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ABSTRACT

In this work, we report a new electric-field assisted
assembly technique used to vertically-align ZnO nanorods
on the Si substrate during their growth. In the assembly
process, the forces that induce the alignment are a result of
the polarization of the electric field. The synthesis was
carried out at near-room temperature (90° C). Novel
measurements on these structures show encouraging
characteristics for future applications.

The phase purity, composition and morphology of the
synthesized products by the assembly method were
examined by XRD, TEM, and SEM. Room-temperature
micro-Raman spectroscopy was performed to examine the
properties of the self-assembly ZnO nanorods on Si
substrate structures. Such highly oriented and ordered ZnO
nanorods could be beneficial for field emission, solar cells,
LEDs and spintronic applications.
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1 INTRODUCTION

ZnO is of importance for fundamental research as well
as relevant to industrial and high-technology applications.
ZnO can also be considered as an alternative wide band gap
semiconductor ~ for  photonic  devices [1]. ZnO
nanorods/nanowires are becoming common building blocks
for the next generation electronic devices [2].

In this context, self - assembly and assisted - assembly
of nano-architectures has attracted high interest driven by
the demands of technology and engineering. The large
interest is motivated by necessity in development of new
fabrication tools for novel electronic, optoelectronic and
magnetic  properties for versatile applications in
nanotechnology. Chemical and electric field assisted-
assembly offer a new opportunity to create heterostructures
in multicomponent systems and to manufacture of
nanodevices. They include nanorods-based ultra-violet
lasers [3], nanosensors [2] and light emitting diodes [4, 5]
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with higher performances and significantly lower cost in
comparison to the traditional lithographic fabrication. Thus,
it is important to study the novel fabrication techniques of
semiconducting nanorods-nanowires for future applications.

At the same time, from a fundamental point of view, it
is crucial to study the structure and assembly of such novel
materials to enable tailoring their properties for novel and
improved nanodevices fabrication. Efficient manipulation,
positioning and alignment of one-dimensional (1-D) ZnO
nanowires present key challenges toward the integration of
nanostructures with larger scale systems.

The presence of a direct current (DC) electric field
during synthesis yields a better organized growth, because
nanorods will align with electric-field lines. This behavior
can be attributed to the polarizability of 1-D nanorods and
the electrophoretic effect [6].

ZnO nanoarchitectures can be assembled on different
types of substrates (e.g. glass, silicon, sapphire) by
patterning the seed or catalyst layer, and usually the ZnO
nanorods are well-aligned with their c-axis perpendicular to
the substrate surface [3]. In this respect, typically gold is
used to catalyze the growth of nanorods from vapor-liquid—
solid (VLS) method and silver is used to facilitate the
assembly of ZnO nanorods from solution [7, 8].

In this paper, we demonstrate electric field assisted-
assembly of perpendicularly oriented ZnO nanorods on a Si
substrate during growth from aqueous solution. We
demonstrate the flexibility to order ZnO nanorods on
substrates through the strength of the electric field.

2 EXPERIMENTAL

The starting materials, zinc sulfate (Zn(SOg4)-7H,0, 99.9
% purity) and ammonia NH,OH (29.6%) were used as
received without further purification.

The hydrothermal synthesis of vertically-aligned ZnO
nanorod arrays was carried out by dissolving Zn(SQ,4)-7H,0
and ammonia NH,OH (29.6%) in 20 mL of deionized water
(18.2 MQ:-cm). The complex solution was then transferred
to a reactor [9]. A DC electric field was applied during
growth. The substrates, Si or glass slides were placed in

567



vertical and horizontal positions in order to study the effect
of the electric field direction on the synthesized samples.
The reactor was heated at 90 °C for 20 min and then cooled
to 40 °C.

After synthesis, substrates were washed with distilled
water several times and then dried in a hot air flux at 150
°C. ZnO nanorods with different architectures were also
prepared with the same procedure.

