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a  b  s  t  r  a  c  t

The  chemical  bath  deposition  method  is used  to  prepare  two-dimensional  flakes  and  one-dimensional
rods  of ZnO.  By  changing  the  bath  temperature,  ZnO  morphology  can  be  changed  from  flakes  to rods.
Further  orientation  of  ZnO  rods  are  selectively  controlled  by varying  the  content  of  H2O2 in the  bath  solu-
tion.  These  films  are  structurally  and morphologically  characterized  using  X-ray  diffraction  and  scanning
electron  microscopy  respectively.  The  dependence  of liquefied  petroleum  gas  (LPG)  sensing  properties  on
eywords:
hemical deposition
ertically aligned ZnO rods
nO flakes
RD

morphology  and  orientation  of ZnO  thin  film  are  investigated.  The  vertically  aligned  ZnO  rods  exhibited
the  maximum  gas  response  of  49%  at 573  K upon  exposure  to 5200  ppm  of  LPG.

© 2012 Elsevier B.V. All rights reserved.
EM
PG sensor

. Introduction

Zinc oxide (ZnO) has played an inevitable role among all
he other metal oxides for many applications, due to its unique
ombination of interesting properties, such as non-toxicity, good
lectrical conductivity and lower cost [1].  ZnO is a promising can-
idate for optoelectronics and piezoelectric applications due to its
ide band gap (3.37 eV), a large exciton binding energy (60 meV)

t room temperature and its non-centro-symmetry in the wurtzite
tructure [2].  ZnO can be grown richest variety of nanostructures
3] and is expected to be the next most important material for a
ariety of practical applications such as TCOs [4],  photodetectors
5], UV-laser [6],  gas sensors [7,8], buffer layers in CIS solar cells
9], n-type window layer in extremely thin absorber (ETA) solar
ells [10], and as an electrode in DSSCs [11,12]. Until today, there
as been a prevailing need for efficient, low temperature and low-
ost deposition methods for thin films as technological industrial
pplications. Over the past few years, many methods such as mag-
etron sputtering [13], chemical vapour deposition [14], pulsed

aser deposition [6],  spray pyrolysis [15], sol–gel [5],  electrodeposi-

ion [11] and hydrothermal [16] have been employed to synthesize
anostructured ZnO thin films.

∗ Corresponding authors.
E-mail addresses: gkishor7283@yahoo.com (K.V. Gurav),

inhyeok@chonnam.ac.kr (J.H. Kim), l chandrakant@yahoo.com (C.D. Lokhande).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.082
Chemical bath deposition (CBD) is a soft chemical method used
to deposit thin films from aqueous solution, with advantages such
as low processing temperature, allowing growth on a variety of
substrates, and easy adaptation to large area processing with low
fabrication cost [17]. Thus this method has been preferred option
over the expensive methods. In order to improve physical and
chemical performance of devices, engineering of ZnO morphol-
ogy is focus of current research. Control of crystal growth for this
purpose can be conducted by CBD, in which small degree of super-
saturation of the solutions causes the heterogeneous nucleation of
the metal oxide on the substrates [18]. Many studies have reported
on the synthesis of various ZnO morphologies by chemical method
[19–25].

Ma et al. [19] have prepared three-dimensional porous ZnO
structure by chemical method. They have shown ZnO morphol-
ogy evolves from ZnO spheres, lamellar to stacked nanoplates by
varying concentration of trisodium citrate in the bath solution and
that can be used for photocatalysis. Kulkarni et al. have shown the
temperature impact on morphological evolution of ZnO and its con-
sequent effect on the physio-chemical properties [20]. Xu et al.
[21] have successfully realized preliminary control over assem-
bly pattern of ZnO architectures (rod like, flowerlike, urchin like,
stelliform, and rod arrays) by varying different substrates includ-
ing glass, Pt/glass, Au/glass, and ITO/glass through a CBD method.

