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Abstract

This paper examines the growth of ZnO structures on Si (1 0 0) using the aqueous chemical growth (ACG) technique for deposition

times of between 1 and 40 h. It is found that ZnO grown using zinc nitrate hexahydrate (Zn(NO3)2 � 6H2O) and hexamethylenetetramine

(HMTA) as precursors at 95 1C exhibits single-phase wurtzite ZnO crystal structure. The shape and the dimensions of the structures were

found to depend on the growth time. The results are discussed in terms of kinetic studies carried out in correlation with the different

deposition periods.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO is a well-known compound suitable for a wide
variety of interesting applications in photonic crystals [1],
photodetectors [2], varistors [3], surface acoustic devices
[4], sensors [5] and solar cells [6]. Furthermore, it is very
important for low-voltage and short wavelength electro-
optical devices such as light emitting diodes and diode
e front matter r 2007 Elsevier B.V. All rights reserved.
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lasers due to its wide band gap (3.37 eV) and large exciton
binding energy of 60meV [7].
ZnO has a hexagonal (wurtzite) crystal structure

with lattice parameters a and c in a ratio of c/a ¼ 1.633
[8]. The Zn atoms are tetrahedrally coordinated to four
O atoms, where the Zn d-electrons hybridize with the
O p-electrons.
Diverse morphologies of ZnO structures have been

synthesized by various dry processes such as RF-sputter-
ing [9], pulsed laser deposition (PLD) [10], molecular beam
epitaxy (MBE) [11], thermal evaporation [12] and chemical
vapour deposition (CVD) [13] as well as wet processes
including electro-deposition [14], spray pyrolysis [15],
sol–gel [16] and aqueous chemical growth (ACG) [17–19].
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ACG is an advantageous and simple technique, requir-
ing non-expensive equipment and non-toxic reagents, while
the remaining by-products are non-hazardous. Moreover,
the size and shape of the structures grown by this technique
can be controlled by adjusting the growth parameters such
as concentration of solution, reagents stoichiometry, pH
and temperature [20,21].

In this report, we present kinetic data, which demon-
strate possible mechanisms occurring during the ZnO
growth. The effect of growth time on structural and
morphological characteristics of samples is considered.
Fig. 1. XRD analysis of ZnO grown by ACG on Si (1 0 0) using 10�2M

solution of Zn(NO3)2 � 6H2O and HMTA at 95 1C for deposition times of

1, 15 and 40 h.
2. Experimental section

The growth of ZnO on Si (1 0 0) was performed by ACG,
using Zn(NO3)2 � 6H2O and hexamethylenetetramine
(HMTA) as precursors. Just before deposition, all sub-
strates were ultrasonically cleaned with propanol, acetone,
MilliQ H2O (18.2MO cm at 25 1C) and dried with N2. In a
typical procedure for 50ml of 10�2M solution,
Zn(NO3)2 � 6H2O was first stirred with MilliQ H2O and
then HMTA was added under continuous stirring for
another 15min for 1:1molar ratio. Finally, the solution
was placed in Pyrex glass bottles with polypropylene
autoclavable screw caps, with the substrate placed on the
top of a microscope glass stand. The bottles were heated in
a regular laboratory oven at a constant temperature of
95 1C for various deposition times of 1, 2, 5, 15, 20, 30 and
40 h. After each induction period, the samples were
thoroughly washed with MilliQ H2O, in order to eliminate
any residual salts, and dried in air at a similar temperature
(95 1C) [22].

X-ray diffraction (XRD) measurements were performed
using a Rigaku (RINT 2000) Diffractometer with Cu Ka
X-rays operating at 40 kV, 178mA for 2y ¼ 30.00�75.001
and step size 0.021 s�1. All peak positions and diffraction
intensities were found to match with database reference
spectra, JCPDS card file no. 36-1451, and the correspond-
ing lattice constants were calculated using the ‘ChekCell’
software [23]. Raman measurements were carried out using
a T-64000 model of Jobin Yvon (ISA-Horiba group), with
the 514.5 nm line of an air-cooled Ar+ laser (Spectra-
Physics 163-A42) operating at �2mW power for an
integration time of 300 s and a wavenumber range of
240–840 cm�1. Scanning electron microscope (SEM) was
performed with a JEOL JSM-840 electron microscope.
Fourier transform infrared spectroscopy (FTIR) measure-
ments were carried out using a Bruker IFS 66v/S spectro-
meter at a resolution of 2 cm�1 and sample scan time as
well as background scan time of 32 scans for all samples.
The measurements were carried out in the mid-IR region
(350–4500 cm�1) using KBr as the beamsplitter. For
consistency, each characterization method was performed
on at least three samples, prepared under the same
conditions, and on various positions on the sample.
3. Results and discussion

