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Selective Synthesis and Coating of ZnO Nanomaterials

Jong-Soo Lee*, Myungil Kang*, Kwangsue Park*, Byungdon Min*, Joowon Hwang¥*,

Kihyun Keem* and Sangsig Kim*

Abstract - Three different ZnO nanomaterials (nanobelts, nanorods, and nanowires) were synthesized
at 1380 C from ball-milled ZnO powders by a thermal evaporation procedure with an argon carrier
gas without any catalysts. Transmission electron microscopy (TEM) revealed that the ZnO nanobelts
are single crystalline with the growth direction perpendicular to the (010) lattice plane, and that the
Zn0O nanorods and nanowires are single crystalline with the growth directions perpendicular to the
(001) and (110) lattice planes, respectively. In cathodoluminescence (CL), the energy position of the
near band-edge (NBE) peak is 3.280 eV for the 100-, 250-, and 500-nm thick nanobelts, 3.262 eV for
the 100- and 250-nm thick nanorods, and 3.237 eV for the 500-nm thick nanorods. The synthesized
Zn0O nanorods were coated conformally with aluminum oxide (Al,0s;) material by atomic layer deposi-
tion (ALD). Al,Osfilms were then deposited on these ZnO nanorods by ALD at a substrate temperature
of 300 C using trimethylaluminum (TMA) and distilled water (H,0). Transmission electron micros-
copy (TEM) images of the deposited ZnO nanorods revealed that 40nm-thick Al,Oscylindrical shells

surround the ZnO nanorods.
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1. Introduction

Wide-gap compound semiconductors have highly poten-
tia] applications for optoelectronic devices, in particular,
emitting blue light. Direct-gap ZnO semiconducting mate-
rial (Eg=3.37 eV at room temperature) is one of the attrac-
tive candidates for highly efficient optical devices operat-
ing at room temperature, since excitons formed in this ma-
terial have a high binding energy of 60 meV{1-3], com-
pared with other semiconducting materials (for instance,
exciton binding energy is 22 meV for ZnSe, and 25 meV
for GaN)[4,5]. Such a high exciton binding energy disables
the role of phonons at room temperature since this binding
energy is 2.4 larger than the effective thermal energy. For
this reason, ZnO material emits efficient exciton emissions
at high temperatures up to 550 K under low excitation en-
ergy[6].

The synthesis of nanostructured semiconducting materi-
als has become an important research issue since the nota-
ble discovery of graphitic nanotubes[7]. Compound semi-
conducting nanomaterials including GaN[8,9], GaP[10],
InP[11], ZnO[12,13], and Ga,05[14] have been developed
for the fabrication of nanooptoelectronic devices. In par-
ticular, the nanomaterials of metal-oxide-related semicoii-
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ductors such as ZnO and Ga,0; have been a matter of in-
terest due to their excellent crystalline quality, chemical
stability, thermal stability, and wide bandgap.

Recently, to realize these devices utilizing nanorods, the
protection of the nanorods from contamination and from
oxidation has become of crucial importance[13, 14]. Con-
formal coating of nanorods is required to retain their opti-
cal and electrical properties. Moreover, the three dimen-
sional geometry of nanorods requires a high degree of con-
trol of the protecting layers [15, 16]. Atomic layer deposi-
tion (ALD) is one of the adequate techniques satisfying
these requirements because of its nature of surface con-
trolled process, such as atomic layer control, thickness con-
trolled by the number of reaction steps and perfect control
of growth rate. ALD is expected to be the ideal candidate
of powerful growth methods for achieving conformal pro-
tecting layers.

This paper presents the structural and optical properties
of three different nanostructured ZnO materials (nanowires,
nanobelts, and nanorods) synthesized from the thermal
evaporation of ball-milled ZnO powders, and shows the
probability of applications for nano-electric and optical de-
vices.

A comparison of products obtained from ZnO nanomate-
rials is first made by scanning electron microscopy (SEM),
and the structural and optical properties of the synthesized
nanomaterials are characterized by transmission electron
microscopy (TEM), selected-area electron diffraction
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(SAED), and cathodoluminescence (CL). The chemical
components and structural properties of the deposited
Al,Os films were also investigated by energy-dispersive X-
ray (EDX) spectroscopy and TEM.

