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High-quality oxide semiconductor ZnO thin films were prepared on single-crystal sapphire and LaAlOg3 substrates

by pulsed laser deposition (PLD) in the mixture gas of hydrogen and argon. Low resistivity n-type ZnO thin films with

smoother surface were achieved by deposition at 600°C in 1Pa of the mixture gas. In addition, ferromagnetism was
observed in Co-doped ZnO thin films and rectification I — V' curves were found in p-GaN/n-ZnO and p-CdTe/n-ZnO

heterostructure junctions. The results indicated that using mixture gas of hydrogen and argon in PLD technique was

a flexible method for depositing high-quality n-type oxide semiconductor films, especially for the multilayer thin film

devices.
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1. Introduction

In the recent decade, wide-gap semiconductors,
especially oxide semiconductors have attracted much
attention due to their potential applications ac-
cording to theoretical calculations and experimen-
tal researches.!=® ZnO, with a room-temperature
band gap of 3.37eV, is transparent to visible light
and impervious to ultraviolet.[®/ More importantly,
after being doped by some magnetic elements (Co,
Fe, Mn, etc), the ZnO thin film exhibits room-
temperature ferromagnetism, which makes it a can-
didate for “spintronic” devices.[”! Various techniques
have been adopted for the deposition of ZnO thin
films, such as metal organic chemical vapour deposi-
tion (MOCVD),®] molecular beam epitaxy (MBE)[!
and pulsed laser deposition (PLD).[1]

The n-type ZnO films were mostly prepared
in high vacuum environment for the consideration
of low resistivity, which is often attributed to the
native defects, such as oxygen vacancies and zinc
interstitials.l'!] For the PLD technique, however, de-

position in high vacuum does not merely produce oxy-

gen vacancies in thin films. Omne of the most obvi-
ous characteristics of the PLD technique is that the
surface of the film is bombarded by the high-kinetic-
energy ablation particles, which may cause disorder
of film growth. This drawback will be serious when
the film is deposited in ultrahigh vacuum environ-
ment. The bombardment by high-kinetic-energy ab-
lation particles is a key problem for epitaxial growth
of high-quality films, especially in preparing devices

with heterostructure interfaces.

We present a simple and flexible method, using a
mixture gas of hydrogen and argon in the PLD for
overcoming the bombardment problem, because we
believe that the argon could decrease the kinetic en-
ergy of the ablation particles, and the hydrogen would
lead to the enhancement of electrical conductivity. In
this article, we describe the growth of epitaxial n-type
ZnO thin films in the mixture gas of hydrogen and
argon. As expected, the mixture gas is proved to
be helpful for both producing oxygen vacancies and
reducing particle bombardment. Therefore, low re-
sistivity with smooth surface can be achieved in the

n-type ZnO films. In addition, rectification I — V'
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curves are obtained in p-GaN/n-ZnO and p-CdTe/n-
ZnO heterostructure junctions. The results indicate
that using the mixture gas of hydrogen and argon is
a convenient method for depositing high-quality oxide

semiconductor films.
2.Experiment

In this work the ZnO target was prepared from
high-purity ZnO powders sintered at 1000°C for 12h.
The mixture gas of hydrogen (10%) and argon was
used in the PLD. A laser repetition rate of 6 Hz with
an energy density of 130 J/m? was applied. The dis-
tance between the target and the substrate was about
3 cm. Thin film growth was carried out at different
substrate temperatures (from 500 to 700°C) under a
variable gas pressure (from 0.1 to 10Pa). The thick-
ness of the thin film after 6 minute deposition was

about 75nm.
3. Results and discussion

The structure properties of the grown films were
characterized by x-ray diffraction (XRD). Figure 1
shows the pattern of XRD 6 — 26 scans of ZnO
thin films deposited on sapphire and LaAlOjz sub-
strates. Three strong peaks can be found in Fig.1(a)
from Al;O3 (006) and from ZnO (002) and (004) at
20=34.425° and 72.625°, respectively.
peak is detected. The sharp and intense peaks ob-

No impurity

served indicate that the thin films are highly crystal-
lized with c-axis normal to the surface, which is con-
firmed by the low value of the full width at half max-
imum of the rocking curve recorded around the peak
of (002). XRD ¢ scans indicate that the ZnO films
exhibit epitaxial single crystalline structure. The lat-
tice constant of the c-axis epitaxial ZnO film is calcu-
lated to be ¢=0.5210nm, which is close to the reported
value in Ref.[12]. It is interesting that highly oriented
ZnO films can be obtained by using a-Al;O3 single-
Figure 1(b) shows XRD 6 — 26
scans of a ZnO thin film deposited on an a-Al;O3

crystal substrates.

single-crystal substrate. The single ZnO (110) peak at
56.675° indicates that the film is highly [110] oriented,
although the a-Al;O3 single-crystal substrate surface
is in nearly cubic orientation. From the ZnO (110)
peak position, the calculated a=0.3290nm is close to
the reported value in Ref.[12]. It is more interesting
that the ZnO thin films deposited on single-crystal
perovskite LaAlO3 (001) substrate are highly crys-
tallized. Figure 1(c) illustrates the 6 — 20 scan of a
ZnO thin film deposited on a LaAlO3 (001) substrate.

