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Abstract A series of ZnO thin films were deposited on
silicon (100) substrate at 473 K by using facing target RF
magnetron sputtering system at different oxygen pressure
in this paper. The structure, surface morphology and pho-
toluminescence of the ZnO thin films were characterized
by X-ray diffraction, atomic force microscopy (AFM), and
photoluminescence spectra (PL), respectively. The results
showed that only a (002) peak of hexagonal wurtzite
appeared in all ZnO thin films, indicating that ZnO films
exhibited strong texture. With increasing the oxygen
pressure, the results indicated that the ZnO film deposited
at 1.2 Pa Ar pressure and 0.6 Pa oxygen pressure had the
best preferential C-axis orientation and the weakest com-
pressive stress. Meanwhile, AFM observation showed that
ZnO film deposited at pure Ar had the highest surface
roughness. With the increment of oxygen pressure, the
surface roughness decreased gradually. In addition, PL
measurement showed that the ZnO film deposited at 1.2 Pa
Ar pressure and 0.6 Pa oxygen pressure had the strongest
ultraviolet emission and the weakest blue emission.

Introduction

So far Zinc oxide (ZnO) thin films have been investigated
extensively because of their many remarkable characteris-
tics such as electrical, optical and piezoelectric properties
making suitable for many applications including transparent
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conductive films, solar cell window and MEMS wave
devices [1, 2]. Many techniques, including metal organic
chemical vapor deposition [3], laser molecular beam epi-
taxy [4], pulsed laser deposition [5], sol-gel [6], and radio
frequency (RF) magnetron sputtering [7—-10], were used to
fabricate ZnO thin films on a variety of substrates, such as
sapphire, glass, and silicon etc. Especially, the RF magne-
tron sputtering is widely employed to fabricate ZnO thin
films due to its advantages of easy control for the preferred
crystalline orientation, growing at relatively low tempera-
ture, good interfacial adhesion to the substrate and the high
packing density of the grown film. However, in conven-
tional RF magnetron sputtering system, the target and the
substrate are set facing, thus resulting in worse uniformity
etching of target and lower utilization of target. Moreover,
the bombardment to ZnO thin film is aggrandized by high-
energy particles. In order to avoid these problems, in this
paper we use the facing target RF magnetron sputtering
system to deposit ZnO films on the silicon substrate since
silicon is not only of interest for the integration of opto-
electronic devices but also cheaper and easier to cleave in
comparison to other substrates. On the other hand, since
some oxygen vacancies usually occur in ZnO films after
sputtering, we combined Ar gas with oxygen gas to deposit
ZnO films in order to make up for the shortage of oxygen in
ZnO films and prepared a series of ZnO films at various
oxygen pressure. Meanwhile, we also studied the effects of
oxygen pressure on the structure, surface morphology and
photoluminescence of ZnO films in detail.

Experimental details

A facing target RF magnetron sputtering system, which
was illustrated in Fig. 1 [11], was used to deposit ZnO thin
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Fig. 1 Schematic diagram of the facing target RF magnetron
sputtering system

films on Si (100) substrate. As can be seen from Fig. 1, two
sintered ceramic ZnO targets (99.99%) with diameter of
4 cm were set facing and their distance is about 8 cm. The
direction of homogeneous magnetic field is from top target
to below target. Before sputtering, the silicon substrate was
supersonically cleaned in acetone, alcohol for half an hour
in sequence to remove grease and organic contaminations.
Then, in order to remove silicon oxide on the silicon sur-
face, the substrate was treated with 5% HF solution, washed
with deionized water and blown off by pure nitrogen before
set into the vacuum chamber. The sputtering was performed
by supplying RF power of 200 W with a frequency of
13.56 MHz after the sputtering chamber was evacuated to a
base pressure of 4.5 x 10~* Pa. The mixed atmosphere of
Ar (99.999%) and oxygen (99.999%) was introduced into
sputtering chamber and their partial pressures were regu-
lated by two mass flow controllers, respectively. The Ar
pressure was set constant as 1.2 Pa and the oxygen pressure
was chosen as 0, 0.6, 1.2, 1.8, and 2.4 Pa, respectively. The
substrate was heated to about 473 K and the sputtering
time was 3 h. In order to clean the targets surface, the
pre-sputtering was performed about 30 min.