The aim of these experiments was to study the influence
of the deposition time on the growth of ZnO structures and
examine its growth mechanism through kinetic data. For a
range of deposition times up to 40 h and using a
stoichiometric 1:1 ratio of Zn(NO3)2 � 6H2O:C6H12N4 in a
10�2M solution at 95 1C, the growth of single-phase ZnO
was achieved. The deposited ZnO samples were white in
colour over the whole area of the substrate, for all
deposition conditions. Moreover, samples grown for longer
deposition times appeared to have better adhesion, passing
the Scotch tape test. Finally, they were observed to be
stable in air for over 6 months.
Fig. 1 shows the XRD patterns of ZnO deposited on Si

(1 0 0) for 1, 15 and 40 h. The ‘patterns’ are consistent with
the wurtzite ZnO hexagonal P6(3)mc structure and present
all the characteristic peaks and Miller indices with lattice
constants of a ¼ 3.2504 Å and c ¼ 5.2055 Å. It is important
to note that the same pattern was observed for all
deposited ZnO samples that gave sufficient number of
reflections to allow the calculation of the cell parameters.
The Si (1 0 0) peaks are also indicated in Fig. 1, exhibiting a
trend for decreased intensity and full-width at half-
maximum (FWHM) as the deposition time increases,
possibly due to the increase of the coverage of the substrate
surface. The XRD patterns were found to be the same all
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along the surface of all samples, i.e. no variations in the
phase as a function of position on the substrate were
observed.

Fig. 2(a) shows the Raman spectrum of ZnO grown on
Si (1 0 0) for a deposition period of 15 h. The observed
phonon frequencies, indicating the presence of ZnO
according to the literature [24,25], are: 332 cm�1 (multi-
ple-phonon scattering processes), 379 cm�1 (A1(TO)),
410 cm�1 (E1(TO)), 437 cm�1 (E2(high)) and 582 cm�1

(E1(LO)), while the peak at 520 cm�1 is related to Si [26].
Among these peaks, the E2(high) mode at 437 cm�1, having
the strongest intensity, corresponds to the band character-
istic of the wurtzite phase [27]. Therefore, the recorded
Raman spectrum clearly demonstrates that the composed
ZnO has hexagonal wurtzite structure of good crystal
quality, a result which is in agreement with the XRD
analysis. Similar peaks were observed for longer deposition
periods, at least up to 30 h, suggesting that, as noted
earlier, single-phase of ZnO was the predominant product.
On the other hand, the Raman spectrum recorded after
40 h deposition (Fig. 2(b)) showed similar peaks to the
spectra obtained for the other samples, but broadened and
with no clear evidence of vibrational contributions at 332,
379, 410 and 582 cm�1. This may be possibly due to the
presence of structures of different shape and dimensions,
since there is no indication of defects, from either XRD [28]
or Raman spectroscopy [29], coming from impurities such
as Zn(OH)2. As is demonstrated later in this paper, growth
for longer periods does indeed results in a change in the
morphology. The accompanying change in light scattering
characteristics could be responsible for the degradation in
the Raman signal observed although this remains to be
unequivocally determined. Therefore, it is very interesting
to note that for the longer growth periods studied (40 h),
the crystalline quality of the deposited structures was
observed to become slightly poorer (weaker and broader
Fig. 2. Raman spectra of ZnO grown by ACG on Si (1 0 0) using 10�2M

solution of Zn(NO3)2 � 6H2O and HMTA at 95 1C for deposition times of

15 (a) and 40 h (b).
peaks), a behaviour not clearly observed in the XRD
results since the latter technique is less sensitive than the
Raman spectroscopy.
SEM images of the ZnO structures deposited on Si (1 0 0)

are shown in Figs. 3(a)–(c), for deposition times of 1, 15
and 40 h, respectively. A mixture of rods and flower-like
architectures can be seen in all cases, while the exact shape
and dimensions of the structures depended on the growth
time. For short growth periods (Fig. 3(a)), sponge-like
structures with mean diameter in the range of 2-4 mm are
indicated, together with rods having diameter and length of
approximately 1 and 10 mm, respectively. Furthermore,
only a partial coverage of the substrate area could be
Fig. 3. SEM images of ZnO deposited on Si (1 0 0) by ACG using 10�2M

solution of Zn(NO3)2 � 6H2O and HMTA at 95 1C, for deposition times of

1 (a), 15 (b) and 40 h (c). The line is equal to 10 mm. In the inset of (c) the

hexagonal shape of the ZnO rods is observed, the line is equal to 1 mm.
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achieved, consistent with the fact that in this regime we
were examining the initial stages of the growth. For growth
times in the range 10–30 h, well-formed flower-like
structures with a diameter of about 7–8 mm predominate.
In addition, a few single rods are also observed, having
similar length as those grown for shorter times but slightly
larger diameter (approximately 2 mm), (Fig. 3(b)). Further-
more, the coverage of the substrate area is significantly
increased, i.e. from 40% for 1 h growth up to 60% for 15 h.
Overall, ZnO flower-like architectures are mainly observed
for growth times of between 1 and 30 h, the only difference
being the size of the structures and the coverage of the
substrate area. In contrast, the morphology of the 40 h
samples was found to be different, showing flower-like
architectures and single rods of significantly different sizes
as well as a different way of ‘distribution’ with each other
(Fig. 3(c)). This morphology change could be connected
with the loss of some spectral features and the broadening
of the peaks observed by Raman spectroscopy (Fig. 2).
This behaviour may be due to the different growth
mechanisms taking place for deposition times longer than
30 h, which will be discussed later. In any case, all grown
structures consisted of hexagonal cross-section rods (inset
of Fig. 3(c)), implying the occurrence of wurtzite ZnO
crystal structure, an observation consistent with XRD (Fig.
1) and Raman spectroscopy (Fig. 2).

