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Abstract: ZnO thin films on Si(111) substrate were deposited by laser ablation of Zn target in oxygen reactive at-

mosphere, NdYAG laser with wavelength of 1 064 nm was used as laser source. XRD and FESEM microscopy were

applied to characterize the structure and surface morphology of the deposited ZnO films. The optical properties of

the ZnO thin films were characterized by photoluminescence. The UV and deep level ( yellow-green) light were ob-

served from the films. The UV light is the intrinsic property and deep level light is attributed to the existence of an-

tisite defects ( Oz ). The intensity of UV and deep level light depends strongly on the surface morphology and is ex-

plained by the surface roughness of ZnO film. A strongly UV emission can be obtained from ZnO film with surface

roughness in nanometer range.
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1 INTRODUCTION

One important advantage of ZnO is that it is a
I~ VI semiconductor of wurtzite structure with a
wide direct-band-gap of 3. 3 eV at room tempera-

[1]

ture The most unique property of ZnO is its

large exciton binding energy of 60 meV, which is
much larger than those of GaN (24 meV), ZnSe
(19 meV) and ZnS (39 meV)'.

large binding energy, the exciton is stable at room

Because of this

temperature even in bulk crystals. Owing to these
properties, ZnO is considered a promising material
for light-emitting devices and semiconductor lasers
with low thresholds in the UV region, such as
light-emitting diodes and laser diodes'’™ . ZnO
films with high intensity emission have been depos-
ited by using several growth techniques, such as
metalorganic  chemical  vapour  deposition

(MOCVD)', molecular beam epitaxy (MBE)'",

¥ rf magnetron sputtering'’

and reactive DC sputtering''”, oxidation of metal

zine film'""', pulse laser deposition ( PLD)'".

solgel deposition

Pulse laser deposition ( PLD) technique is more
useful in obtaining high quality thin films of metal
oxide materials compared with other techniques,
because of its advantage of simple hardware, atom-
iclayer control obtained by adjusting the laser en-
ergy density, the pulse duration and repetition

rate. For these practical reasons, PLD technique
has been widely applied for the formation of the
high quality thin films.

In consideration of low-cost preparation of
ZnO film, in the present work, we applied a very
common laser apparatus (NdYAG laser of 1064
nm) and a Zn target ( which is much cheaper than
ZnO target) to deposit ZnO thin films at different
substrate temperatures by laser ( wavelength of
1 064 nm) ablation of Zn target in oxygen active at-
mosphere. The influence of temperature on the
surface morphology and photoluminescence proper
ty was studied.

2 EXPERIMENTAL

Si(111) substrates were used as the underlay.
Si substrates were rinsed three times in acetone
with ultrasonic vibration for 15 min each time, and
then rinsed in ethanol for 15 min before it was put
into the deposition chamber. The experiments
were performed in a deposition system. Before
deposition, the vacuum chamber of the deposition
system was evacuated by turbo-molecular pump
down to 5 10"* Pa and then filled with oxygen
(99.99% purity ) at a working pressure. T he laser
energy density was measured to be about 31 J/ em®.

Zn (99.99% purity) targets were ablated by a Nd
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YAG laser (wavelength of 1064 nm, with pulse
duration of 100 ns, frequency of 10 Hz). The tar-
get-substrate distance was kept at 2. 5 em. The
deposition time of 20 min was maintained. The film
thickness measured by the cross section image of
SEM was 0. 8 7 1. 3 Bm, which depended on the
substrate temperature. In the present experiment,
the heater block temperature was considered the
substrate temperature. ZnO thin films were depos-
ited at the substrate temperature of 300, 400, 500
‘C with oxygen pressure of 11 Pa. After deposi-
tion, the film crystal structure was investigated by
X-ray diffraction (XRD, Rigaku Dymax) with a Cu
target and a mono-chronmator at 50 kV and 300
mA. FESEM (JSM ~ 6700F) was used to charac
terize the surface morphology of the film. The op-
tical properties of the ZnO thin films were charac
terized by photoluminescence with an Ar ion laser
as a light source using an excitation wavelength of
325 nm. All spectra were measured at room tem-
perature.

