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A new one-step method utilizing a special holder for a direct current magnetron sputtering system has
enabled simultaneous deposition of ZnO films with different substrate tilt angles on quartz and silicon
substrates. Observation from scanning electron microscopy shows that a typical columnar structure is
obtained and the column inclination angle varies from 0° to 34°. From X-ray diffraction analysis, the
strains in the ZnO films decrease with increasing substrate tilt angle, which is confirmed by the variation
of the longitude optical phonon vibration in the Raman spectra. The band-gap energies decrease from
3.19eV to 3.07 eV mainly due to the changes of strain relaxation induced by the defect variations in the
films. Photoluminescence spectra revealed that the generation, type and concentration of the complex
defects are influenced by the substrate tilt angle.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) has been widely applied for solar cell, light
emitting diode, thin film transistor (TFT), surface acoustic wave
(SAW) and thin film bulk acoustic wave (TFBAR) devices [1-5].
High-quality ZnO films have often been deposited using magnetron
sputtering for transparent electrodes, active channel layer of TFT
and piezoelectric films in SAW and TFBAR devices on semiconduc-
tor wafers [6-10]. Deposition parameters which are optimised to
obtain high-quality ZnO films [4] include chamber pressure, flow
ratio of the argon gas to oxygen gas, substrate temperature and
sputtering power. The density distribution of the sputtered atoms
and ions at different positions between the target and substrate in
the sputter chamber is affected by the transfer of physical momen-
tum and kinetic energy from the incident ions to the surface atoms
[11]. Therefore, the growth rate, morphology, orientation and crys-
tallinity of the ZnO film can be dramatically influenced by the
deposited atoms impinging onto the substrate with different inci-
dent angles and energies.

Inclined ZnO films have recently received much attention
because a shear wave can be excited in SAW and FBAR devices
incorporating such films [4,12-14], and this results in an improve-
ment of sensitivity of such devices for biosensing or viscosity
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sensing[15,16].Inclined ZnO films have also been used in ultrasonic
transducer and ultrasonic imaging, combined with the array scan-
ning technique [17-19]. However, it is still a challenge to deposit
high-quality inclined ZnO film.

Common methods used to deposit inclined ZnO films by mag-
netron sputtering include varying the substrate tilt angle or the
angle between the substrate and target [20,21]. In this paper,
we report a one-step method to deposit ZnO films with differ-
ent column inclination angles using a specially designed holder.
The structure and optical properties of the ZnO films deposited at
different substrate tilt angles have been investigated in detail.

2. Experimental

ZnO films were deposited on quartz and silicon (1 0 0) substrates
using a direct current (DC) magnetron sputter system (NS3750,
Nordiko). A Zn target of 99.99% purity was used as magnetron cath-
ode. The target dimensions are 30 cm in length, 10 cm in width and
0.6 cm in thickness. The distance of substrates from the target sur-
face was about 15 cm, which was changed for 13-14 cm when the
substrate is gradually tilted up to an angle of 60°.

Before deposition, the substrates were cleaned ultrasonically in
acetone, and then fixed on a special vertical holder (see Fig. 1)
allowing different tilt angles from 0° to 60° at 15° intervals in
sequence. The chamber was pumped down to the base pressure
of 2.2 x 1073 Pa, then heated up to 120 °C. The samples were pre-
cleaned using a bias power of 400 W in Ar atmosphere at 150 sccm
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Fig. 1. Schematic image of the deposition process of the samples tilted at different
angles using DC magnetic sputtering.

