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ZnO0 nanorods with controlled crystallite orientation are grown on glass substrate by chemical bath
deposition (CBD) method via hydrogen peroxide (H,0,) route. The crystallite orientation in the film is
successfully controlled by varying content of H,0, in the bath solution. The crystallites became increas-
ingly oriented as content of H,O, in the bath solution increased, resulting in the formation of vertically
aligned ZnO nanorods. The possible growth mechanism for the vertically aligned ZnO nanorods is pro-
posed. The influence of content of H, 0, in the bath solution on structural, surface morphological, electrical
and optical properties is studied and reported.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) possesses variety of nanostructures and it is
the next most important material after carbon nanotubes [1]. Out
of various nanoforms of Zn0O, nanorod is such a morphology that
has received a great deal of attention in recent years, because
of its unique optoelectronic, mechanical, magnetic and chemical
properties which provide various potential applications. Recently,
the report on room temperature lasing action of highly oriented
nanorod array of ZnO has demonstrated that the functional design
of ZnO nanomaterials in a highly oriented and ordered array is cru-
cial for the development of the novel devices [2]. Various chemical
and physical deposition techniques have reportedly created an ori-
ented structure of ZnO nanorods with average diameters typically
ranging over an order of magnitude from 20 to 200 nm. For instance,
catalytic growth via the liquid-solid-vapor epitaxy (VLSE) mech-
anism [3], metal-organic chemical vapor deposition (MOCVD) [4],
pulsed laser deposition (PLD) [5] and epitaxial electrodeposition [6]
have been particularly successful in creating highly oriented arrays
of nanorods of ZnO. Out of these, CBD is a soft chemical method
to deposit ZnO nanorods. However the coating of a substrate with
nanosized ZnO seeds [7] or making use of templates [8] are the
prerequisite conditions for the growth of vertically aligned ZnO
nanorods. Thus, it is still a challenge to fabricate vertically aligned
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ZnO nanorods arrays to a sub-100 nm regime at a low temperature,
seedless and template free deposition method.

In the present work, we are particularly successful in creat-
ing vertically aligned ZnO nanorod arrays. The strategy to design
nanostructured thin film is entirely based on a wet chemical, bot-
tom up approach; such an approach does not require any template,
membrane, surfactant or applied external field to create nanopar-
ticles or to control their orientation. The vertically aligned arrays of
ZnO nanorods are grown onto glass substrate by CBD method via
hydrogen peroxide (H,0, ) route. The different preparative parame-
ters, such as bath temperature, concentration of precursor solution,
pH of the bath and quantity of H,O, in the bath solution are
optimized to get vertically aligned ZnO nanorods. However, The as-
deposited film consists of mixture of zinc hydroxide [Zn(OH),] and
ZnO [9-11]. Therefore, in the present work, to get phase pure ZnO
film, the as-deposited ZnO films are annealed in air at 673 K for 2 h.
The quantity of H,0, added in the bath solution strongly affects
the orientation of the physio-chemical properties. The annealed
ZnO films synthesized with different contents of H,O, are char-
acterized for their structural, surface morphological, electrical and
optical properties.

2. Experimental details

An aqueous solution of 0.1 M Zn(NOs ), was prepared, and to this solution aque-
ous NHj3 solution (28%) was added under constant stirring. A white precipitate
was initially observed, which subsequently dissolved upon further addition of NH3
solution. The H,0, (30vol.%) was added into the solution with different volumet-
ric proportions, which resulted into decrease in pH of the solution to 11.7. The
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solution was maintained at a pH —12 by addition of excess NH3 solution. A pre-
cleaned glass substrate was immersed and placed vertically in the solution. The
solution maintained at bath temperature of 348K for 2 h resulted in the direct
growth of nanorods onto the glass substrate. The substrates, with the deposited
ZnO nanorods, were thoroughly washed with deionized water to eliminate residual
salts. These films were annealed at 673 K for 2 h and used for the further character-
ization.

