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Abstract—This paper examines the growth of aligned ZnO nanorod arrays through chemical deposition from
solution and the vapor phase. The nanorod alignment is ensured primarily by a thin layer of seeds—zinc
oxide nanoparticles produced by decomposing zinc acetate directly on the substrate and aligned with their ¢
axes normal to the substrate surface. The acetate route was used to produce nanorod arrays 1 X 1 mm in

dimensions on substrates with photoresist.
DOI: 10.1134/S0020168512050135

INTRODUCTION

In the past decade, quasi-one-dimensional zinc
oxide nanostructures (rods, filaments, wires, ribbons,
and others [1]) have been used to develop a variety of
semiconductor devices: solar cells [2], piezoelectric
nanogenerators [3], UV light emitting diodes, and gas
sensors [4]. Increasing interest in this material is moti-
vated by its unique semiconducting properties: ZnO
has a wide band gap (3.37 eV) and a record-high exci-
ton binding energy (60 meV).

The greatest potential for practical application is
offered by zinc oxide nanorods grown along the nor-
mal to the substrate in the form of an array uniform in
height and spacing. A layer of such nanorods has a
large specific surface area, high electron mobility
along their axis [5], and a number of other advantages.
In contrast to epitaxial films, nanorod arrays do not
suffer mechanical stress, which otherwise might have a
deleterious effect on their optical and transport prop-
erties. Such structures can be combined with flexible
polymer substrates, which makes such devices com-
petitive with conventional semiconductor structures.

A number of approaches have been proposed for
the synthesis of ZnO nanorod arrays: thermal growth
from salt mixtures [6], sol—gel processes [7], pulsed
laser deposition [8], chemical vapor deposition [9],
various solution techniques [10], and others. In most
of these techniques, an important part is played by sur-
face preparation for nanorod growth. The shape of an
individual ZnO nanocrystal and the orientation of the
array as a whole are very sensitive to the growth surface
condition. Controlled deposition onto a substrate can
be ensured by seeds in the form of zinc oxide nanopar-
ticles less than 20 nm in size, applied to the substrate
surface. Despite the “random” crystallographic orien-
tation of such nanoparticles on the substrate, the
resulting nanorod array turns out to be ordered. The

reason for this is that the growth of horizontally ori-
ented crystals is suppressed by the crystallites that
grow vertically. At the same time, the poorly oriented
polycrystalline layer that forms in the initial stages of
the process has lower structural perfection in compar-
ison with nanorods. The boundaries between the
nanoparticles in this layer act as carrier traps, reducing
the electron and hole mobilities in the film and
degrading its luminescent properties.

Greene et al. [11] described a technique for pro-
ducing oriented seeds in the form of closely spaced
nanoparticles (25—40 atomic layers) with a preferen-
tial c-axis orientation. Such particles do not grow epi-
taxially, so their oriented state cannot be accounted for
in terms of crystal-chemical substrate—seed match. It
is reasonable to assume that seed texturing is caused by
the acetate decomposition process.

In this work, we examine the influence of such
seeds on the morphology and optical properties of
solution- and vapor-grown ZnO nanorods. c-Axis-
oriented seeds were produced by decomposing zinc
acetate on silicon. In addition, we demonstrate the
possibility of local ZnO nanorod growth on a substrate
having a photoresist mask. Such a procedure can be
used in the fabrication of integrated circuits and vari-
ous optoelectronic devices based on ZnO nanorods.

EXPERIMENTAL
Synthesis of ZnO Nanoseeds

To produce a uniform seed layer, we prepared a
0.005 M Zn(CH;COQ), - 2H,0 solution in absolute
ethanol. A drop of the solution was applied to a sub-
strate rotating at 300—500 rpm. After ethanol vapor-
ization, the substrate surface had a uniform zinc ace-
tate layer less than 30 nm in thickness, which was air-
annealed at temperatures from 250 to 350°C for 2 h.
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Fig. 1. (a) Arrangement of substrates in the reactor and (b) SEM micrograph of ZnO crystals grown from solution without seeding.

To produce local zinc oxide zones on a substrate,
the following patterning procedure was used: A
Microposit S1818 photoresist mask was produced on a
silicon substrate by photolithography. After applying a
drop of an aqueous 0.05 M Zn(CH;COO), - H,O solu-
tion, the substrate was spun up to 300—500 rpm. The
substrate, covered with a uniform zinc acetate layer,
was dried in a drying oven for 10 min at # = 110°C.
Next, the photoresist was dissolved away in dimethyl-
formamide (DMFA), and the sample was annealed at
t = 350°C. According to reference data [12], zinc ace-
tate does not dissolve in DMFA. The photoresist
should be removed in the acetate film growth step
because subsequent annealing, which is needed to
decompose the acetate to zinc oxide and requires a
rather high temperature, may lead to photoresist poly-
merization. As a result of the above procedure, the
substrate is covered with local regions of ZnO nano-
seeds.

