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Structure and ultraviolet emission characteristics of amorphous ZnO films grown on
indium tin oxide coated glass substrates by electrophoretic deposition were investigated
using Raman spectra and photoluminescence. The Raman spectrum shows a unique
resonant multiphonon process within amorphous ZnO films. The photoluminescence
spectrum of amorphous ZnO films shows a strong ultraviolet emission while the
visible emission is nearly fully quenched. The transmission electron microscopy, x-ray
diffraction, x-ray photoelectron spectrum, and infrared spectrum are used to detect the
structure of amorphous ZnO powder. The complex water plays an important role in

the photoluminescence intensity emission.

. INTRODUCTION

There has been great interest in wide band gap semi-
conductors because there is a strong commercial desire
to produce efficient and lasing blue light-emitting di-
odes and short-wavelength laser diodes. As a wide
band gap (E, = 3.37 ev') semiconductor material, ZnO
has received an increasing amount of attention due to
its possible application in ultraviolet (UV) light-emitting
devices,?? electron-acoustic devices,* UV detectors,’
and others.® In recent years, there has been a great in-
terest in the development of high-quality ZnO films
to obtain strong UV emission. Several techniques are
being used to produce ZnO film; e.g., metalorgan-
ic chemical vapor deposition,” molecular beam epitaxy,®
chemical vapor deposition,” combustion chemical va-
por deposition,'® pulsed laser deposition, '' and electro-
phoretic deposition (EPD).'*'? The main advantages
of EPD are easy operation and no need for complex
instruments.

In most previous works, visible emission dominated
the photoluminescence (PL) spectra of ZnO films. Few
PL spectra of ZnO films with pure strong UV have been
reported.'* In this article, we first report a simple and
efficient method to prepare amorphous ZnO powder by
solid-state pyrolytic reaction; then the amorphous ZnO
films were deposited onto indium tin oxide (ITO) coated
glass substrates by EPD. The amorphous ZnO displayed
quasi-three-dimensional quantum confinement effects,
greatly increasing the PL efficiency. PL spectra indicated

that the EPD films of amorphous ZnO appeared to have
strong UV emission, while that visible emission was
barely observed at room temperature.

Il. EXPERIMENTAL

A. Electrophoretic deposition of amorphous
ZnO films

The preparation of amorphous ZnO films is described
as the following. Deposition solution was prepared
with concentration of 0.006 M amorphous ZnO and
107> M of Mg(NO,), - 6H,O in isopropyl alco-
hol solvent. Here, preparation of amorphous ZnO
powder can be briefly described as follows: 2.2 g
(10 mmol) Zn(CH;COO), - 2H,0 and 2 g (23.8 mmol)
NaHCO; were mixed at room temperature. The reaction
mixture was pyrolytized at 160 °C for 3 h. The
Zn(CH;COO), - 2H,0 changed into amorphous ZnO,
while the NaHCO; changed into CH;COONa and was
eventually washed away by deionized water. Conse-
quently, a white, highly fluffy, voluminous, floccular,
amorphous ZnO (0.94 g) can be obtained through the
solid-state thermal decomposition process. A stainless
steel sheet and an ITO-coated glass slide with a deposi-
tion area of 2 cm? were used as the anode and cathode,
respectively. The electrodes were placed parallel to each
other separated by a distance of approximately 3 cm and
immersed into the deposition solution. Film deposition
experiments were performed at a constant current of
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10 mA for 10 min at ambient conditions. After deposi-
tion, the films were removed from the deposition solution
and then dried at 100 °C. Uniform and white amorphous
ZnO films can be obtained.

B. Characterization

Transmission electron microscopy (TEM) images
were taken on a JEOL-2010 TEM (Tokyo, Japan) oper-
ated at 200 Kv.

The x-ray diffraction (XRD) spectra was performed on
the ZnO films using a D/max-rA XRD spectrometer
(Rigaku, Tokyo, Japan) with a Cu K, line of 1.54 A.

X-ray photoelectron spectra (XPS) measurements
were performed on a VG Scientific Escalb Mark II
(France) instrument, using a monochromatized Al (K,)
source. The pressure in the chamber was 5 x 10~® mbar.
For final calibration of the energy scale, the C (1s) peak
was set to 284.6 ev.

Infrared (IR) absorption spectra were collected on a
Shimazu FT-IR 8200D (Japan) spectrometer.

To study the luminescence properties of the amor-
phous ZnO films, the PL spectra of amorphous ZnO were
recorded with a Hitachi MPF-4 (Tokyo, Japan) fluores-
cence spectrophotometer. The spectra were obtained by
exciting the sample with a Xe lamp as the excitation light
source at the room temperature. The wavelength was
325 nm. The Raman spectra measurements were carried
out using a Microlaser Raman spectrometer (Jolin Won
Co., France).

lll. RESULTS AND DISCUSSION

A typical TEM image of amorphous ZnO is shown in
Fig. 1. The image shows that the amorphous ZnO is
distributed disorderly and does not have distinct mor-
phology. When we tried to obtain selected-area electron
diffraction patterns, we could not obtain an image.
Clearly, the crystal ZnO was not formed at that time. To
confirm that the sample is amorphous ZnO, XRD was
also used to characterize the sample. XRD probed a large
number of crystallites that were statistically oriented. Ex-
perimental XRD spectra for amorphous ZnO are shown
in Fig. 2. Figure 2(a) shows only some weak diffraction
peaks, which are not obvious oriented.