for 10 min. The working gas was a mixture of argon and oxygen
(99.99% purity) with the optimised flow rates of the argon gas at
90 sccm and oxygen gas at 45 sccm. Pre-conditioning of the target
was performed for 20 min to clean and oxidise the surface of the
target to form a stable ZnO thin layer. The deposition was carried
out for 3 h with a DC power of 400 W and a gas pressure of 0.64 Pa.
The ZnO films were characterised using X-ray diffraction (XRD,
D5000, Siemens) with Cu Ko radiation (A=1.5406A). The sur-
face morphologies were investigated using scanning electron
microscopy (SEM, S-4100, Hitachi) and atomic force microscopy
(AFM, CSPM4000, Ben-Yuan). Raman spectra were obtained using
a LabRam inverted microscope spectrometer with a laser source
at 532nm (70 mW). The data processing was realised using the
software LabSpec5. Optical transmittance (T) and reflectance (R)
measurements were carried out using a spectrophotometer (NKD-
8000, Aquila). Photoluminescence (PL) spectra were recorded at
room temperature using a PL Spectrometer (LS-55, PerkinElmer).

3. Results and discussions
3.1. Microstructure and morphology

Fig. 2 shows the cross section images of the ZnO films on sil-
icon (100) substrates deposited at different substrate-tilt angles.
It can be observed that the typical columnar structure is inclined
and compact, and the column inclination angles increase from 0°,
8.5°, 21°, 30° to 34° with the substrate tilt angle of 0°, 15°, 30°, 45°
and 60°, respectively. This variation of column inclination angle
with angle of deposition lies approximately midway between that
predicted by the two most often used models of Nieuwenhuizen
and Haanstra [22] and Tait et al. [23], probably because the mag-
netron target is far from being a point source which had also been
reported by Bensmaine et al. [20]. The corresponding thicknesses
are approximately 1.56, 3.59, 3.37, 2.74 and 1.59 wm, respectively,
whichis caused by the different incident flux of the sputtered atoms
and ions on the substrates, as well as the slight difference in the
distance from the target. The thickness variation of the films is
dependent on the distribution of the sputtered atoms on the whole
holder and the substrate tilt angle. The edge area of the holder has

relatively lower deposition rate than that near the centre area due
to the rectangle shape of the Zn target. Although the substrate tilt
angle modulates the deposition rates of the samples, the thickness
variation is mainly determined by the distribution of the sputtered
atoms on the substrate. The samples tilted at 0° and 60° are thin-
ner than those with tilt angles of 15° and 30°. The substrates of
quartz and silicon were put closely in each plate, thus the thick-
ness of the ZnO films on quartz substrates are almost equal to those
on silicon substrates with different tilt angles. The lateral feature
sizes of the top-view image changes with the substrate tilt angle,
and clearly the growth rate, crystal features and the preferential
in-plane alignment are determined by the substrate tilt angle.

Fig. 3 presents XRD patterns of the ZnO films deposited on quartz
and silicon (100) substrates tilted at different angles indicating
that the ZnO films have obviously preferred c-axis orientation. The
intensity of the diffraction peak typically depends on film thickness,
crystallinity and orientation. The intensities of the (002) peaks at
20 near 34° increase for the ZnO films on the quartz substrates tilted
at0°,15° and 30°, and are normalised with the corresponding thick-
nesses, i.e. peak intensity divided by thickness, giving 4386, 3283
and 9152 wm~!, respectively. The ZnO (1 00) peak appears clearly
inthe pattern of the ZnO film on the quartz substrate inclined at 30°.
However, when the tilt angle of the quartz substrate is increased
to 45°, the normalised intensity data of the (002) peak decreases
dramatically to 254 wm~!. For the ZnO film on quartz deposited
with a substrate-tilt angle of 60°, non-c-axis orientation is shown
by the appearance of a (10 1) peak. For the ZnO films deposited on
silicon substrates, the normalised intensities of the (00 2) peak for
the samples with the substrate-tilt angle of 0° and 15° are 3922
and 2158 wm~1, respectively, which are much higher than those
of 45, 33 and 262 pum~! obtained for substrate tilt angles of 30°,
45° and 60° respectively. The relative intensity of the (100) peak
increases compared with the (002) peak on silicon with the sub-
strate tilt angles increased from 30° to 60°, which indicates that
more randomly oriented crystals exist on the film surface. The c-
axis orientation of the ZnO film on silicon or quartz substrate has
reduced significantly at the higher substrate tilt angles. The deteri-
oration of the (0 0 2) orientation was considered as the results of the
energy minimisation, which means the sum of the surface energy
of the film, the film-substrate interface energy, and strain energy
in the film keeps the smallest value during the deposition process
[24,25]. When the substrate tilt angle becomes larger, the diffu-
sion and collision among the incident plasma and atoms become
significant at the surface of the deposited films. The energetic devi-
ation of the minimum value for (00 2) orientation favours the other
crystallographic orientation of the grain growth [24]. Based on the
variation of the XRD patterns, the crystallinity and texture of ZnO
films are influenced significantly by the substrate tilt angle in the
deposition process.