Nanorod Growth

Chemical precipitation from solution. To a reaction
beaker was added 3 ml of a 20% aqueous ethylenedi-
amine (NH,CH,CH,NH,) solution. An aqueous
0.2 M Zn(CH;COOH), solution was added dropwise
with constant stirring to the ethylenediamine solution
until pH 8.6 was reached. Next, samples with ZnO
seeds were immersed in the resultant mixture. The
reaction vessel was closed and placed for 2 h in a drying
oven maintained at 80—110°C. After the synthesis
reached completion, the samples were carefully
washed with distilled water and dried in air.

Chemical vapor deposition. A quartz reactor was
placed in a two-zone tube furnace. A holder contain-
ing three silicon substrates and a boat with zinc pow-
der was placed in the reactor (Fig. 1a). The holder was
mounted so that the alundum boat with zinc was in
zone 1 and the silicon substrates were in zone 2. The
distance between the boat and the first substrate was
2 cm, and the spacing between the substrates was 1 cm.
The reactor was rough-pumped for 1 h. Next, argon
was admitted to the reactor, and the first and second

zones were heated to their working temperatures, 620
and 570°C, respectively. After the working tempera-
tures were reached, oxygen was introduced into the
system. The fraction of oxygen in the gas mixture was
25 vol %. The synthesis was conducted for 20 min. The
process parameters were selected based on previous
results [13].

Characterization of the Nanorods

The morphology of the samples obtained was
examined by scanning electron microscopy (SEM) on
a LEO Supra 50 VP. The phase composition of the
samples was determined by X-ray diffraction (XRD)
on a Rigaku D/MAX 2500 diffractometer (CuK, radi-
ation, rotating-anode X-ray tube). The decomposition
temperature of zinc acetate was determined by differ-
ential thermal analysis (DTA) and thermogravimetry
(TG) using a PerkinElmer Model Diamond TG/DTA
thermoanalytical system. Photoluminescence spectra
were measured on a Renishaw Raman Microscope
microspectrometer. Excitation was provided by a fre-
quency-doubled argon laser (244 nm). The spectra
were recorded in a backscatter geometry using 15x and
40x laser-transparent objectives. An intensity calibra-
tion plot was obtained using the spectrum of a quartz
lamp: we plotted the ratio of the integrated intensities
of lines in the range 350—800 nm for the spectrum of
the lamp recorded on the Raman spectrometer and on
an OceanOptics spectrometer. Peak positions were
calibrated using the spectrum of Tb(bz); - H,O,
reported by Kotova et al [14].

RESULTS AND DISCUSION
Unseeded Nanorod Growth on Substrates

Without seeds, zinc oxide was deposited in an
uncontrolled way. When the critical supersaturation
was reached, heterogeneous growth centers were
formed on the substrate surface, and then crystals
poorly oriented relative to the surface grew. Figure 1b
shows an SEM micrograph of zinc oxide nanocrystals
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Fig. 2. SEM micrographs of samples obtained at different substrate—source distances (without seeding): (a) substrate in position
1 (top view), (b) substrate in position 1 (fracture surface), (c) substrate in position 2 (top view), (d) substrate in position 2 (fracture
surface), (e) substrate in position 3 (top view), (f) substrate in position 3 (fracture surface).

grown on a silicon substrate without seeds. Nanocrys-
tals grow at various angles to the surface, are poorly
faceted, and differ in shape.

In the chemical vapor deposition process, the posi-
tion of the substrate relative to the zinc source has a
strong effect on the faceting and size of nanorods. Fig-
ure 2 shows SEM micrographs of ZnO nanorods
grown on substrates without seeding. With increasing
substrate—source distance, the nanorod height
decreases. The nanorod length decreases from 7 to
3 um in going from substrate 1 to substrate 3. We mea-
sured the diameter of 100 rods in a micrograph and
averaged the results. It was found that the nanorods of
the substrate in position 1 had the largest diameter:
420 = 110 nm. The nanorods grown on the substrates
in positions 2 and 3 had roughly the same diameter:
220 *+ 30 and 215 % 25 nm, respectively. None of the
samples can be considered monodisperse.