The structure of ZnO thin films was measured by using X-
ray diffractometer (XRD, Bruker D8 Advance) with Cu-Ka
radiation (4 = 0.15406 nm) and the surface morphology
of ZnO thin films was characterized by using atomic
force microscope (AFM, AJ-IIla). The photoluminescence
(PL) spectra were measured with excitation wavelength
325 nm by using Edinburgh Instruments FLS920 type
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spectrofluorophotometer and photo multiplier tube (PMT)
detector, and the exciting light source was Xe-lamp with
450 W. A cutoff filter to puss only waves above 345 nm was
used to block the lights scattered from the source. All
experiments were carried on at room temperature.

Results and discussion
Structure and surface morphology

Figure 2 shows XRD spectra of ZnO thin films deposited at
different oxygen pressure. It is apparent that only a (002)
peak of hexagonal wurtzite appears in all ZnO thin films,
indicating that all ZnO films exhibit (002) preferential ori-
entation with the C-axis perpendicular to the substrate
surface and have strong texture. With the increment of the
oxygen pressure, the (002) peak intensity first increases and
then decreases gradually, reaching a maximum at 0.6 Pa
oxygen pressure, which is also shown in Fig. 3. Meanwhile,
it is clear that the full width at half maximum (FWHM) of
ZnO (002) peak first decreases and then increases with
increasing the oxygen pressure, reaching a minimum at
0.6 Pa oxygen pressure, which is similar to the experi-
mental results by DC reactive magnetron sputtering the
metallic Zn [12]. These phenomena can be explained as
follows. For ZnO thin film deposited at pure Ar, there exists
lots of oxygen vacancies, thus resulting in the fact that the
chemical composition of ZnO film is non-stoichiometric

B (002) Oy Pressure:2.4Pa

B Oy Pressure:1.8Pa
Oy Pressure:1.2Pa

Intensity (arb.units)

B Oy Pressure: 0.6Pa

Oy Pressure: OPa
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20 (degree)

Fig. 2 XRD spectra of ZnO thin films deposited at different oxygen
pressure
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Fig. 3 The intensity () and FWHM (OJ) of (002) peak for ZnO thin
films deposited at different oxygen pressure

and then the ZnO thin film has worse crystalline. Therefore,
ZnO thin film deposited at pure Ar has low (002) peak
intensity and large FWHM. With increasing the oxygen
pressure of about 0.6 Pa, the stoichiometry between Zn and
O is improved and then ZnO thin film has better crystalline,
thus resulting in higher (002) peak intensity and lower
FWHM. While with increasing the oxygen pressure further,
the stoichiometry between Zn and O in ZnO thin films is
worsen by introducing interstitial oxygen atoms into ZnO
thin films and then ZnO thin films have worse crystalline,
thus resulting in the decrease of ZnO (002) peak intensity
and the increment of the FWHM of ZnO (002) peak.
Therefore, we draw a conclusion that the ZnO thin film
deposited at 1.2 Pa Ar pressure and 0.6 Pa oxygen pressure
has the best preferential C-axis orientation.

As well known that the grain size play a key role in the
structure and properties of ZnO film, therefore, it is
indispensable to study the grain size in the ZnO films.
According to Scherrer formula, the grain size can be esti-
mated as follows [13]:

L, 092 0

" Bcos 0

where D, A, B, and 6 are the grain size, the X-ray wavelength,
the FWHM, and Bragg diffraction angle, respectively. The
calculated results are shown in Fig. 4. From Fig. 4 one can
see that the grain size is about 15-35 nm and reaches a
maximum at 0.6 Pa oxygen pressure due to the fact that ZnO
films deposited at 0.6 Pa oxygen pressure have best prefer-
ential C-axis orientation and smallest FWHM, indicating
that there exists an optimum oxygen pressure to prepare ZnO
thin films with stronger (002) texture.