Further, they have proposed possible growth mechanisms for dif-
ferent assembly patterns on the substrates. Urgessa et al. [22] have
been reported the effect of VI/II ratio on the growth of ZnO struc-
tures using a simple chemical bath deposition method. They have

dx.doi.org/10.1016/j.jallcom.2012.01.082
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. The XRD patterns of ZnO thin films deposited for samples (a) Z1 (303 K) (b)
2  (333 K) (c) Z3 (348 K) and (d) Z4 (363 K).

hown transition from quasi-spherical particles to rods as the VI/II
atio is varied from 1 to 40 ZnO morphological transformation
rom rod-to-disk to spindle-to-flower by varying pH of the bath
olution have been observed by Pawar et al. [23]. Further they
ave studied PEC properties of various ZnO structures. Duan et al.
24] reported the morphology-controlled synthesis of ZnO films
ith gelatin via CBD. Different ZnO microstructures ranging from
exagonal prisms, plates to rose-like twinned crystals are prepared
hrough varying the concentration of gelatin. A recent study by
uan et al. shows that, size of ZnO nanoarray scan be well tuned by
arying the concentration of the precursor and stirring time [25].

Recently, liquefied petroleum gas (LPG) sensing properties of
arious ZnO microstructures such as flakes [26], flowers [27], rods
28,29], leafs [30], needles [31], have been reported. However the
ffect of ZnO morphology on LPG sensing properties has been
carcely reported [32]. Recently, improved sensing performance for
ertically aligned ZnO rods than that of entangled ones has been
eported [33].

In this paper, we report on chemical synthesis of ZnO thin films.
he effect of bath temperature on the morphology evolution is
nvestigated. In addition the effect of morphology and rod orien-
ation on LPG sensing properties is also evaluated and reported.

. Experimental details

.1. Synthesis of ZnO microstructures

In typical synthesis of ZnO microstructures, an aqueous NH3 solution (28%) was
dded into freshly prepared 0.1 M Zn(NO3)2 solution under constant stirring con-
ition. Initially, white precipitate of Zn(OH)2 was observed, further addition of the
H3 resulted to form a clear zincate solution by dissolving the precipitate. The pH
f  resultant solution was  ∼12. The solution was  stirred for few seconds and then
ransferred into another beaker containing ultrasonically cleaned glass substrates
nclined vertically at 20◦ to the walls of the beaker. The bath solution maintained at
ifferent bath temperatures (room temperature (303 K), 333, 348 and 363 K) were
tilized for the deposition. After a predetermined time interval, at different bath
emperatures (303–363 K) the substrates coated with ZnO were removed, washed
ith double distilled water dried in air and preserved in the vacuum desiccator.

he deposited films were air annealed at 673 K for 2 h. The ZnO thin films deposited
ith bath temperature 303, 333, 348 and 363 K, and annealed at 673 K for 2 h are
ereafter denoted as samples Z1, Z2, Z3 and Z4, respectively.

.2. Synthesis of ZnO rods

The clear zincate solution with pH ∼12 was prepared from the aqueous alkaline
olution of Zn(NO3)2 as discussed in the preceding section. The hydrogen peroxide

H2O2 30 vol.%) was  added into the solution with different volumetric proportions
esults into decrease in pH of the solution. The pH of the solution was  maintained at
12 by addition of NH3 solution. The pre-cleaned glass substrates were immersed
nd placed vertically in the solution. The solution was  maintained at bath tempera-
ure  348 K for 2 h, resulting in the direct growth of ZnO rods onto the glass substrate.
nd Compounds 525 (2012) 1– 7

The substrates with ZnO deposit were thoroughly washed with deionized water to
remove residual salts, and dried at similar temperature. The ZnO thin films deposited
from the solution bath containing 0, 1 and 2 vol.% of H2O2 were annealed at 673 K
for 2 h and hereafter referred as samples Z3, Z31 and Z32, respectively.

2.3. Characterization technique

The phase identification of the sample deposited on the glass substrate
was  investigated by using, X-ray diffractometer (XRD) using Cu-K�1 radiation
[� = 1.5406 Å] in the 2� range from 20◦ to 80◦ (Philips PW-1710). The morphology
of  the samples was observed by using scanning electron microscopy (SEM, Model
JEOL -6330). To measure gas sensing properties, test sample was placed in a sealed
chamber and resistivity of the sample was  measured in air (i.e. Ra), then LPG was
injected into the chamber and the resistivity of the sample in presence of LPG was
measured (i.e. Rg). We  defined gas response of our gas sensors as follows

S(%) =
[

(Ra − Rg)
Ra

]
× 100 (1)

3. Results and discussion

3.1. 3.1 Effect of bath temperature

Fig. 1(a)–(d) shows the XRD patterns of annealed ZnO thin films
deposited at different bath temperatures. From figure it is observed
that, all the samples show a polycrystalline nature. The peaks can be
assigned to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0) and (1 0 3) planes
of a hexagonal wurtzite crystal structure of ZnO (JCPDS 36-1451).
The crystal planes become more prominent with increasing bath
temperature, which means crystallinity of the films is improved.