Figures 3(a) and 3(b) show the XPS of amorphous
ZnO powder. Binding energies of O(ls), Zn(2p,,,), and
Zn(2p5;,) provided a rather complete picture of sample
powder. The Zn(2p5,,) XPS appearing at 1021.8 ev co-
incides with ZnO data. The O(ls) peak at 531.5 ev is
attributed to oxide ions in ZnO. The peaks correspond-
ing to Zn(OH), and other basic salts are absent. An
IR spectrum of sample is shown in Fig. 3. The weak
peak at 472 cm™' is due to the ZnO stretching mode,
but additional vibrations are present around 842, 1047,

1386, 1460, 1501, and 3403 cm™!. The peaks at 842 and
1047 cm™', and the strong peaks at 1386, 1460,
and 1501 cm™ are attributed to symmetric and asym-
metric bending and stretching modes of ZnO - H,O,

FIG. 1. TEM image of amorphous ZnO. Imaging at 200%¥10> times
magnification.
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FIG. 2. X-ray powder diffraction patterns of ZnO. (a) Amorphous
ZnO (b) Nanocrystalline ZnO for comparision. The scan conditions
were 1/2 degree every minute.
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FIG. 3. Ols and Zn2p XPS of amorphous ZnO.
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IR spectrum of amorphous ZnO.
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respectively. The peak at 3403 cm™' can be indexed as
vibration of H,O. The absence of the frequency in the
region of 1600 cm™" indicates that there is no absorbed
water on the surface of the compound. Supplementary
experiment has been carried out by thermal gravity
analysis, where the result is in agreement with the IR
spectrum. According to the above discussion, we can
draw the conclusion that there is a molecular water com-
plex to ZnO. The molecular formula of amorphous ZnO
can be simply described as ZnO - H,O.

Figure 5 shows a typical Raman scattering spectrum of
the EPD film of amorphous ZnO. The Raman spectrum
consisted of four lines. Our measurement of frequency
shift of LO phonon is 584 cm™'; the result is consistent
with the 583 cm™" previously reported.'® The frequency
lines of 331, 1147, and 1712 cm™" all correspond to
multiphonon processes.'> To our knowledge, multiple
phonon scattering processes were previously observed in
ZnO nanocrystals.'® For amorphous ZnO prepared by
solid-state pyrolytic reaction, the resonant Raman scat-
tering so far has not been reported in the literature. The
features of the spectrum can be reasonably explained as
follows: (i) amorphous ZnO are complexes with water
molecules, greatly decreasing the dangling band, so the
localized states were almost fully swept. (ii) The amor-
phous ZnO mostly displayed the characteristics of ex-
panded states, something like that of ZnO nanocrystal, so
the multiphonon resonant Raman scattering was obtained
from a relatively pure amorphous ZnO with 325 nm ex-
citation. Nevertheless, the detailed Raman analysis of the
amorphous ZnO requires further study.

The PL spectrum of amorphous ZnO film is shown in
Fig. 6. The amorphous ZnO shows an extremely en-
hanced UV emission of 300% over that of the high qual-
ity crystalline sample.'* Two features are clearly visible
from these spectra. First, the main emission peak of
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FIG. 5. Resonant Raman spectrum of typical amorphous ZnO film

excited with 325 nm He-Cd laser at room temperature. The laser beam
was focused on a spot of 30 um?.
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FIG. 6. (A) Room temperature steady-state PL. for ZnO. (a) Amor-

phous ZnO (b) ZnO nanocrystallites for comparison. (B) Spectrum

separation procedure of the UV emission.

amorphous ZnO is at 380 nm, a blue shift smaller than
that of crystal ZnO. Second, the PL spectrum of amor-
phous ZnO with strong UV emission was observed while
the visible emission was nearly fully quenched. The fea-
tures can be explained reasonably as follows: (i) The
complex H,O sweeps the dangling band and surface de-
fects, so only the PL spectrum with strong UV emission
was observed while the visible emission was nearly fully
quenched.'” This result is in agreement with Raman
spectrum. (ii) The higher degree of disorder likely leads
to intensity emission stronger than that of crystalline
ZnO.'* (iii) Quantum confinement effects occur when
the particle radius is of the order the exciton Bohr radius
(1.8 nm, ZnO'®). Though we did not obtain the exact
diameter of amorphous ZnO from TEM and XRD, we
have enough reason to believe the sizes of amorphous
ZnO are smaller than 1.8 nm. Careful study of PL spectra

shows that UV spectrum of amorphous ZnO consists of
two kinds of emissions, while that of crystal ZnO con-
tains only a band-edge emission. The two excitonic emis-
sions play an important role in integrated PL intensity.
The dual excitonic emissions may be derived from dif-
ferent emission band of amorphous ZnO. Future study of
the emissive properties should lead us to a more com-
plete description of the physical properties of the amor-
phous ZnO, which will help us to know more about the
structure of amorphous ZnO.

IV. CONCLUSIONS

In summary, optical properties of amorphous ZnO
films grown on ITO coated glass substrates by EPD were
investigated. It was shown that high-quality amorphous
ZnO films can dramatically increase the UV emission
intensity. Raman scatting spectrum indicated that amor-
phous ZnO films were formed by EPD. The combination
of TEM imaging and XRD spectra comparison of experi-
mental IR spectrum and XPS experimental results pro-
vided a self-consistent description that amorphous ZnO
was formed by thermal decomposition of a mixture of
Zn(CH;COOQ), - 2H,0 and NaHCOj;. The complex water
sweeps the dangling band and surface defects of amor-
phous ZnO; hence, the sample shows obviously quasi-
three-dimensional quantum confinement effects, greatly
increasing the UV emission intensity while the visible
emission is barely observed at room temperature. In ad-
dition, future study of dual excitonic emission will help
us to understand more about the structure of amorphous
ZnO and corresponding PL properties.
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