It is worth noting the formation of a polycrystalline
zinc oxide layer in the samples in positions 1 and 2.
Red’kin et al. [13] interpret the formation of such a
layer in terms of the competition between two zinc
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oxide deposition mechanisms. They believe that nan-
orods grow by the vapor—liquid—solid (VLS) mecha-
nism, whereas the polycrystalline layer forms from
solid zinc oxide particles that arrive to the substrate
from the vapor phase (VS mechanism).

Zinc Acetate Decomposition

Zinc acetate decomposition is a multistep process.
Figure 3a shows the TG and DTA curves of
Zn(CH;COO0), - 2H,0.

The first step, near 100°C, is the removal of the
water of crystallization, as evidenced by the step in the
TG curve and the endothermic peak in the DTA curve,
due to the dehydration of the crystalline hydrate:

Zn(CH;C00), - 2H,0
— Zn(CH,COO0), + 2H,0.

The largest weight loss takes place in the range
250—330°C. The anhydrous acetate is stable up to
250°C. Above this temperature, it decomposes to form
zinc tetraoxyacetate [15], whose molecular structure
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Fig. 3. (a) TG and DTA curves of Zn(CH3COO), - 2H,0; (b) XRD patterns; (c) SEM micrograph of nanorods grown from solu-

tion on seeds.

contains bridging acetate groups, like that of beryllium
tetraoxyacetate [16]:

4Zn(CH,C0OO0),
— Zn,0(CH,COO0), + (CH,CO),0.

Zinc tetraoxyacetate has a nonpolar structure and
sublimes starting above 250°C, which is accompanied
by a weight loss. At the same time, the DTA curve
shows a large endotherm near 260°C, which is attrib-
utable to the melting of zinc tetraoxyacetate. The
decomposition of the tetraoxyacetate to ZnO reaches
completion at 300—330°C [17], with a large exotherm
in the DTA curve (Fig. 3a):

Zn,0(CH,CO0), — 4Zn0O
+ 3CH,COCH; + 3CO.,.

The weight loss stops near 330°C. The weight loss
calculated for reactions (1)—(3) is 37%, whereas the
measured weight loss was 25%. The discrepancy is
attributable to the high volatility of zinc tetraoxyace-
tate.

XRD examination of a seed layer on a substrate
(Fig. 3b) after annealing at 350°C showed that all
observed reflections were from zinc oxide. The 0001
peak was several times as strong as the 1000 and 1010
peaks. The relative intensities differ from the calcu-
lated intensities (1000, 57%; 0001, 44%; 1010, 100%),
indicating a c-axis texture.

2

3)

Seeded Growth

Guo et al. [18] reported the deposition of ZnO
nanoparticles from a colloidal solution. Such parti-
cles, however, readily aggregate and loosely adhere to
the substrate surface. Their surface is covered with sig-
nificant amounts of adsorbed reactants, which have an
adverse effect on the luminescent properties of the
particles.

The acetate route used in this study to produce zinc
oxide nanoparticles enables the growth of a thin seed
layer textured along the rapid growth axis of zinc
oxide. Nucleation occurs directly on the substrate sur-
face, ensuring adequate surface adhesion. This
method enables one to improve nanorod alignment
and reduce the effect of the seed layer on the lumines-
cent and transport properties of ZnO nanorods.

Using chemical precipitation from solution, and
seeds produced on substrates by the acetate route, we
grew a nanorod array. Since the seeds were c-axis tex-
tured, the samples had no polycrystalline, imperfect
layer, as evidenced by SEM results (Fig. 3c). An
imperfect layer is a layer formed by nanorods growing
from orientation-disordered nanoseeds. Such nano-
rods begin to grow in various directions. Their growth
is suppressed by intersections of the nanorods in the
initial stage of disordered growth. As a result, growth
proceeds in only one direction, vertical, but it yields a
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Fig. 4. SEM micrographs of a sample grown on a substrate with a seed layer: (a) top view, (b) side view; (c) XRD pattern of nan-
orods produced by seeded vapor growth; (d, ) photoluminescence spectra of ZnO nanorods produced by seeded and unseeded

growth, respectively.

polycrystalline layer which may reach several hundred
nanometers in thickness.

Figure 4b shows SEM micrographs of nanorods
produced by chemical vapor deposition on a substrate
with a seed layer. The substrate was placed in position
2 in the growth zone (Fig. 1a). According to the SEM
results, the nanorods are 2 pm in height and 180 nm in
average diameter. Because the seeds are oriented in the
[0001] direction, the sample has no polycrystalline
layer. The XRD pattern of the sample grown on tex-
tured seeds (Fig. 4c) shows only one reflection, 002.
This lends support to the conclusion drawn from SEM
data that zinc oxide seeds increase the degree of align-
ment of nanorods.