Table 1 lists the peak shifts of the (002) peak with increase of
the substrate tilt angle. The monotonous increase in the peak shifts
is similar for the ZnO films on quartz substrates (from 34.02° to
34.30°) and on silicon substrates (from 34.08° to 34.32°). The strain
¢ in the ZnO films along c-axis can be estimated using the equation
[26]:

ey = Cflm — Coulk) 1)
Chbulk
where cg),, is lattice constant of the films obtained from the posi-
tion of the (002) peak, cpy is the unstrained lattice parameter
of the bulk ZnO taken as 0.52069 nm [26]. The calculated results
show that the maximum strain is ~11.39 x 103 for the ZnO films
on quartz and ~9.7 x 103 for the ZnO film on silicon at a tilt angle
of 0°. It decreases to ~3.6 x 10~3 for the ZnO film on quartz and to
~2.78 x 1073 for the ZnO film on silicon at a tilt angle of 60°. Consid-
eration of the linear thermal coefficients of ZnO film (4 x 10-6 K-1),
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Fig. 2. SEM images of the cross section and morphologies of the ZnO film on the silicon (1 00) substrates tilted at different angles (a) and (f) 0°, (b) and (g) 15°, (¢) and (h)

30°, (d) and (i) 45°, (e) and (j) 60°.

quartz (0.5 x 10~ K-1)and silicon (3.2 x 10~% K-1) implies that the
strain in the ZnO films cannot be attributed to only the thermal
strain of ~1.55 x 103 expected at the deposition temperature of
115°C [27-29]. Therefore, the large strain is considered to arise
from the growth process, which is mainly caused by the bombard-

ment of sputtered atoms onto the substrate surface and the growing
ZnO films [11,26]. The decrease of strain in ZnO films with the
substrate tilt angle suggests that more defects are formed in the
ZnO films with a large substrate tilt angle, releasing the film stress
[30,31].

Fig. 3. XRD patterns of the ZnO film deposited on (a) quartz and (b) silicon substrates tilted at different angles, the insets of (a) and (b) are enlarged clearly for the XRD

patterns of ZnO films on quartz at 60° and on silicon at 45°, respectively.
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Table 1
Parameters of XRD patterns of ZnO films and corresponding substrate-tilt angle.

H.F. Pang et al. / Applied Surface Science 259 (2012) 747-753

Sample Sub. tilt. (°) 20 (°) FWHM (°) d (nm) c(nm) Strain (e3) (x1073)
Q1 0° 34.02 0.377 0.26331 0.52662 11.39
Q2 15° 34.06 0.326 0.26301 0.52602 10.24
Q3 30° 34.08 0.275 0.26286 0.52572 9.66
Q4 45° 34.24 0.552 0.26166 0.52332 5.05
Q5 60° 34.30 0.573 0.26122 0.52244 3.36
S1 0° 34.08 0.304 0.26287 0.52574 9.70
S2 15° 34.14 0.451 0.26241 0.52482 793
S3 30° 34.14 0.687 0.26242 0.52484 7.97
S4 45° 34.18 0.561 0.26211 0.52422 6.78
S5 60° 34.32 0.431 0.26107 0.52214 2.78