2. Experimetal procedure

ZnO powders (-200 mesh) were used for synthesizing
the nanomaterials under study. The ZnO powders were first
ground for 20 hours in the mechanical ball mill system us-
ing a steel vial with 100 stainless steel balls, in which the
mixture ratio of steal balls and ZnO powders was 15:1 in
weight percents. An alumina boat containing the ball-
milled ZnO powders was then loaded into the center of a
horizontal alumina tube and 5x5 mm sized Si substrates
were put at three different places in the tube (Fig. 1). The
thermal evaporation of the ball-milled ZnO powders was
performed at 1380 C for 3 hours with an argon flow rate
of 500 standard cubic centimeters per minute (sccm) under
a constant furnace chamber pressure of 0.5 atm.

Al O; films were grown on the synthesized ZnO nano-
rods at a temperature of 300 C by using the ALD tech-
nique. Trimethylaluminum (TMA) and distilled water were
utilized as the precursors for the films. The process pres-
sure was 280 and 250 mTorr for the dosing of chemical
precursors and the Ar purging, respectively. The ALD
method is a self-regulating process, so the precursor ele-
ments must be alternately dosed to the substrate. We
choose this dosing time to be 2 sec, and purging time 20
sec. The one cycle for the growth of Al,Os films is com-
posed of TMA dosing, Ar purging, H>O dosing and Ar purg-
ing, and the times of each are 2, 20, 2 and 20 sec. We have
carried out 200 cycles to deposit Al,O; films on ZnO nano-
rods. The thickness of Al,Os films after 200 cycles process-
ing is 40 nm.

The as-synthesized products were characterized by X-
ray diffractometer diffraction (RIGAKU, D/MAX-IIA),
field emission scanning electron microscope (HITACHI, S-
4700), and transmission electron microscopy (JEOL, JEM
3000F) for the analysis of the microstructure. Room-
temperature CL(monoCL2, Gatan) was performed at an
acceleration voltage of 5kV.

3. Results and discussion

Fig. 2 shows the scanning electron microscopy (SEM)
images of nanomaterials synthesized in three different
zones in the furnace tube described schematically in Fig. 1.
The temperature ranges of the three zones labeled in A, B,
and C are 1030~900, 700~650, and 450~350 C, respec-
tively. A comparison of the three SEM images illustrates

that morphologies of three nanomaterials synthesized at
different substrate temperatures are distinctively different
from each other. A SEM image of Fig. 2(a) exhibits that
the nanomaterials synthesized in the A zone are mixtures
of nanobelts and nanorods; nanomaterials having a rec-
tangular cross section are named nanobelts, and nanomate-
rials, and those having a hexagonal cross section are
named nanorods(see the sinsert of Fig. 2(b)).
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Fig. 1 Schematic illustration of the apparatus used in this
work and the different temperature zones in the fur-
nace tube.

_ s
Fig. 2 SEM images of the ZnO nanomaterials grown in (a)
A zone (1030~900 (), (b) B zone (700~650 C), and
(c) C zone (450~350 (7).

The nanobelts and nanorods synthesized in the A
(1030~900 (7) zone are in the range of several hundred na-
nometers to several hundred micrometers in width or in
diameter. The SEM image of Fig. 2(b) reveals that the
nanomaterials synthesized in the B (700~650 C) zone are
also mixtures of nanobelts and nanorods, but that their
sizes are in the range of 70 to 300 nm. In contrast, the
SEM image of Fig. 2(c) shows that the nanomaterials syn-
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thesized in the C (450~350T) zone are nanowires; nano-
materials having a circular cross section are named
nanowires(see the insert of Fig. 2(c)). The nanowires are in
the range of 15 to 40 nm in diameter and in the range of 10
to 70 ym in length; their diameters and lengths are very
uniform, compared with the nanobelts and nanorods.

Fig. 3 shows the X-ray diffraction (XRD) patterns of start-
ing ZnO powders, ball-milled ZnO powders, the nanobelts
and nanorods (Fig. 2(b)) obtained from the thermal evapo-
ration of the starting ZnO powders, and the nanowires(Fig.
2(c)) obtained from the thermal evaporation of the ball-
milled ZnO powders; all the XRD patterns are normal-
ized. The XRD pattern of the starting ZnO powders (Fig.
3(a)) is indexed to a wurtzite hexagonal structure of ZnO
material with lattice constants of a=3.250C and ¢=5.205C.
For the ball-milled ZnO powders, XRD peaks are dimin-
ished in intensity and broadened in line width, compared
with the starting ZnO powders. The XRD patterns of nano-
belts, nanorods (Fig. 3(c)), and nanowires (Fig. 3(d)) are
identical to that of the starting ZnO powders, so these
products are identified to be crystalline ZnO materials.
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Fig. 3 XRD patterns of (a) starting ZnO powders, (b) ball-
milled ZnO powders, (c) white colored products ob-
tained from thermal evaporation of the starting ZnO
powders, and (d) light-gray colored products ob-
tained from thermal evaporation of the ball-milled
ZnO powders.