Besides the grain size, the residual stress also affects the
structure and properties of ZnO film significantly. Since

Oxygen Pressure (Pa)

Fig. 4 Grain size () and stress (o) of ZnO thin films deposited at
different oxygen pressure

there exists a strong (002) texture in ZnO thin film, it is
impossible to measure the residual stress by using some
method required to measure diffraction peak with different
sample orientations, such as Psi-method. Thus we investi-
gate the residual stress in ZnO thin films by analyzing the
displacement of (002) peak in XRD spectrum. In the ZnO
thin film, the residual stress in the direction parallel to the
surface acts as a C-axis stress, which is an intrinsic stress
originating from the difference of the film structure and
density from substrate because the film grew at 473 K [7].
Compared with the standard XRD spectrum of ZnO powder,
we found that all the films in our experiment exhibit dis-
crepancy in c-value (c is lattice constant), which is due to the
variation of residual stress in the films. To obtain the residual
stress g1, in ZnO film, the following formula is used [12]:

2¢2, — ex3(en +¢12)  Ciim — Co 2)

Ofilm —
2013 Co

where ¢ is the lattice constant of standard ZnO powder
(co = 0.52054 nm) and cgyyy 1s the lattice constant of ZnO
films deposited in our experiments and can be calculated
using following formula:

2d sin 0 = i, Cfilm — 2d (3)

Meanwhile, ¢, c12, €13, ¢33 stand for the elastic con-
stants of ZnO film in different directions and are equal to
208.8, 119.7, 104.2, 213.8 GPa, respectively [14]. Substi-
tuting ¢y, €12, €13, and c33 value into Eq. 2, we can derive
the following formula:

Ctfilm — €0
- 4
- (4)

Ofilm — —233 x

According to Eq. 4, we calculated the residual stress of
ZnO thin films, as shown in Fig. 4. It can be found that for
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ZnO thin film deposited at pure Ar the residual stress
behaves as compressive stress, which is in agreement with
the results reported by Ondo-Ndong et al. [8]. With
increasing the oxygen pressure from 0 to 2.4 Pa, the
residual stress keep compressive stress for all ZnO thin
films. Meanwhile, the residual compressive stress first
decreases and then increases, reaching a minimum value at
0.6 Pa oxygen pressure. This may be attributed to the fact
that when the oxygen pressure is about 0.6 Pa, ZnO film
has best stoichiometry between Zn atoms and O atoms,
thus relaxing the compressive stress of ZnO film. With
increasing oxygen pressure gradually, lots of oxygen atoms
stay at crystal boundary, resulting in the contraction of
ZnO film and then the enhancement of the compressive
stress in ZnO film [15].

On the other hand, surface morphology also plays a key
role in photoluminescence of ZnO films, therefore, it is
important to determine surface morphology of ZnO film by
using atomic force microscopy (AFM). The results are
shown in Fig. 5. As can be seen from Fig. 5(a) that the
ZnO thin film deposited at pure Ar has an irregular pillar
structure and larger surface roughness about 7 nm. With
increasing the oxygen pressure of 0.6 Pa, the ZnO thin film
form the compact, dense uniform island structure and the
surface roughness decreases to about 5 nm. With increas-
ing the oxygen pressure further, the surface roughness
decreases gradually while the ZnO thin films form an
irregular pillar structure that is disadvantageous to the
properties of ZnO films. All these observations indicate
that ZnO film deposited at 1.2 Pa Ar pressure and 0.6 Pa
oxygen pressure has high quality, which is coincided with
the XRD analysis in Fig. 2.

Fig. 5 AFM of ZnO thin films
deposited with different oxygen
pressure: (a) 0 Pa oxygen
pressure, (b) 0.6 Pa oxygen
pressure, (¢) 1.8 Pa oxygen
pressure, (d) 2.4 Pa oxygen
pressure

oo
(2) Oxygen pressure: 0Pa

T

(b) Oxygen pressure: 0.6Pa
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Photoluminescence spectra

As mentioned above, structure and surface morphology of
ZnO films are essential factors affecting the properties of
ZnO film and have been studied in detail. However in the
final analysis our main aim is to study and use the PL
spectra of ZnO film. Therefore, it is important to disclose
the PL spectra of ZnO thin films and the relationship
between PL spectra and structure of ZnO films. The PL
spectra of ZnO films are measured by using Edinburgh
Instruments FLS920 type spectrofluorophotometer and
photo multiplier tube (PMT) detector, as shown in Fig. 6.
Figure 6 shows the PL spectra of ZnO thin films deposited
at various oxygen pressures. It is apparent that all the PL
spectra have a UV emission situated at about 375 nm and a
blue emission situated at about 470 nm in the visible
region, which is similar to the experimental result obtained
from the ZnO thin films deposited on Si (111) at different
substrate temperature [5]. Meanwhile, with increasing the
oxygen pressure the intensity of the UV peak first increases
and then decreases, reaching a maximum at 0.6 Pa oxygen
pressure. However, the intensity of the blue peak reaches
a minimum at 0.6 Pa oxygen pressure and then
increases with the increment of oxygen pressure. All these
phenomena can be analyzed as follows.