Typical AFM images for the ZnO films on quartz deposited at
different substrate tilt angles are shown in Fig. 4. The roughness
was calculated using a root-mean-square average method as shown
in Fig. 4f. The maximum roughness is 17.3nm for the ZnO film
with the substrate tilt angle of 30°, whilst the minimum rough-
ness of 11.87 nm is shown for the ZnO film at the tilt angle of 15°.
To compare with the roughness, the crystal sizes of the ZnO films
on quartz substrates were estimated using the Debye-Scherrer
formula: D=(0.891)/[ Bcos 0], where A, B and 6 are the X-ray wave-
length (1.5418 A for Cu Kav), value of full-width at half maximum
(FWHM) of the (002) peak and observed angle of the diffraction
peak, respectively [32]. The grain size is determined as 21.8, 25.2,
29.9, 14.9 and 14.4nm in sequence for the samples on quartz (see
Fig. 4f). Although the lateral feature size of the compact surface
morphology from the top view seems to increase with the substrate
tilt angle, the microstructure of these features actually consist of
lots of nanoparticles for substrate tilt angles of 45° and 60° due to
the enhancement of the random growth orientation. Therefore, the
surface roughness of ZnO films with substrate tilt angles of 45° and
60° decreases to 15.3 and 12.7 nm, respectively. The changes of the
roughness and grain sizes of the ZnO films on quartz substrates have
similar trends with those on silicon substrates, and both the max-
imum roughness of 17.3 nm and maximum grain size of 29.88 nm
were obtained from the films with a substrate-tilt angle of 30°. For
ZnO films on silicon substrates, the grain sizes range from 27.03,
18.22,11.96, 14.65 to 19.08 nm, as shown in Fig. 4f, which are differ-
ent from the variations of grain sizes of films on quartz substrates.
It can be concluded that the substrate tilt angle has a vital role in
the growth of inclined ZnO films by significantly changing the grain
size during the deposition process. The effects of substrate orien-
tation on the structure, column inclination angle, morphology and
properties of ZnO film have previously been reported on various
substrates such as (100) SrTiO3, diamond and sapphire [20,33,34].

The Raman spectra of ZnO films on quartz substrates measured
in backscattering mode are shown in Fig. 5. The Wurtzite form
of ZnO with space group Cffu has optical phonons including 1A;,
1E4, 2B; and 2E; at the I'-point of the Brillouin zone. The 1A and
1E; polar modes can be split by the macroscopic electric field [35]
into a longitude optical (LO) phonon and a transverse optical (TO)
phonon, thus giving the vibration modes of A{(LO), A{(TO), E;(LO)
and E{(TO). The two non-polar modes of 2B, are not Raman active,
whilst the other non-polar modes of 2E,, E,(low) and E,(high),
appear at approximately 100 and 438 cm™!, respectively [36]. The
asymmetrical peaks at 421 and 567 cm~! can be clearly seen and
are assigned to the E;(high) and A;(LO) modes, respectively. For
the ZnO films on quartz, there are red shifts of the A;(LO) vibration
modes from 562, 565, 564, 565 to 567 cm~! in sequence, which cor-
respond to a variation of energy shift related to tensile strain [37].
A weak peak at 320cm~! appears on the ZnO film with a substrate
tilt angle of 15°, corresponding to second-order Raman scattering
of Ey(high)-E;(low), and its relative intensity increases with the
substrate tilt angle, probably due to local phonon vibrations of the

increased defects [36,38,39]. A shoulder peak at 368 cm~! is from
those grains with non-c-axis orientation in ZnO films with substrate
tilt angles of 45° and 60°, and is attributed to the A{(TO) mode. This
agrees with the appearance of the (100) peak in the XRD patterns
of ZnO films with tilt angles of 45° and 60°. The peak at 590 cm™!,
corresponding to the E{(LO) mode, which is absent from all our
spectra, is forbidden for backscattering from the c-axis orientation
of the ZnO film. In addition, a non-characteristic peak at 474 cm™!
and a shoulder peak at 505 cm~! were detected for ZnO films with
substrate tilt angles of 15° and 30° respectively, which could be
assigned to optical phonon modes of the quartz substrate [40].