X-ray diffraction (XRD) pattern were obtained with a
Rigaku ‘D/B max’ diffractometter, CuK, radiation
(A=1.54178 A) were used, operating at 40 kV and 30 mA.
All samples were measured in a continuous scan mode at
20 — 90 ° (20) with a scanning range of 0.01°/s). Peak
positions and relative intensities of synthesized nanorod
arrays were compared to values from Joint Committee on
Powder Diffraction Standards (JCPDS) card for ZnO
(JCPDS 036-1451) [10].

The morphology of the products was obtained using a
scanning electron microscope (SEM, JEOL and a Hitachi
S800) and high resolution transmission electron microscopy
(TEM) (FEI Tecnai F30 TEM). Room-temperature micro-
Raman spectroscopy experiments were performed with a
Horiba Jobin Yvon LabRam IR system at a spatial
resolution of 2 um. Raman scattering was excited with the
633 nm line of a He-Ne laser with less than 4 mW of power
at the sample.

3 RESULTS AND DISCUSSION

The phase composition and phase purity of ZnO
nanorods were identified by XRD analysis. Typical patterns
are depicted in Fig. 1. All diffraction peaks of the products
are well indexed as the hexagonal phase of wurtzite zinc
oxide (space group P6;mc(186); a = 0.32498 nm, ¢ =
0.52066 nm, JCPDS card #036-1451). The cell parameters
of a and ¢ of obtained samples are 3.2502 A and 5.2096 A
calculated by using the following equation [9]

1 4(h2+hk+k2j 12

— =
(hkl) 3

+— (1)
a’ c?

using the dpg measured on the XRD pattern. From Fig. 1(a)
for ZnO nanorods on Si grown under electric field
assistance, only diffractive peaks in the pattern which
belong to ZnO wurtzite structure were observed. The full
width of half maximum (FWHM) of (002) diffraction peak
is only 0.51°. Thus, Fig. 1(a) shows the X-ray diffraction
patterns determined by the (002) plane, indicating that zinc
oxide has a single ZnO phase.

Fig. 1(b) shows the X-ray diffraction pattern for ZnO
nanorods on Si grown without electric field assistance. It
can be observed that the sample has a good crystalline
phase, but dominated by the (101) plane. From the Fig. 1
one can conclude that all intensities indicate the good
crystalline ZnO material.

The typical morphology of the ZnO nanorods on glass
prepared by hydrothermal synthesis after the growth time of
20 min is shown in Fig. 2(a). All products are hexagonal
nanorods with closed ends (see inset Fig 2(a)). The radius
of nanorods is around 400 nm and the length is about 2-3
pm. These ZnO nanorods are randomly distributed on the
substrate.
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Figure 1: XRD patterns of (a) quasi-aligned ZnO nanorods
on Si grown under electric field assistance and (b) ZnO
nanorods on Si grown without electric field assistance.

An enlarged SEM view in the inset of Fig. 2(b) illustrates
hexagonal symmetry of ZnO nanorods on Si grown under
relatively weak electric field (~5:10° \//m) assistance. The
alignment of ZnO nanorods on Si(111) substrate as shown
in Fig. 2(c) increases under stronger electric field (~5-10*
V/m) assistance. The diameter and length of the nanorods
(Fig 2c) are smaller than those grown on glass substrates
(Fig 2a). The radius is about 100 nm and can be observed
that all have the same dimensions.

The perpendicular orientation of the ZnO nanorods is
controlled by the electric field, but lattice match between
the two materials may play a role. The lattice mismatch
between ZnO and Si (111) is ~3.5% [11]. Based on the
observed nanorod growth from SEM image (Fig 2c), it is
concluded that stronger fields will contribute to better
alignment. At the same time we notice that some ZnO
nanorods grow at a slightly inclined angle. Comparing with
glass substrates the mosaic distribution is narrower for Si.
But slightly tilted ZnO nanorods can be observed on the Si
substrate.
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Therefore, the ZnO nanorods reflect more uniformity
and vertical alignment on Si compared to glass substrate. In
order to study the vibrational properties of the ZnO nanorod
arrays room-temperature Raman measurements were
performed. The spectral shape and the peak position of the
Raman shift are related to the crystallinity, structural
disorder, residual stress, and defects in the investigated
samples. Figure 3 shows the micro-Raman spectrum of
ZnO nanorods on Si substrates with growth time of 20 min
on glass without assistance and on the Si under stronger
electric field assisted-assembly. The wurtzite phase ZnO

belongs to Cgv or 6mm symmetry group. All observed

peaks can be assigned to phonon modes which correspond
to those of ZnO [13].