The effect of bath temperature on the microstructures of ZnO
films annealed at 673 K was  studied from SEM images. Fig. 2(a)–(d)
shows SEM images of annealed ZnO samples deposited at different
bath temperatures. Evolution in the ZnO film morphology with
the bath temperature was observed. The interconnected flakes
with porous surface are obtained for sample deposited at room
temperature (sample Z1). The pores having diameter 1.5–2 �m
are clearly seen between the interconnected ZnO flakes, the
average thickness of the flakes are in the range of few tens of
nanometers (Fig. 2(a)). With an increase in bath temperature
above room temperature, the morphology evolves substantially
and ZnO nanorods are formed as shown in Fig. 2(b) and (c). Sample
Z2, prepared at bath temperature 333 K shows the formation of
immature rods. When the bath temperature was increased from
333 to 348 K, the SEM image of the obtained sample Z3 (Fig. 2(c))
shows well-defined hexagonal facets ZnO rods of typical diameter
200 nm.  Further increase in bath temperature to 353 K (sample Z4,
Fig. 2(d)) resulted into the increase in rod diameter to 300 nm.  The
morphological evolution with increase in bath temperature may
be due to the fact that bath temperature strongly affects the release
of the Zn2+ ions from the zinc complex [Zn(NH3)4

2+]. At room
temperature, slow release of Zn2+ ions leads to the formation of the
flake-like morphology, while with increased bath temperature;
the Zn2+ ions are released more quickly to form ZnO rods.

3.2. Effect of content of H2O2 in the bath solution

Fig. 3(a)–(c) shows the XRD patterns of the annealed ZnO films
deposited at 348 K with different content of H2O2 in the bath solu-
tion. All the samples show the formation of ZnO with hexagonal
wurtzite crystal structure (JCPDS 36-1451). It is interesting to note
that, with increasing the content of H2O2, intensity of the (0 0 2)
peak plane is markedly increased and that for other crystal planes
disappeared or very weak, i.e. crystallites oriented strongly along
c-axis. This may  be due to the inhabitant ZnO crystal growth along c-

axis, which is further promoted by adding H2O2 in the bath solution,
which acts as the source of O2− ions.

Fig. 4(a)–(f) shows SEM images of annealed ZnO thin films
deposited with different contents of H2O2 in the bath solution at
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wo different magnifications (10 K and 50 K). Fairly, well defined
exagonal facets, entangled rods; typically having diameter of
00 nm is observed for sample Z3. Such rods are arranged in a very

arge, uniform array, which covers entire surface of the glass sub-
trate, as shown in Fig. 4(a). Well defined crystallographic faces
.e. polar terminated (0 0 1) and non-polar (1 0 1) faces can clearly
e identified [Fig. 4(b)]. Addition of H2O2 (1 vol.%) in bath solution
sample Z31) causes crystal to orient perpendicular to the substrate
urface as shown in Fig. 4(c) and (d). With more H2O2 (2 vol.%) in
he bath solution, vertically aligned ZnO rods are observed as shown
n Fig. 4(e) and (f). This is attributed to the increased orientation of
nO rods by increasing content of H2O2 in the bath solution. Fig. 4(g)
hows the cross sectional view of the vertically aligned ZnO rods
bserved for sample Z32. It is seen that the ZnO crystals grow along
-axis and form vertically aligned ZnO rods.

.3. Gas sensing properties

.3.1. Gas sensing mechanism
The oxygen vacancy in ZnO thin film acts as an electron donor

n ZnO and makes it as an n-type semiconductor [34]. The exposed
urface of ZnO microstructure adsorbs the oxygen molecules from
he ambient gas components, which capture conduction electrons
nd form O−, given as [29].

2(g) + 2e− → 2O−
(ads) (2)

The ZnO microstructure provides high surface area results in
igh quantity of surface atoms, which can lead to the insufficiency
f surface atomic coordination and high surface energy [35]. There-
ore, the surface is highly active, which promotes further adsorption

f oxygen in the ambient atmosphere. When the sensors are
xposed to the reducing gases, for instance, LPG, the gas will react
ith the adsorbed O−, as shown in Eq. (2) and released the trapped

lectrons back to the conduction band. This leads to an increased

Fig. 2. Scanning electron micrographs for the samples (a) Z1 
nd Compounds 525 (2012) 1– 7 3

carrier concentration of ZnO and decreasing the resistance of the
sensors [29].