Fig. 4 presents the IR spectra of the 1 h and the 40 h
samples, as well as the Si (1 0 0) substrate used for the
deposition. The analysis of the spectra and the interpreta-
tion of the bands were based on data presented in the
Fig. 4. IR spectra of ZnO grown by ACG at 95 1C for deposition times of

1 and 40 h. The IR spectrum of the Si (1 0 0) substrate used for the

deposition is also shown.
literature. The spectrum of the Si (1 0 0) substrate exhibits
two characteristic peaks at 604 cm�1 (band A) and
1100 cm�1 (band B), which are allocated as the Si–Si
vibration and the Si-O-Si mode correspondingly [30]. They
can both be related to the formation of SiO2 on the surface
of the wafer after its exposure in air. The spectrum of the
1 h sample exhibits the bands A and B of the Si (1 0 0)
substrate and two additional peaks at 397 cm�1 (band C)
and 568 cm�1 (band D), which are both due to ZnO [31].
Similar IR spectra were recorded for all growth times up to
40 h, the only difference between them being the peak area
under each ZnO band, since this was found to decrease
with increasing growth time.
For a better understanding of the growth mechanism, we

examined and correlated the IR peaks obtained for various
deposition times in a more systematic manner. The area
under the peak was determined for each band as a function
of time, using the FTIR spectrometer software, and is
presented in Fig. 5. As can be seen, both band C
(563–589 cm�1) and band D (382–428 cm�1) present the
same basic trend: the area under the peaks significantly
decreases with increasing growth time. For very short
growth times (1–5 h) a dramatic decrease of the peak area is
observed, followed by a period (10–30 h) where the peak
area is almost constant. As an example, the peak area for
the case of band D initially drops from 17.3 arbitrary units
(1 h growth) to 7.9 arbitrary units (5 h growth); then, the
peak area remains almost constant, at a value around 6.7
Fig. 5. Area under the peaks of the IR bands C and D of ZnO structures

grown by ACG at 95 1C as a function of deposition time.
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arbitrary units, at least for deposition time up to 30 h. For
even longer growth times (40 h), the peak area further
decreases (4.9 arbitrary units), indicating that there is less
material present. It can be suggested that ZnO possibly
dissolves away, affecting the sample’s morphological
characteristics (Fig. 3(c)).

In summary, the observed behaviour is a strong
indication that for very short growth times (initial stage
of the formation of ZnO structures), the production of
ZnO is efficient. However, less ZnO is present as the
deposition time increases.

Following the above experimental observations, single-
phase ZnO is deposited for all growth times. A possible
mechanism for ZnO growth can be considered in agree-
ment with other researchers [20,32]: This mechanism
involves the release and precipitation of formaldehyde
(HCHO) (reaction 1), since there is no indication of its
existence in the samples, followed by the hydrolysis of
ammonia (NH3) (reaction 2) and the production of
Zn(OH)2 (reaction 3), which finally gives ZnO and H2O
(reaction 4).

ðCH2Þ6N4 þ 6H2O! 6HCHOþ 4NH3 (1)

NH3 þH2O2NH4
þ þOH� (2)

Zn2þ þ 2OH�2ZnðOHÞ2ðlÞ (3)

ZnðOHÞ2ðsÞ2 ZnOðsÞ þH2O (4)

Thus, it may finally be assumed from all the above
analysis that for short deposition times the direction of
reaction 4 is towards the right, indicating the completion of
the reaction for 1–30 h to give ZnO. For even longer
deposition times, the amount of ZnO is reduced, indicating
that reaction 4 may be partially reversed to the left due to a
process of ZnO formation and re-dissolution.

4. Conclusions

Kinetic studies of ZnO structures produced by ACG
have been carried out. The effect of growth time on the
structural and morphological characteristics of the samples
has been investigated. XRD measurements have demon-
strated that all the samples (1–40 h) are single-phase and
have the ZnO hexagonal wurtzite structure. All growth
periods show very good crystalline quality apart from the
40 h sample, indicating weak and broader peaks as
illustrated by Raman spectroscopy. The morphology of
the samples consists of flower-like structures and single
rods, their size depending on growth time. It should be
noticed that for 40 h growth the sample’s morphology is
different, with another space distribution of the structures
observed. According to the FTIR studies performed, at
short growth periods the ZnO production is more efficient,
while for longer periods it decreases. The growth mechan-
ism of ZnO seems to involve an interplay of deposition and
re-dissolution processes.
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