The SEM images in Fig. 4 exhibit the side view of the
nanomaterials grown on a Si substrate in the B zone and C
zone. Fig. 4(a) shows that the nanobelts and nanorods are
grown not from the Si substrate but from a thick layer of
ZnO polycrystalline material on the top of the Si substrate,
indicating that the thick layer is formed before the forma-
tion of the nanowires(Fig. 4(b)). These observations imply
that the XRD pattern of the materials grown on a Si sub-
strate in the B zone and C zone come not only from the
nanomaterials but also from the thick layer. SEM images
of the materials grown on Si substrates in the A and C

zones also show the presence of the thick layers of ZnO
polycrystalline material on the top of Si substrates. Both
the nanomaterials (nanobelts, nanorods, and nanowires)
and the thick layer may be ZnO materials, since no other
peaks but the peaks related to the ZnO hexagonal phase are
seen in the XRD patterns. Nevertheless, a possibility that
the nanobelts, nanorods, and nanowires are not ZnO mate-
rial is still not ruled out at this stage.
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Fig. 4 The side view image of the materials grown ona Si
substrate in the B zone(a), and C zone(b)
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Fig. 5 Energy dispersive X-ray(EDX) spectrum of the
nanomaterials.
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A representative EDX spectrum of the nanomaterials
(nanobelts, nanorods, and nanowires) is depicted in Fig. 5.
Only the peaks associated with Zn and O atoms are seen in
this EDX spectrum (the Cu-related peak in the spectrum
comes from the Cu grids), leading to the obvious fact that
the nanobelts, nanorods, and nanowires are indeed ZnO
material.

Fig. 6 shows transmission electron microscopy (TEM)
images of three selected nanomaterials : (nanobelt (a), nano-
rod (b), and nanowire (c)) the nanobelt and nanorod are se-
lected from the nanomaterials synthesized in the B zone, and
the nanowire is selected from the nanomaterials synthesized
in the C zone. The insets of Figs. 6(a), 6(b) and 6(c) show
three representative selected-area electron diffraction
(SAED) patterns taken from these nanomaterials. In the
SAED patterns, the direction of the zone axe is indexed to be
the [100] lattice direction for the nanobelt (Fig. 6(a)), the
[100] lattice direction for the nanorod (Fig. 6(b)), and the
[110] lattice direction for the nanowire (Fig. 6(c)). The
SAED reveals that the direction of the growth is perpendicu-
lar to the (010) lattice planes for the nanobelt (Fig. 6(a)), to
the (001) lattice planes for the nanorod (Fig. 6(b)), and to the
(110) lattice planes for the nanowire (Fig. 6(c)). On the basis
of the TEM, SAED, and SEM analyses, the orientations of
hexagonal lattice units in the nanobelts, nanorods, and
nanowires may be determined. The determined orientations
of hexagonal lattice units in regards to the growth directions
of three different nanostructured ZnO materials are depicted
in Fig. 7 in the hexagonal lattice units ; the hatched planes
Fig. 7(a), Fig. 7(b), and Fig. 7(c) correspond to the lattice
planes perpendicular to the zone axes in the insets Fig. 6 (a),
Fig. 6 (b), and Fig. 6, respectively.
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Fig. 6 TEM bright field images and their associated SAED
patterns of a selected nanobelt(a), a selected nano-
rod(b), and a selected nanowire(c).
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Fig. 7 The configurations of hexagonal lattice units in re-
gards to the growth directions of the nanobelt(a),
nanorod(b), and nanowire(c).

Fig. 8 exhibits size-selective CL spectra for six single
nanobelts and nanorods selected from the nanomaterials
synthesized in the B zone. The energy position of the near
band-edge (NBE) peak is the same (3.280eV) for the 100-,
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Fig. 8 The room temperature(300K) CL spectra of the ZnO
nanobelts(a) and nanorods(b) selected from the
nanomaterials synthesized in the B zone.
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250-, and 500-nm thick nanobelts. For the nanorod, the en-
ergy position of the NBE peak is the same (3.262¢V) for
the 100 -and 250-nm thicknesses, but the energy position
of the 500-nm thickness is 3.237 eV. Note that the NBE
emission peaks are responsible for the recombination of
free excitons. As the energy position of the NBE peak fol-
lows the bandgap, the bandgap of the nanobelts is inde-
pendent of their size in the size range of 100 nm to 500nm,
but the bandgap of the nanorod is not independent. In
this size range, the bandgap depends not on the quantum
confinement but on strain experienced entirely by nanoma-
terials[17]. Thus, the 500-nm thick nanorod may be experi-
enced by tensile strain, compared with the other 100- and
250-nm thick nanorods.