CnH2n+2 + 2O− → CnH2n-O + H2O + e− (3)

where, CnH2n+2, represents the CH4, C3H8 andC4H10.

3.3.2. Effect of morphology: bath temperature effect
Fig. 5 shows the gas response as a function of operating tem-

perature for ZnO films obtained at different bath temperatures,
under the exposure of 2600 ppm of LPG in air. From figure it is
revealed that each sample exhibited maximum response at 673 K.
In this case, at low operating temperatures, the sensor response
is restricted by the speed of the chemical reaction, and at higher
operating temperatures it is restricted by the speed of diffusion of
gas molecules. At some intermediate temperature, the speed val-
ues of the two processes become equal, and at that point the sensor
response reaches its maximum [28]. Thus, in the present case the
optimum operating temperature for ZnO films is 673 K at which
sensor response attained its peak value. The temperature, which
corresponds to a certain peak value, is a function of the kind of
target gases, the chemical composition of the oxide, including the
additives and the catalysts, and the pure oxides are generally sta-
ble at lower temperatures. Hence, the high operating temperature
is necessary for pure ZnO films to interact with the LPG [28].

Further, it is observed from Fig. 5 that at operating temperature
673 K, sample Z3 exhibited highest gas response (24%), compared
to samples Z1 (14%), Z2 (18%) and Z4 (12%). This data shows LPG
response is strongly depends on the ZnO morphology. It is well
known that the gas response of the metal-oxide semiconductor
sensors is mainly determined by the interactions between a tar-
get gas and the surface of the sensors. So, it is obvious that for
the greater surface area of the materials, the interaction between

the adsorbed gases and the sensor surface is stronger, i.e., the gas
response is higher [32].

In the present case, it has been clearly seen from SEM images
that for sample Z3, the well-defined hexagonally faceted rods

(303 K) (b) Z2 (333 K) (c) Z3 (348 K) and (d) Z4 (363 K).
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Fig. 4. (a)–(f) Scanning electron micrographs of sample Z3, Z31 and Z32 at two  different magnifications (×10,000 and ×50,000) and (g) cross-sectional view of the sample
Z
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32.

ith average diameter of 200 nm offers more surface area to
nteract gas molecules, than that of interconnected flakes with
icroporous surface, immature rods and dense rods with average
iameter 300 nm observed for sample Z1, Z2 and Z4, respectively.
he surface area is largest for sample Z3, with largest number of
dsorption–desorption sites, the response could be improved by
the significant change in surface area. This is consistent with the
expectation of the relatively higher response based on their larger

surface-to-volume ratio. The sensor performance obtained in this
work is definitely better than our earlier report [7],  in which we
have reported the maximum response of 12% to 2600 ppm of LPG
by using fibrous ZnO flakes.
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Fig. 3. X-ray diffractograms of sample (a) Z3 (without H2O2) (b) Z31 (with 1 vol.%
H2O2) and (c) Z32 (with 2 vol.% H2O2).

Fig. 5. LPG response as a function of operating temperature for ZnO films obtained
at  different bath temperatures (samples Z1–Z4) upon exposure to 2600 ppm of LPG.
Fig. 6. Response transient curves of ZnO films obtained at different bath tempera-
tures (samples Z1–Z4) upon exposure to 2600 ppm of LPG.

The transient curve for the samples Z1–Z4 upon exposure of
2600 ppm of LPG at 673 K is shown in Fig. 6. When the LPG was
introduced in the gas chamber, the gas response initially increased
with the operation time and then remained stable. The sample Z3
shows maximum response (24%). Fig. 7 shows the response and
recovery times for samples Z1–Z4 operated at 673 K. The response
time is defined as time require to reach 90% of saturation resistance
upon exposure to test (LPG) gas and recovery time is defined as time
required for recovering 90% of original resistance of the material.
The recovery of the resistance after removal of LPG is determined by
both oxygen re-adsorption from the ambient at the surface and re-
oxidation of the oxide [28,29]. The ZnO flakes (sample Z1) showed
slower response than the rods, most likely due to complex mor-
phology of the sample. The relatively rapid response and recovery
of the resistance of ZnO rods imply that the surface morphology
has more significant effect not only on response time but also the
recovery rate of the sensor resistance.