The optical phonons at the T" point in the Brillouin zone
belong to the representation [14]:

[ =1A + 2B, +1E, + 2E,. 1)

A; and B; modes are polar and split into transverse optical
(TO) and longitudinal optical (LO) phonons with different
frequencies due to the macroscopic electric fields
associated with the LO phonons. The interatomic forces can
cause anisotropy, that’s why A; and E; modes have
different frequencies. Due to the fact that the electrostatic
forces dominate the anisotropy in the short-range forces,
the TO-LO splitting is larger than the A; E; splitting. In the
case of lattice vibrations with A; and E; symmetry, the
atoms move perpendicular and parallel to the c-axis,
respectively. The A; and E; modes are Raman and infrared
(IR) active. The non-polar IR inactive E, (Ex(low),
E,(high)) modes are Raman active. The B; modes are IR
and Raman inactive (silent modes). From group theory the
A + E, + 2E, modes are Raman active.

The peak at 438 cm™ (Fig. 3 a and b) is attributed to
E,(high) mode of non-polar optical phonons, which is a
characteristic Raman active branch of hexagonal ZnO. The
strong Ex(high) mode demonstrates that the ZnO nanorods
are of good crystalline hexagonal structure which
corroborates with XRD data (Fig 1a).

Compared to bulk material the E,(high) mode show a
lcm™ blue-shift. One of the reasons is that nanorods
possess piezoelectric effect which causes the shift of
Raman modes. Another one can be attributed to the optical-
phonon confinement (which is anisotropic and has different
effect on different phonon modes). Also shift can be
attributed to the strain variation.

As E;(high) mode is close to that of bulk ZnO (437-439
cm™), the sample with oriented nanorod arrays can be

Figure 2: SEM images of (a) ZnO nanorods on glass regarded as unstrained. The peak at 332 cm™ corresponds
substrate, (b) ZnO nanorods on Si substrate grown under the E,y-E;. mode and shows broadening (about 70 cm™)
relatively weak electric field assistance and (c) quasi- (Fig. 3b) due to multiphonon processes.

aligned ZnO nanorods on Si wafers grown under stronger
electric field assisted-assembly.
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Figure 3: Micro-Raman scattering spectrum of (a) ZnO
nanorods on glass substrate and (b) quasi-aligned ZnO
nanorods on Si wafers grown under electric field assisted-
assembly.

The multiphonon processes occur when phonon wave
vectors are shifted away from the center of the Brillouin
zone [15]. Another dominant peak at 100 cm™ is commonly
observed in the wurtzite structure ZnO [16] and is attributed
to E,(low) mode of non-polar optical phonons.

The weak peak is observed at 580 cm™ of E;(low) mode
which show that our nanorod arrays have low quantity of
impurities and structural defects (oxygen vacancies and Zn
interstitials [17]).

4 CONCLUSIONS

This is a new report on electric-field assisted assembly
technique used to vertically-align ZnO nanowires on the Si
substrate during their growth in only 20 min. Well aligned
ZnO nanorods were synthesized without employing any
seeds, metal catalysts on glass and Si(111) substrates
without any pre-coated buffer layers. The alignments of the
ZnO nanorods on the different substrates depend on the
growth conditions, substrate type and the strength of the
applied electric-field. Similarly, the XRD, SEM and micro-
Raman measurements showed the distinct appearance of
ZnO nanorods on two types of substrates. Consequently,
the crystal structure of ZnO nanorods is related to the type
of the substrate and direction of electric field used.

To summarize, a technique for localized growth and
alignment of ZnO nanorods on Si substrates to yield a
assisted-assembled system has been demonstrated. This
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technique allows to ZnO nanorods synthesis and alignment
using a DC electric-field. Enhanced control over ZnO
nanorod alignment and organization is evident at higher
field strengths. This process with its improved control
yields a simple and reproducible fabrication method, which
could be used in fabrication of nanodevices.
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