Ounly [102] and [110] oriented growth directions are
observed in the ZnO thin film. XRD measurements
indicate that under the growth of our deposition con-
ditions the ZnO thin films deposited on sapphire and

LaAlOj3 substrates are in preferred orientation.

7000 | ZnO Al20Os (a)
0.0.2| 0,0,6
P ,0,
: 5000}
o ZnO/Alea
k] L
ES
= 3000}
&
x| ZnO
1000} 0,0,4
10 20 30 40 50 60 70 80
26/(°)
20000
Al;03 (b)
ZnO/Al, 03 0,2 4
g 15000 |
. Al O3
£ 0,1,2
g 10000}
=z Zn0
g 1,1, 0
< 5000
K|
0 T T T T T T T T -
10 20 30 40 50 60 70 80
26/(°)
16000 70 =
1,0, 2
a
3 12000 -
ZnO/Al, 04
P L 700  LaAlOs
-
< sooo0} 11,0
2
'g - LaAlO3
E 4000}
. L

10 20 30 40 50 60 70 80
26/(°)

Fig.1. XRD of ZnO thin films. The substrates are (a)
sapphire with (001) surface, (b) sapphire with (012)
surface and (c) LaAlOz with (001) surface, respec-
tively.

The surface morphology of the ZnO thin films
grown at various substrate temperatures were char-
acterized by atomic force microscope (AFM). Figures
2(a) and 2(b) exhibit the micrographs of epitaxial ZnO
thin films grown in the mixture gas of hydrogen and
argon at substrate temperatures of 600°C and 700°C,
respectively. It can be seen that the epitaxial ZnO
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thin film grown at 600°C has a fairly smoother sur-
face. Figure 2(c) is the AFM image of ZnO thin film
deposited on GaN/Al;O3, which shows a relatively
rougher surface than the surface of ZnO grown on sap-
phire substrate due to the lattice mismatch between

ZnO and GaNl.
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Fig.2. AFM images of ZnO thin films. The substrates
are sapphires with the temperature of 600°C and
500°C for Fig.2(a) and 2(b), respectively; Figure 2(c)
is the AFM image of ZnO deposited on GaN/Al,O3.

Low-resistivity ZnO thin films (15.2mQ-cm at
room temperature) with smoother surface can be ob-
tained by deposition at 600°C at 1Pa of the mixture
gas. The n-type carrier density of the ZnO thin films
deposited in these conditions is about 1.0x10%°/cm3
measured by conventional Hall method. All of the con-
ductive ZnO thin films are highly transparent. Figure
3 shows the optical transmittance spectrum of ZnO
thin film measured at room temperature. In the vis-
ible and near-infrared region (400-900nm) the trans-
mittance is over 95%, which is higher than most of the

reported values.!'3~19]
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Fig.3. Optical transmittance spectrum of a ZnO thin

film at room temperature.

Using the deposition conditions, Co-doped ZnO
thin films demonstrate a ferromagnetic to paramag-
netic transition at about 346K from M — T curves
measured by superconductor quantum interference de-
vice (SQUID) under a field of ~ 4 x 105A/m (5000
Oe). Figure 4 shows the hysteresis loop of Co-doped
ZnO thin film at room temperature (300K). The sat-
uration magnetization is about 400emu/cm?® in the
field of ~ 4 x 10°A/m and the coercive field (H.)
is less than ~ 4 x 103A/m (50 Oe). The magnetic
behaviours cannot be attributed to the contribution
of Co clusters, as reported in Ref.[16], since we argue
that reducing the particle bombardment would not
be favourable to the formation of Co clusters. Using
the mixture gas of hydrogen and argon, the n-type
ZnO thin films were deposited on p-type GaN and
CdTe films for constructing heterostructure junctions.
Rectification I — V' curves were obtained in p-GaN/n-
ZnO and p-CdTe/n-ZnO heterostructure junctions, as
demonstrated in Fig.5. These results indicate that us-
ing the mixture gas of hydrogen and argon in PLD is
an effective technique for depositing high-quality n-
type ZnO thin films and heterostructure devices.
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Fig.4. Magnetization vs field curve of a Co—ZnO thin
film at 300K.
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Fig.5. Current—voltage curves of a p-GaN/n-ZnO (a) and a p-CdTe/n-ZnO (b) heterostructure

junctions.

4. Conclusion

In summary, the structure of ZnO thin film could

be improved with the help of mixture gas of hydrogen

and argon since it reduces the particle bombardment.

Besides, the increase of the oxygen vacancies on ac-

count of the hydrogen leads to the enhancement of

electrical conductivity. Thus, high-quality ZnO thin

film with low resistivity could be obtained. More-

over, room temperature ferromagnetism of Co-doped

Zn0, p-GaN/n-ZnO and p-CdTe/n-ZnO heterostruc-

ture junction demonstrates that the credit of using

mixture gas needs further investigation.
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