3.3.3. Effect of orientation of rods: H2O2 effect
Fig. 8 shows gas response as a function of operating tempera-

ture for ZnO rods (samples Z3, Z31 and Z32) under the exposure of
2600 ppm of LPG. It is observed that, among all the samples, sample
Z32 shows the maximum gas response of 38% at 573 K to 2600 ppm
of LPG in air, i.e., vertically aligned ZnO rods have shown enhanced
gas response than entangled ZnO rods. The enhanced response is

attributed to the fact that, vertically aligned morphology of ZnO
rods provides not only direct path for efficient electron collection
but also provides the variety of channels for surface interactions
between chemisorbed oxygen adions and reducing gasses, which

Fig. 7. The response and recovery times for samples Z1–Z4 at operating temperature
673  K upon exposure to 2600 ppm of LPG.
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Fig. 10. The variation of response and recovery time of sample Z32 exposed to
2600 ppm of LPG at different operating temperatures.
ig. 8. The gas response as a function of operating temperature for samples Z3, Z31
nd  Z32 under the exposure of 2600 ppm of LPG.

akes more surface be exposed to the testing gas than in entan-
led rods. As a result, the sensing properties of vertically aligned
nO rods were improved [33]. The response of vertically aligned
nO rods to LPG has shown better than that obtained by Shinde
t al. [36] for entangled ZnO rods.

Fig. 9 shows the gas response as a function of operating tem-
erature for vertically aligned ZnO rods (sample Z32), under the
xposure of 2600 ppm of LPG in air. From figure it is revealed that
ample exhibited maximum response of 38% at 573 K. Further, it
an be evident from the figure that the sensor reaches saturation
esponse faster at higher temperature than at the lower tempera-
ure. Fig. 10 shows the variation of response and recovery time peri-
ds with operating temperatures of sample Z32 under the exposure
f 2600 ppm of LPG in air. It can be evidenced from the figure that as
perating temperature is increased from 498 to 673 K, the response
nd recovery time periods were decreased from 525 and 140 s to
60 and 99 s, respectively. The relatively rapid response and recov-
ry at higher operating temperature implied that the operating
emperature has more significant effect not only on response time
ut also the recovery rate of the sample. The vertically aligned ZnO
ods show a slower response than the entangled rods, most likely
ue to the relatively higher degree of LPG adsorption.

.3.4. Effect of gas concentration on the response of vertically

ligned ZnO rods

The response transient curve of sample Z32 operated at 573 K
or different concentrations [1300–5200 ppm] of LPG is shown in

ig. 9. Response transient curves of sample Z32 obtained at different operating
emperatures upon exposure to 2600 ppm of LPG.
Fig. 11. Response transient curve of sample Z32 obtained at different LPG concen-
trations operated at 573 K.

Figs. 11 and 12 shows the variation of sensitivities with gas con-
centration. It is found that the sensitivity of sensor increased as
the LPG concentration increased from 1300 to 5200 ppm. Further,
it is seen from Fig. 11 that almost the same time (490 s) has been
taken to reach the maximum sensitivity for different concentra-
tion of gases and the sensitivity dropped rapidly when the gas was
removed from testing atmosphere indicating that sensor has good

recovery time at higher concentrations of gas. Thus, maximum sen-
sitivity of 49% was obtained at 573 K upon exposure to 5200 ppm of
LPG in air, which corresponds to 20% of lower explosion limit (LEL)

Fig. 12. Variation of response of sample Z32 with LPG concentrations at operating
temperature of 573 K.
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f LPG. The response of ZnO rods to LPG is certainly better than
hat obtained by Shinde et al. [37] for ZnO nanobeads where they
ave obtained the maximum response of 43% under the exposure
f 5200 ppm at 673 K and also better than that reported by Sahay
nd Nath [38].

. Conclusions

The various ZnO microstructures are synthesized by chem-
cal method. The morphology evolves from flakes to rods

ith improved crystallinity by increasing bath temperature
303–363 K). Further, vertical alignment of entangled ZnO rods is
chieved by adding 2 vol.% H2O2 in the bath solution (bath tem-
erature 348 K). ZnO microstructures strongly affect LPG sensing
roperties. The well-defined ZnO rods show higher gas response
han flakes and dense rods for low concentrations of LPG (5–20% of
EL of LPG). Further, enhanced gas response is obtained for verti-
ally aligned ZnO rods. It shows the maximum gas response of 49%
o 5200 ppm of LPG at 573 K. This demonstrates that the present
oute is a facile way to form high-quality ZnO structures for effec-
ive LPG sensor.
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