3 RESULTS AND DISCUSSION

3.1 Structure of ZnO film

Fig. 1 shows the XRD patterns of the ZnO
thin films on Si(111) substrate obtained by laser
ablation of Zn target in oxygen reactive atmosphere
at different substrate temperatures (300, 400 and
500 C) with a fixed oxygen pressure of 11 Pa.
Three main diffraction peaks of ZnO thin films ap-
pear at 20= 31.81°, 34.46° and 36.27°, which are
corresponding to the (100) plane, (002) plane and
(101) plane of ZnO thin films, respectively. In or-
der to evaluate the average grain size of the films,
we adopted the Scherrer formula using the full
width at half maximum (FWHM) value of the
XRD diffraction peaks. The Scherrer formula is
d= 0.94X(Bcost), where d, A 6, and B are the
mean grain size, the X-ray wavelength of 0. 154 A
Bragg diffraction angle, and the FWHM of the dif-
fraction peak of ZnO film, respectively. The calcu-
lated mean grain sizes are 14. 1, 16.5 and 20.2 nm
for the ZnO films deposited at the substrate tem-
perature of 300, 400 and 500 C, respectively.
That is, nanocrystalline grained ZnO films were
obtained. It is observed that the films obtained at
the substrate temperature of 300 C and 400 C
have random polycrystalline structure without pre-
ferred orientation. However, when the substrate
temperature is increased to 500 C, only two dif-
fraction peaks of (002) and (101) exist and (002)
peak has the maximum diffraction intensity. This
shows that a structure with main (002) orientation
or caxis growth forms at substrate temperature of
500 C.

Fig. 2 shows the FESEM micrographs of the
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Fig.1 XRD patterns of ZnO thin
films on Si(111) grown by PLD at

different substrate temperatures
(a) —300 C; (b) —400 C; (¢) —500 C

ZnO films obtained at different substrate tempera-
tures corresponding to Fig. 1. It is found that there
is great difference in surface morphology among
the ZnO films deposited at different substrate tem-
peratures. ZnO film deposited at 300 C ( Fig. 2
(a)) has a petaklike surface morphology and a
large surface roughness. The size of most clusters
(petals) is 200 ~ 300 nm. Both the surface rough-
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Fig. 2 FESEM micrographs of
ZnO thin films on Si(111) grown by

PLD at different substrate temperatures
(8) =300 C; (b) —400 C; (c) —500 C

ness and the cluster size (100 = 250 nm) of ZnO
film deposited at 400 'C ( Fig. 2(b)) are somew hat
less than those deposited at 300 C. In contrast,
the ZnO film deposited at 500 C has very small
clusters (40 ~ 60 nm) and surface roughness ( Fig. 2
(o).

From the above results, it is known that the
surface of ZnO film with (002) preferred orienta
tion is relatively smooth. During PLD, the kinetics
of atomic arrangement is mainly influenced by the
substrate temperature and the energy of deposition
atoms. It was reported that the (002) orientation
had the lowest surface energy among these orienta

[13]

tions' 7'. Therefore, at a relatively high tempera-

ture, atoms on the surface have high mobility.

There should be enough time for adatoms to move
on surface to look for the lowest energy sites be
fore the adatoms are covered by the next layer of
atoms. The homogeneous growth results in a
smooth surface structure. However, at relative
low growth temperature (for example, 300 C),
random growth results in more rough surface
structure.