The size-selective SEM and CL images of the nanobelts
and nanorods were shown in Figs. 9 and 10, respectively.

100
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Fig. 9 The SEM images and CL images of 100- and 250-,
and 500-nm thick ZnO nanobelts selected from the
nanomaterials synthesized in the B zone.

i, images
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and 500-nm thick ZnO nanorods selected from the
nanomaterials synthesized in the B zone.

SEM images ClL images

Fig. 11 The SEM image and CL image of a 40nm diameter
ZnO nanowires synthesized in the C zone.

The CL images were each detected at the NBE peak posi-
tions of the corresponding CL spectra shown in Fig. 11.
The CL images reveal that all the regions of the nanobelts
and nanorods emit the NBE emission homogeneously; they
do not show any dead spots that can not emit the NBE
emission. However, the CL detection of the single
nanowire(Fig. 11) selected from the nanomaterials synthe-
sized in the C zone was a failure due to the weakness of the
CL signal.

Fig. 12(a) is a TEM image of a selected ZnO nanorod
deposited with Al;O; materials by ALD. The TEM image
illustrates that the cylindrical Al,O; shell with the cap sur-
rounds the ZnO nanorod. The Al,O; shell is 40 nm in
thickness; its thickness is quite uniform along the nanorod.
The ZnO nanorod is coated conformally with Al,O; mate-
rial by ALD. Fig. 12(b) and Fig. 12(c) show the EDX spec-
tra taken for the central and edge parts (marked by A and B,
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Fig. 12 The TEM image (a) of the Al,Os-deposited ZnO

nanorod. The central part (A) is the ZnO nanorod

and the outer part (B) is the deposited Al,O; film.

The EDX spectrum (b) taken for its central part,

and the EDX spectrum (c) taken for its outer part.

respectively, in Fig.12(a)) of the coated ZnO nanorod.
The EDX spectrum taken for its edge part exhibits that the
Al-related peak is stronger in intensity than the Zn-related
peak, which indicates that the deposited part is indeed
AL O;. Additionally, an AlQO; film was deposited on a
plain Si substrate by ALD under the same deposition con-
dition as on the nanorods in this study. In a Fourier trans-
form infrared (FTIR) spectrum taken for this Al,O; film
grown on a Si substrate (not shown here), a broad absorp-
tion band associated with amorphous AlL,O; was ob-
served. It is well known that the crystal structure and
chemical components of the layers deposited by ALD are
independent of the substrate [18]. Hence, we have con-
cluded that the coating material of the ZnO nanorod is
amorphous Al,Os.

4. Conclusion

ZnO nanobelts, nanorods, and nanowires were synthe-
sized at three different substrate temperatures from the

thermal evaporation of ball-milled ZnO powders at 1380 (.

SEM revealed that the nanobelts and nanorods synthesized
in the substrate temperature (1030~900 C) zone are in the
range of several hundred nanometers to several hundred
micrometers in width or in diameter, that nanobelts and
nanorods synthesized in the substrate temperature
(700~650 ) zone are in the range of 70 to 300 nm in
width or in diameter, and that the nanowires synthesized in
the substrate temperature (450~350C) zone are in the
range of 15 to 40 nm in diameter. TEM revealed that the
ZnO nanobelts, nanorods, and nanowires are single crystal-
line with the growth direction perpendicular to the (010),
(001) and (110) lattice planes, respectively. In addition, the

energy position of the near band-edge (NBE) peak is 3.280
eV for the 100-, 250-, and 500-nm thick nanobelts, 3.262
eV for the 100- and 250-nm thick nanorods, and 3.237 eV
for the 500-nm thick nanorods. The CL images reveal that
all the regions of the the nanobelts and nanorods emit the
NBE emission homogeneously.

After the synthesis of ZnO nanorods from ball-milled
ZnO powders by a thermal evaporation procedure, confor-
mal Al,Os layers were successfully deposited on the ZnO
nanorods by ALD. TEM images of the deposited ZnO
nanorods revealed that 40nm-thick Al Os cylindrical shells
surround the ZnO nanorods.We suggested here that the
coated layers on the nanorods might be an indicator of the
growth rate of the ALD system. Furthermore, conformally
deposited Al,O5 layers on nanorods may play important
roles as protecting layers and gate layers. Hence, the results
in this study may fasten the realization of the nanorod de-
vices.
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