3.2. Optical properties

The optical transmittance of the samples on quartz substrates is
shown in Fig. 6a demonstrating that the optical performance of the
ZnO films is determined by the uniformity, structural homogene-
ity and crystallinity of the films. ZnO films deposited at substrate
tilt angles of 0°, 15° and 30° have 70-91% optical transmission in
the range of 500-1100 nm decreasing rapidly below 500 nm, espe-
cially in the ultraviolet (UV)region, due to the onset of fundamental
absorption of ZnO [22]. The interference fringes become weak at
higher substrate tilt angles, which are possibly originated from the
scattering at the surface and absorbing in the ZnO film. Compar-
ing with the roughness value of 17.3 nm for the ZnO film with a
substrate tilt angle of 30°, the relative smaller values of the surface
roughness reveal that the scattering at the surface plays a minor
role on the T and R spectra for the ZnO films at higher tilt angles.
The relative lower values of the T and R curves indicate the exis-
tence of a relatively strong absorption in ZnO films deposited at
substrate tilt angles of 45° and 60°. The interference fringe pattern
becomes weak mainly caused by defects in ZnO films which can
significantly reduce the homogeneity (Fig. 6a).

Absorption edge of ZnO films deposited with higher substrate
tilt angles of 45° and 60° shows a significant red-shift to the
region of lower photon energy. The absorption coefficient, «, can
be obtained using the following equation [29]:

T(A) = (1 - R(1))?e e (2)

where T(A), R(A) and d are the transmittance, reflectance and
thickness of the ZnO films, respectively. As a direct band-gap
semiconductor, the optical band-gap energy, Eg, of ZnO can be
determined from the Tauc formula [41],

ahv = A(hv — Eg)'/? 3)

where hv and A are the photon energy and a constant, respectively.
The corresponding plots (ahv)!/2 versus hv for all the ZnO films
having different substrate tilt angles are shown in Fig. 6b. The opti-
cal band-gap energy Eg can be calculated from the linear portion of
the band-edge region using an extrapolation method. The band-gap
energies of ZnO films change from 3.19,3.17,3.16,3.11 to 3.07 eV as
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Fig. 4. AFM images of ZnO films deposited at the substrate tilt angles of (a) 0°, (b) 15°, (c) 30°, (d) 45° and (e) 60°; (f) the grain sizes of ZnO films on quartz (e), silicon (a),

and the roughness (O) of the films on quartz.

the substrate tilt angle increases from 0° to 60° in sequence. All the
values of the band gap are lower than the 3.37 eV of the bulk ZnO
crystal, which are caused by grain size, barriers at the grain bound-
ary, stress and defects in the (002) orientated ZnO film [42-45].
The contribution of the grain size d to the band-gap energy can be
estimated using the equation [45]:

100
4
18d? —41.4d - 0.8 )

The shifts of the band gap AE; are calculated as 0.013, 0.010,
0.007, 0.029eV and 0.032 eV in sequence for the different films on

AEg(d) =

quartz, which implies no clear trend of the size effect. The relation
of the band-gap energy to the strain of the ZnO films is shown in
Fig. 7a and is linearly fitted by the following equation:

Eg =3.03 +13.81&qm (5)