In ZnO film, there exist several kinds of PL spectra
including UV emission, violet emission, blue emission,
green emission, and so on. They have different emitting
mechanisms, among them UV emission in ZnO film is
considered as the recombination of free exciton by some
papers [9, 16]. It is worthy to notice that the binding energy
of the free exciton in ZnO film is about 60 meV under

II.)? nm
0.0 mm

(d) Oxygen pressure: 2.4 Pa
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Fig. 6 PL spectra of ZnO thin films deposited at different oxygen
pressure

room temperature and is larger than the energy of the free
electron skipping from valence band to conduction band,
thus resulting in the fact that the probability of free exciton
recombination emission is larger than that of band-band
transition, and then its emission intensity is much stronger,
too. Since the concentration of the free exciton is affected
by the crystal quality of ZnO thin films, it will decrease if
there are many defects in ZnO thin film. It is well known
that there are various defects in ZnO thin films, such as
oxXygen vacancy, zinc vacancy, interstitial oxygen, inter-
stitial zinc, antisite oxygen, etc. For the ZnO thin film
deposited at pure Ar by RF magnetron sputtering method,
the chemical composition was non-stoichiometric, and
ZnO film usually consists of much oxygen vacancies which
are the dominant defect. Therefore, the concentration of the
free exciton is small and then the UV peak is weak in the
ZnO thin film. With increasing the oxygen pressure to
0.6 Pa, the defect concentration is lower and the concen-
tration of the free exciton is larger, resulting in the
enhancement in the intensity of UV peak, as seen in Fig. 6.
While with further increasing oxygen pressure, lots of
interstitial oxygen occurred in ZnO films, which decrease
the crystal quality of ZnO thin films (Fig. 2) and then give
rise to lower concentration of the free exciton and lower
intensity of UV peak.

On the other hand, oxygen vacancies in ZnO thin films
can produce two defect donor levels and the shallower
donor level locates below the conduction band about 0.3—
0.5 eV [10]. While interstitial oxygen can produce the

shallow acceptor level located above the valence band
about 0.4 eV [17]. Since the band gap of ZnO is 3.37 eV
under room temperature and the energy interval from the
shallow donor level to the shallow acceptor level is about
2.6 eV being consistent with the photon energy of the blue
emission observed in our study, we believe that the blue
emission peak at 468 nm in PL spectra of ZnO film can be
attributed to the electron transition between the oxygen
vacancies and interstitial oxygen [18]. For ZnO thin film
deposited at pure Ar, the blue peak intensity is stronger
because of lots of oxygen vacancies in the ZnO. And with
the oxygen pressure increasing to 0.6 Pa the blue peak
turns weaker because stoichiometric of ZnO film is better
and ZnO film has lower oxygen vacancies and interstitial
oxygen. However, for ZnO film deposited at higher oxygen
pressure the blue peak intensity gets stronger again for
much interstitial oxygen occurred in the deposited film.

Conclusions

In summary, we have deposited a series of ZnO thin films
on substrate Si (100) at 473 K by using facing target RF
magnetron sputtering system at different oxygen pressure
and investigated comprehensively the effects of oxygen
pressure on the structure, surface morphology and photo-
luminescence property of ZnO thin films. The results
showed that the oxygen pressure play a key role in the
structure, surface morphology and photoluminescence
property of ZnO thin films and ZnO film deposited at
1.2 Pa Ar pressure and 0.6 Pa oxygen pressure had the best
preferential C-axis orientation, the weakest compressive
stress, the best thin film quality, the strongest ultraviolet
(UV) emission and the weakest blue emission, implying
that facing target RF magnetron sputtering method is
another possible practical applications for the growth of
high quality ZnO thin films used in UV apparatus.
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