To find out how seeds influence the optical proper-
ties of the samples, we measured their photolumines-
cence spectra. The spectra are shown in Figs. 4d and
4e. The spectrum of the sample produced by unseeded
growth shows a strong green luminescence band cen-
tered at =2.13 eV and UV luminescence peaking at
~3.28 eV, corresponding to free exciton recombina-
tion. The green emission band is commonly attributed
to high concentrations of oxygen vacancies and other
defects [18]. The peak intensities of the UV and yellow
bands are in the ratio =2.5 : 1. The spectrum of the
sample grown on a seed layer shows only the UV band,
centered at =3.28 eV, with no defect-related emission
band. The UV luminescence intensity is considerably
higher in the latter sample compared to the former.
These data lead us to conclude that the samples pro-
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duced by seeded growth contain much less defects
because they have no polycrystalline layer.

Oriented Nanorod Growth

To grow nanorods on seeds applied locally to a sur-
face, it is necessary to establish synthesis parameters
that would allow secondary nucleation to be sup-
pressed. Nanorods will then grow only on seeds.

Crystal growth from solution requires supersatura-
tion. Strong supersaturation leads to a higher proba-
bility of homogeneous nucleation because, with
increasing supersaturation, both the work of formation
of a nucleus and the critical nucleus size, r, ~ 1/Ap,
decrease [19]. Only those nuclei will be able to stably
grow which are more than r, in size. Zinc oxide growth
from solution at elevated temperatures is due to the
thermolysis of a zinc ethylenediamine complex and
the incorporation of the released zinc cations into the
growing crystal:

[Zn(en) (OH),I’” - Zn* + xen +yOH, (4)

Zn** +20H™ — ZnO + H,0. (5)

Clearly, in the system under investigation the key
factor determining the supersaturation is temperature.
To suppress secondary nucleation, the temperature
should ensure a sufficiently low decomposition rate of
the zinc ethylenediamine complex [Zn(en)x(OH)y]2 -,
The Zn?* concentration in the system will then be
constant, the supersaturation will be low, the work of
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Fig. 5. ZnO nanorods on substrates with a photoresist mask: growth temperature of (a) 80 and (b) 110°C; (c) nanorod arrays 1 X

1 mm in dimensions.

nucleation will increase, and growth on seeds will be
more energetically favorable. Varied experimentation
has shown that this condition is met in the tempera-
ture range 80—110°C.

Growth on substrates with photoresist. WE devel-
oped a procedure for applying ZnO seeds to a sub-
strate in the form of squares 1 X 1 mm in dimensions
(Fig. 5¢), which corresponds to a photoresist mask
pattern.

Figures 5a and 5b are SEM micrographs of ZnO
nanorods grown on seeds through chemical precipita-
tion from solution at 80 and 110°C. The dashed lines
represent the initial boundary of the photoresist mask.
On both samples, we observe oriented nanorod growth
on seeds, but the sample synthesized at the higher
temperature contains a significant concentration of
heterogeneous growth centers formed during synthe-
sis. These results lend support to the above hypothesis
that the temperature influences the growth direction-
ality: low supersaturations in the system can be
reached at lower temperatures. Thus, the optimal tem-
perature for local growth of nanorod arrays is 80°C
(crystals grown at lower temperatures had markedly
poorer optical and transport properties, so we did not
examined temperatures below 80°C). Owing to the
acetate route used to prepare seeds, the arrays have a

high degree of alignment perpendicular to the sub-
strate.

The key parameters influencing the supersatura-
tion during vapor growth of nanocrystals are the gas
(argon and oxygen) flow rate, the temperature gradi-
ent in the reactor, and the zinc source temperature.
Theoretically, an optimal combination of these
parameters can be found in order to inhibit the forma-
tion of heterogeneous growth centers. However, the
mass transport in the system under consideration
occurs under complex gas-dynamic conditions, and
the properties of nanorods may vary significantly even
within one substrate. Optimal conditions for oriented
growth may vary from region to region. In connection
with this, we have shown that oriented nanorod growth
from solution has important advantages.

CONCLUSIONS

A layer of c-axis-oriented seed nanocrystals pro-
duced on a substrate considerably improves the align-
ment of both solution- and vapor-grown nanorod
arrays. The use of such seeds markedly increases the
UV luminescence intensity and reduces the defect-
related luminescence intensity.

The proposed novel technique for photoresist
removal after producing a zinc acetate film allows one
to apply the process for the preparation of textured
seeds to patterned substrates and to produce highly
aligned arrays in local surface areas.

INORGANIC MATERIALS Vol. 48 No.5 2012
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