The red-shift of the band-gap energy is considered to be mainly
related to the decrease of strain in the films induced by defects [42].
Although the decrease of the band-gap energy with the decreasing
tensile strain correlates well with the published relation between
the film stress and band-gap energy [42,44], this empirical relation
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does not agree with the simulation results of density functional
theory based on the bulk ZnO. The theoretical result about the band
gap and strain is that uniaxial stretching along the c axis results in
a decrease in the band gap of the bulk ZnO crystal [46]. However,
the difference between the nanocrystalline ZnO film and ideal bulk
ZnO material is responsible for the above conflicted results. When
the substrate tilt angle becomes relatively higher, the decreased
strain in nanocrystal ZnO films is possibly caused by the poor crys-
tallinity with a polycrystalline structure. Furthermore, the strain
relaxation along the dislocation and grain boundary was enhanced
due to the more defects at the grain boundary or inside the grain
of the samples with relatively higher substrate tilt angles [42].

To further understand the variation of the defects in ZnO films,
PL spectra were measured at room temperature under Xe lamp
excitation of 325nm. Fig. 7b shows the PL spectra of the as-
deposited ZnO films on quartz. They basically consist of three bands
as discussed below.

(1) The UV bands of two weak peaks at 378 and 391 nm (3.28 and
3.17 eV) are assigned to the band-edge transition.

(2) The multi-peak structure of the broad band, including the vio-
let emission peak at 425 nm (2.92 eV) and blue emission peaks
at 450, 460 and 486 nm are assigned to complex defects. For
example, the peak at 425 nm is considered to be the result of
transitions from the conduction band to deep hole trap lev-
els like the zinc vacancy Vz, [43]. The 450 and 460 nm (2.76
and 2.70 eV) emissions are assigned to electron transitions from
shallow donor levels, arising from oxygen vacancies, to the
valence band [47]. The sharp peak at 486 nm (2.55eV) might
originate from the lattice defects related to oxygen vacancies

Fig. 5. Raman spectra of ZnO films deposited on quartz tilted at different angles,
measured at room temperature.

and zinc vacancies [48,49]. The structure of the broad band is
similar to those of ZnO nano-particles and nanorods synthe-
sised using wet chemical method [50-52].

(3) The green band, including two peaks at 530 and 554 nm (2.34
and 2.24eV), is assigned to singly-ionised oxygen vacancies
on the surface, resulting from the recombination of photo-
generated holes with singly-ionised charge state [53].

Comparing the spectra of ZnO films having different columnar
inclination angles, there is no UV peak observed for those films

Fig. 6. (a) Optical transmittance of the ZnO films deposited on quartz substrates with different substrate-tilt angles; and (b) variation of (achv)!/2 versus hv near the absorption

edge for the optical band-gap energies of ZnO films.

Fig. 7. (a) The band-gap energy as a function of the strain in the ZnO films with different substrate-tilt angles; (b) PL spectra of ZnO films on quartz substrates tilted at

different angles.
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with substrate tilt angles of 0°, 15° and 30°, but there is a weak
near-band-edge emission in the spectra of those films with tilt
angles of 45° and 60°. ZnO films with substrate tilt angles of 45°
and 60° also show a strong emission in the blue and green bands
due to the poor crystallinity with more defects in the films. These PL
results suggest that the substrate tilt angle can significantly change
the generation, type and concentration of the different defects in
the ZnO films.

4. Conclusions

ZnO films on quartz and silicon substrates have been DC-
sputtered using a new one-step method with a special holder. The
SEM images show that the typical columnar structure is inclined
and the column inclination angle has been changed from 0° to 34°.
From the XRD analysis, the strains in the ZnO films decreased with
substrate tilt angle, and this has been further elucidated from the
variation of the A;(LO) phonon vibration in the Raman spectra. The
band-gap energies decreased from 3.19eV to 3.07 eV, mainly due
to the changes of strain relaxation induced by the defect variations
such as the type and concentration in the ZnO film, and this have
been shown to be linear with the strain in the ZnO films. The PL
spectra reveal that the generation, type and concentration of the
complex defects were influenced by substrate tilt angle.
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