87 1.13 67.13

(2) Zn + CH3OH 8.73-13.85 11.00 1.51 142.45

(3) Zn + C2H5OH 6.95-11.50 8.74 1.20 64.95

(4) Zn + H2O2 5.90-9.86 8.17 1.17 47.80
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the better shape of the tetrapods synthesized
from mixture of Zn and H2O2 were obtained
as displayed in Figure 1(d).

EDS spectrum of  the T-ZnO from the
mixture of Zn and H2O2 at 1,000oC in shown
is Figure 2. The spectra were obtained by
focusing electron beam in the middle of

whisker, showing Zn and O signals. This
indicates that the observed spectra agree well
to ZnO element. To obtain an atomic
composition ratio, the semi-quantitative
analysis of the EDS spectrum was also made
and the results showed the Zn:O composition
ratio of about 50:50.

The analysis of the percent yield of
T-ZnO was selected from the best shape of
all products which were then compared with
Zn powder. The percent yield of  T-ZnO by
weight is summarized in Table 3. It can be
seen that, sample (4) has the percent yield by
weight more than other which was 4.82%.

In addition, the ZnO nanostructures
were produced due to the zinc oxidized by
oxygen, which can be represented as

Figure 2. EDS spectrum of  T-ZnO from the mixture of  Zn with H2O2 solution at 1,000oC.

Table 3. The percent yield of  T-ZnO by weight at different solutions.

Samples Weight of  zinc powder (g)
The percent yield of ZnO

tetrapod by weight

(1) Zn 2.00 2.83%

(2) Zn + CH3OH 2.00 1.81%

(3) Zn + C2H5OH 2.00 2.58%

(4) Zn  + H2O2 2.00 4.82%

2Zn + O2  2ZnO (1)

Alternatively, reaction products of  organ
metallic compounds have a toxic substance
from the burning of an organ metallic
compound provided by the combustion of
dimethyl zinc (Zn(CH3)2) and diethyl zinc
(Zn(C2H5)2) from (2) and (3).
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However, inhalations of zinc oxide fume
particles produced by the combustion of zinc
organ metallic compounds causes zinc metal
fume fever [21]. This is an uncomfortable
condition characterized by elevated tem-
perature and “chills.” Typically, the chemical
reactions between metallic zinc (Zn) and
hydrogen peroxide (H2O2) solution are [22]

Zn + H2O2  Zn(OH)2 (4)

Then, Zn(OH)2 begins to decompose to form
ZnO and water at around 100oC as follows
[8, 10]:

Zn(OH)2   ZnO + H2O (5)

From our previous research [20, 22], T-ZnO
from the mixtures of Zn and H2O2 solution
had a single-crystalline hexagonal structure
with the lattice constants of a=3.24  and
c=5.19  as determined by x-rays diffraction
(XRD) measurements. The transmission
electron microscopy (TEM) equipped with
selected area electron diffraction accessory
used for microstructures observations,
showed that the legs of  T-ZnOs grew along
[0001] c-axis direction. However, it is
important to note here that H2O2 solution acts
as a strong oxidizer to supply more reactive
oxygen species to Zn in order to form
T-ZnO.

4. CONCLUSIONS
T-ZnO nanostructures were prepared by

the oxidation reaction technique. The results
of FE-SEM images and EDS spectra of T-

ZnO suggested that the best tetrapod-like
ZnO nanostructures prepared by heating the
mixture of  zinc and H2O2 were formed with
the highest percent yield of about 4.82% by
weight. Therefore, H2O2 acts as a strong
oxidizer to supply more reactive oxygen
species to zinc in order to form T-ZnO.
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