The ZnO film thickness was measured with weight difference method using
sensitive microbalance. Crystallographic study was carried out using Phillips PW-
1710, X-ray diffractometer using Cu K, (A =1.54056A) radiation in the 20 range
from 20 to 80°. The surface morphology was visualized using a scanning electron
microscope (SEM). For this, the film was coated with platinum using polaron SEM
sputter coating with E-2500. The SEM micrographs were obtained with model JSM-
6160. In order to study the fundamental absorption edge, the room temperature
optical absorption spectra were recorded in the wavelength range 300-850 nm
using UV-vis—-NIR spectrophotometer Systronics-119 with glass substrate as a ref-
erence. The dark d. c. electrical resistivity of the films was measured using a
two-point probe method in the temperature range 300-500K. Silver paste con-
tacts were used to form electric contacts whose ohmic nature was tested within
+10V.

3. Results and discussion
3.1. ZnO growth process and reaction mechanism

In chemical method, the small degree of supersaturation causes
the heterogeneous nucleation of the metal oxide on the substrates
[12]. For Zn2* aqueous solution, the necessary condition for the for-
mation of precipitation is the establishment of ion product higher
than solubility product of Zn(OH),. The degree of supersaturation
(S) is the important factor in the examination of the precipitation
process in aqueous solution, for the deposition of high quality film
from aqueous solution is to control the value of S, to induce the
heterogeneous precipitation on the substrates, and to suppress the
homogeneous precipitation in the bulk solution. The supersatura-
tion can be controlled by optimizing the preparative parameters
such as bath temperature, pH and concentration of resultant solu-
tion, to get nanocrystalline thin films.

For the deposition of vertically aligned ZnO nanorods, the mech-
anism of ZnO film formation can be elucidated as follows: Zn(NOs),
was used as a source of Zn?* ions. When ammonia was added to
it, white precipitate of Zn(OH), was occurred, further addition of
ammonia resulted in to dissolution of Zn(OH), in to the solution
and formation of zincate ([Zn(NH3)4]%*). The thermal decomposi-
tion of [Zn(NHs3)4]?* releases ions of Zn2* ions reacts with OH~ in
the solution and results in the formation of Zn(OH), or ZnO par-
ticles. Eqs. (1)-(3) illustrate the chemical reaction related to this
process [13]:

Zn(NOs3), + 2NH40H — Zn(OH), + 2NH4NO3 @)
Zn(OH), + 4NH4OH — [Zn(NH3),J2* + 4H,0 + 20H" )

The dilute H,0, added in the bath solution converts [Zn(NH3)4]%*
into ZnO with the release of oxygen gas in the bath solution at
higher temperature. This can be presented by the following reac-
tion:

[Zn(NH3),]** + 20H + Hy0, — ZnO | +H,0 + 4NH; 1 +%oz NE)

The evolution of oxygen gas was practically observed in the form
of bubbles during the deposition.

3.1.1. Possible growth mechanism of vertically aligned ZnO
nanorods

The vertically aligned ZnO nanorods can be synthesized and
possible growth mechanism can be proposed by studying crys-
tal structure of ZnO. With regard to the crystal habits, A typical
wurtzite ZnO crystal has polar faces [(002) plane] and non-polar
faces [(100) and (101) planes] as shown in Fig. 1(a). Polar faces
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Fig. 1. (a) Crystal structure of ZnO nanorod and (b) growth of nanorods via H,0,
route.

with surface dipoles are thermodynamically less stable than non-
polar faces which tend to rearrange themselves to minimize surface
energy [13]. As aresult, the growth along the (0 0 2) plane has faster
growth rate than that along other directions. This polarity causes
the (00 2) face of the crystal either positively or negatively charged.
In either case, surface will attract ions of opposite charges (0%~ or
Zn?*)toit, and this new surface covered with ions will in turn attract
ions with opposite charges to cover the surface next and thereby
reacting to form ZnO nanorods [14].

In the chemical deposition, the Zn2* and/or 02~ ions in the solu-
tion are controlled by deposition parameters (bath temperature
and pH of the solution) in such a way to form ZnO nanorods. Though
the chemical method results into preferential growth along (002)
directions, the growth along other crystallographic planes cannot
be avoided. This may result into nanorods but they are tilted. The
H,0, is an oxidizing agent used as the source of 02~ ions. The addi-
tional source of 02~ ions promotes the growth of the crystallites
along polar (002) plane [Fig. 1(b)]. The vertically alignment of ZnO
nanorods can be achieved by tuning the content of H,0; in the bath
solution.