3.2 Photoluminescence characteristics of film

Fig. 3 shows the room temperature photolumi-
nescence ( PL) spectra obtained from the ZnO thin
films on Si( 111) substrate deposited at different
substrate temperatures (300, 400 and 500 C) with
a fixed oxygen pressure of 11 Pa. The PL spectra
of ZnO film consist of a UV emission centering
about 378 7 394 nm and a yellow-green emission
centering about 515 7 525 nm. It can be seen that
the intensity of narrow UV emission peak increases
markedly with the increase of the substrate
temperature in the range of 300 =500 C. As to the
yellow-green emission of PL spectra, the main
518 nm, or

center of these peaks is about

2.386eV.
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Fig.3 Room temperature (298 K) PL
spectra of ZnO thin films on Si(111) grown by

PLD at different substrate temperatures
(8) =500 C; (b) —400 C; (c) —300 C

FAN et al' had calculated the energy levels
of the intrinsic defects in ZnO by applying the fulk
potential linear muffin-tin orbital method. The cal-
culated energy level for the UV emission is 3. 18
eV, and the calculated energy interval from the
bottom of the conduction band to the antisite oxy-
gen Oz is 2. 38 eV. Therefore, the experimental
UV emission at 3757395 nm (or 3.27 = 3. 14 €V)
of PL spectra of ZnO films approximates the theo-
retically calculated value of 3. 18 €V of UV emis-
sion, and the deep level emission observed in our
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experiment (2. 39 eV) is in coincidence with the
calculated energy interval of electronics transition
from the bottom of the conduction band to the an-
tisite oxygen Oz defect. That is, the UV emission
is the intrinsic property of ZnO film, and the deep
level emission of yellow-green light is attributed to
antisite oxygen Oz, defects'" .

It is observed from Fig. 3 that both the inten-
sities of UV emission and deep level emission of
ZnO film depend strongly on the substrate temper-
ature during the deposition. This can be explained
by the cluster size or surface roughness of ZnO film
formed at different substrate temperatures ( see
Fig. 2). Fig.4 shows the plot of both the UV peak
and deep level peak intensities varying with the av-
erage cluster size (the surface roughness can be
considered to be the same or similar level as the
cluster size). It is observed that the intensity de-
creases as the average cluster size increases. For
ZnO film deposited at 500 C, an even surface with
the average cluster size or roughness less than 50
nm is obtained, the UV emission with wavelength
about 385 nm (or deep level emission with wave-
length about 518 nm) of PL spectra from the ZnO
crystals on top surface and on valley surface have
the similar phases. The interference enhancement
of light with similar phases can be achieved and a
strong UV (or deep level) emission is obtained
from the ZnO film deposited at 500 C. For the
case that ZnO film deposited at 300 C, the phase
difference between the light emitted from the val-
leys surface and the light emitted from the top sur-
face approaches to half wavelength (about 190 nm
for the UV light and 260 nm for the deep level
emission light). The weakening of light through
the interference of them is possible and low inten-
sity emission of UV and deep level light is observed
from ZnO film deposited at this temperature. The

interference strengthening of light is usually
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Fig. 4 Variation of UV and deep level

intensity with surface cluster size of ZnO film

observed from the nano-crystalline material surface
obtained from electro-deposition method, for ex-
ample, a mirror-like surface was observed from the
electroplating nano-crystalline NiFe with nanome-
ter sized surface roughness ( from 22.7nm to

64.9 nm) "

4 CONCLUSIONS

ZnO film on Si substrate was obtained by ab-
lation of Zn target in oxygen atmosphere, with a
NdYAG laser of 1 064 nm wavelength as the pulse
laser source. The influences of the substrate tem-
perature on the structure and optical properties of
ZnO film were studied.

1) The ZnO films obtained at the substrate
temperatures of 300 C and 400 C have random
polycrystalline structure and sub-micrometer rough
surface, and the ZnO film formed at the substrate
temperature 500 C has mainly (002) texture and
even surface with nanometer roughness.

2) All samples show UV emissions and deep
level emissions (yellow-green light) in PL spectra.
The UV emission is the intrinsic property of ZnO
film and the deep level emission is attributed to the
electron transitions from the bottom of the conduc
tion band to the antisite oxygen Oz, defects level.

3) The intensity of PL light increases with the
increasing of the deposited substrate temperature
of ZnO films. This is explained by the surface
roughness or cluster size of ZnO film. ZnO film
which has nanometer sized surface roughness emits
intense UV light due to the interference strengthe-
ning of light with similar phases.
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