3.2. Thickness measurement

The film thickness was determined gravimetrically by measur-
ing the change in the weight of the substrate due to film deposition
and the area with the known density of ZnO (0 =5.675 g/cm3) [15].
Fig. 2 shows the variation of thickness of ZnO thin film (with and
without H,0,) annealed at 673 K with deposition time, plots indi-
cating the usually observed behavior grown by CBD. The growth
rate is found to be increased with increasing H,0, content in the
bath solution. This may be due to the additional 02~ ions pro-
vided by the source of oxidizing agent i.e. H,0,. ZnO thin films
deposited with 2 vol.% of H,0; in the bath solution showed maxi-
mum film thickness of 1.86 pm (for the deposition time of 120 min).
The ZnO thin films deposited for 100 min from the bath contain-
ing 0, 1 and 2vol.% of H,0, in the bath solution and annealed
at 673K are hereafter referred as samples ZH1, ZH2 and ZH3,
respectively.
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Fig. 2. Variation of film thickness with deposition time for samples ZH1, ZH2 and
ZH3.

3.3. X-ray diffraction studies

Fig. 3(a)-(c) shows the XRD patterns of the ZnO films deposited
with different contents of H, O, in the bath solution. All diffraction
peaks can be indexed as ZnO crystal with hexagonal wurtzite struc-
ture (JCPDS card no. 36-1451). It is interesting to note that from
figure, with increasing the content of H,0,, diffraction intensity of
the peak, assigned to (002) plane, is markedly increased and that
from the other crystal planes are found to be decreased. This implies
that, the crystallites are oriented strongly along c-axis. This may be
due to the inhabitant growth of ZnO crystal along c-axis, which is
further promoted by adding H, 0, in the bath solution, which acts
as the source of 0%~ jons. The oriented growth by adding H,0, in
the solution has been observed for PbS crystal [16]. Table 1 gives
the comparison of standard and observed ‘d’ values and intensi-
ties for ZnO films deposited with different H,O, content (sample
ZH1-ZH3).

It is striking that, the orientation of ZnO nanorods can be con-
trolled by content of H,0, in the bath solution which reflects in
terms of the texture coefficient Reexture (hk1)- Fig. 4 shows the varia-
tion of texture coefficient Reexture for (0 0 2) plane with vol.% of H,0,
in the bath solution. Maximum texture coefficient Reexture for (002)
plane obtained for sample ZH3 shows that the degree of alignment
of ZnO nanorods is 89%. The alignment is as good as those obtained
in earlier studies of ZnO nanorods grown by low temperature solu-
tion method [17], wherein the substrates used were preseeded with
ZnO nanoparticles in order to provide nucleation sites.

3.4. Surface morphological studies

Fig. 5(a)-(f) shows the SEM micrographs, with two different
magnifications, of ZnO thin films deposited with different contents
of H,0,. Fairly, well defined hexagonal facets, entangled nanorods;
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Fig. 3. X-ray diffractograms of (a) ZH1 (b) ZH2 and (c) ZH3 samples.
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Fig. 4. Variation of texture coefficient with content of H, 0, in the bath solution.

typically having diameter 150 nm observed for sample ZH1. Such
nanorods are arranged in a very large, uniform array, which covers
entire surface of the glass substrate, as can be seen from Fig. 5(a).
Well defined crystallographic faces i.e. polar terminated (00 2) and
non-polar (101) faces can clearly be identified [Fig. 5(b)]. Addi-
tion of H,0, (1 vol.%) causes crystal to orient perpendicular to the
substrate surface, as shown in Fig. 5(c) and (d). With more H,0,
(2vol.%), vertically aligned ZnO nanorods are observed as shown
in Fig. 5(e) and (f). This is attributed to increased orientation of
ZnO nanorods by increasing H,0, content in the bath solution.
Fig. 5(g) shows the cross sectional view of the vertically aligned
ZnO nanorods deposited with 2 vol.% of H,0,. It is seen that the
ZnO crystals grow along c-axis and form vertically aligned ZnO
nanorods.

Table 1

Comparison between standard and observed ‘d’ values and intensities of samples ZH1, ZH2 and ZH3.
Sr.no Std ‘d’ (A) Sample ZH1 Sample ZH2 Sample ZH3 (hkl)

d(A) I(a.u.) d(A) I(a.u.) d(A) I(a.u.)

1 2.81 2.81 127 2.81 102 2.81 122 100
2 2.60 2.60 221 2.60 1600 2.60 3672 002
3 2.47 2.47 217 247 222 2.47 185 101
4 1.91 1.91 48 1.91 86 - - 102
5 1.62 1.62 39 1.62 25 - - 110
6 1.47 1.47 52 1.47 142 1.47 165 103
7 1.37 1.37 23 - - - - 112
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Fig. 5. (a-f) Scanning electron micrographs of sample ZH1, ZH2 and ZH3 at two different magnifications (10,000x and 50,000 ) and (g) cross-sectional view of the sample

ZH3.

Fig. 6 represents relative position of (100), (101), (103) and
(002) planes in the ZnO lattice. As can be seen from Fig. 6, the
inclination angles between (002)and(103),(002)and (101),and
(002) and (100) are 31.6°, 61.6° and 90.0°, respectively. As the
H,0, content increased, the crystals formed in the films are grad-
ually oriented, which led to the (00 2) planes lying perpendicular
to the substrate surface in sequence [18].

3.5. Electrical resistivity measurements

The dark d. c. electrical resistivity measurement of films was
carried out using two-point probe method within temperature
range of 300-500K. Fig. 7 shows the variation of log o against
1000/T for samples ZH1, ZH2 and ZH3. It is observed for all the

samples that, resistivity of the sample decreases with increasing
temperature, indicating the semiconducting nature of the sam-
ples. The room temperature electrical resistivity of sample ZH1 is
1.99 x 103 Q cm, which is decreased to 1.58 x 103 Q cm for sam-
ple ZH2 and to 1.02 x 103 Q cm for sample ZH3. The decrease in
room temperature resistivity with increase in orientation of the
nanorods may be due to the fact that the oriented nanorods pro-
vides direct path for efficient electron transfer than the entangled
nanorods [19].

3.6. Optical properties

The UV-vis absorption spectra of samples ZH1, ZH2 and ZH3
were studied at room temperature without taking into account the
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Fig. 6. Schematic illustration shows the relative position of (100), (101), (103),
and (002) planes in the ZnO lattice.
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Fig. 7. Variation of electrical resistivity of ZnO films with reciprocal of temperature
(1000/T) of samples ZH1, ZH2, and ZH3.

reflection and transmission losses. The absorption spectra [Fig. 8(a)]
reveal that, all the samples have low absorbance in the visible
region of the solar spectrum. However, with increased content of
H,0,, the absorbance is increased with ‘blue shift’ in the absorption
edge. The increased absorbance with increased content of H,0, in
the bath solution can be attributed to the increase in the film thick-
ness, as mentioned in Section 3.2. The similar type of solvent effect
on the optical properties of ZnO thin films has been studied by Wang
etal.[18]. From, Fig. 8(b) the bandgap is found to be increased from
3.20to 3.38 eV with increased content of H, 0, in the bath solution.
The ‘Eg’ values are in good agreement with value reported for ZnO
nanorods [20].

4. Conclusions

In conclusion, the vertically aligned arrays of ZnO nanorods are
grown onto glass substrate by CBD method via H, O, route. The pos-
sible growth mechanism for the vertically aligned ZnO nanorods is
proposed. Content of H, O, in the bath solution strongly affected the
structural, morphological, electrical and optical properties. Crys-
tallites are strongly oriented along (002) plane with increased
H,0, content in the bath solution showing textured growth along
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Fig. 8. (a) The variation of absorbance («t) with wavelength (1) of samples ZH1, ZH2
and ZH3 and (b) plots of (¢hv)? versus hv of samples ZH1, ZH2 and ZH3.

c-axis. Morphological study revealed entangled nanorods oriented
vertically along c-axis with increased H, O, content in the bath solu-
tion. The decrease in room temperature resistivity is observed with
increase in content of H,0, in the bath solution. The optical direct
bandgap is found to increase from 3.2 to 3.4 eV, as the content of
H,0, in the bath solution is increased.
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