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Abstract - Polycrystalline ZnO thin films are deposited on
SiO,/Si(100) substrate using RF magnetron sputtering. The film
deposition performed in this research is composed of the
following two procedures, 1%-deposition for 30 min without
oxygen at 100 W and 2"-deposition with oxygen in the range
O,/(Ar+0,) = 10~50 % . Deposited ZnO films reveal a strongly c-
axis preferred-orientation (the corresponding texture coefficient ~
100 %) aswell as a high resistivity (> 10" Qcm). It is also obser ved
that the crystallite size of ZnO is noticeably increased by thermal-
annealing. In addition, surface acoustic wave (SAW) devices are
also fabricated by using a lift-off method, with the configuration
of IDT/ZnO/SIO,/Si(100). Frequency response characteristics
(including S,;) of fabricated SAW devices are measured and
device parameters including insertion losses and side-lobe
rejection level estimated from frequency response are compared.

|. INTRODUCTION

Future wireless communication systems with expanded
mobile capabilities are increasing on the rise. With the rapid
progress of communication technology, there has been an
increasing interest in developing thin-film band-pass filters,
including surface acoustic wave (SAW) filters and film bulk
acoustic resonators (FBARS) [1][2]. Generally, piezoelectric
materials for SAW devices must possess favorable c-axis
properties for preferred growth, for a high electromechanical
coupling coefficient, as well as high resistivity for low
insertion loss and little distortion in the frequency response.
Among recently developed piezoelectric thin film materials,
Polycrystalline ZnO has been considered as one of the
promising materials for such device applications due to their
desirable c-axis preferential growth nature as well as
technological compatibility with the conventional silicon
process. Especially, ZnO film is desirable for high frequency
(afew hundreds MHz~GHZz) SAW device applications when it
is coupled with diamond or sapphire [3][4]. The sputtering
method has widely been used to obtain the c-axis oriented ZnO
film. Very often the impurities (Li, Cu, etc.) and/or the oxygen

have been injected during deposition to increase the resistivity
of ZnO [2][5][6]. Also, selection of substrate materials on
which ZnO film is grown is very important for achieving a
highly oriented and high-quality ZnO film since the
differences in lattice parameters and crystalline structures
between ZnO and substrate materials may significantly affect
the growth behavior of ZnO film [7]. However, it seems that
there exists a trade off between the c-axis preferred orientation
and the electrical resistivity of ZnO. Also, little has been
reported on practical applications of SAW devices, athough
research on thermal anneding effects of ZnO thin film has
been reported for applications of ZnO films, and the studies
have not mainly concentrated on their use in surface acoustic
wave devices.

In this paper a new deposition technique for improving
both the c-axis preferred orientation and the resistivity of ZnO
film is proposed. In addition, the effect of thermal-annealing
on the ZnO film is aso discussed for enhancement of
crytalinity. Furthermore, frequency response characteristics
(including S,,) of fabricated SAW devices on two-step method
and thermal annealing effects were measured and device
parameters including insertion losses and side-lobe rejection
level estimated from frequency response are compared.

Il. EXPERIMENTAL

ZnO films were deposited on SIO,/Si substrate using RF
magnetron sputtering. During deposition the substrate was
rotated at a low speed of 5 rpm to enhance the thickness
uniformity of deposited films. The deposition method
proposed in this research consisted of a 1%-step deposition
without addition of oxygen and a 2"-step deposition with
addition of oxygen in the range O,/(Ar+0O;) = 10~50 %. In
addition, therma annealing on deposited ZnO films was
performed by varying the temperature from RT to 800 °C.
Details of deposition and thermal-annealing conditions are
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summarized in Table 1.

method, oxygen was not added. The 1%-deposited thin ZnO

Table 1 Conditions for two-step deposition and thermal-annealing

Two-step method
Oneet-st Zp Thermal annealing
metnof 1s-step 2”“-step
OJ(Ar+0,) [%] 10~50 0 10~50
Anneding-temperature [°C] 200, 400,
RF power [W] 100 100 100 600, 800
Pressure [mTorr] 5 5 5 Annedling-time -
Sub-temp. [°C] 200 200 200 [rin]
Depo.-time [min] 120 30 90 Ambient Air
Texture coefficient (TC) vaues for c-axis (002)-

orientation and crystallite sizes of ZnO films were evaluated
from the XRD (X-ray diffractometer, Bede D3 system) spectra.
The 1-V characteristics were measured to calculate the
resistivity of ZnO, in the voltage range 0 ~ 1 V with a0.01 V-
step by using a pico-ampere meter/DC voltage source (HP
4140B). Raman spectra (Jobin Yvon T64000) were aso
monitored for al ZnO films to identify the oxygen-deficiency
in the film. In addition, inter-digital transducer (IDT) patterns
of Al with 2 um-line width for SAW devices were formed on
ZnO films by using a lift-off method. Frequency response
characteristics (including S21) of fabricated SAW devices
were measured by network analyzer(HP 8720C) and device
parameters including insertion loss and side-lobe rejection
level were estimated.

I11. RESULTSAND DISCUSSION

A. Deposition and effects on thermal annealing of ZnO

Figures 1 (a) and (b) show the XRD peak patterns
measured from the ZnO films deposited by using the
conventional one-step method and the proposed two-step
method, respectively. In the case of using the one-step
deposition, the (002)-orientation peak was relatively most
intense when the ZnO film was deposited without oxygen.
However, as the amount of added oxygen was increased, the
(002)-peak intensity was lessened and finally disappeared at
O,/(Ar+0O;) = 50 %. It seemed that oxygen neutrals were
embedded in lattice sites or interstitials during the growth of
films, which caused a strain and change in the lattice constant
and orientation of film [8]. On the other hand, as shown in
Figure 1 (b), the ZnO films deposited using the proposed
method revealed a highly (002)-oriented growth nature,
irrespective of the O./(Ar+0O,) ratio used in the 2"-deposition
proceedure. It has generally been considered that the matching
in the lattice parameter and crystal structure between the film
and the substrate, on which the film is grown, may
significantly affect the growth behavior of the film [9]. It
should be noted that in the 1¥-deposition step of the proposed

1%-step : O,/(Ar+0,)=0%, 30min
2"-step : O,/(Ar+0,)=10-50%
90min
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Figure 1. XRD peak patterns of deposited ZnO films; (a) films prepared by
one-step deposition and (b) films prepared by two-step deposition.

layer was expected to exhibit a highly (002)-oriented behavior
and conseguently act as a good substrate for the subsequently-
grown 2"-step ZnO film. This was believed to be one of
important reasons why the ZnO films deposited using the two-
step method revealed a (002)-preferred orientation with little
affected by the oxygen.

Figure 2 shows the crystallite size, resistivity and TC on
oxygen ratio from the ZnO films deposited by using the
conventional one-step method and the proposed two-step
method. The crystallite size estimated from the XRD results
was depicted in Figure 2(a), as a function of the O./(Ar+O,)
ratio. When the same O,/(Ar+0,) ratio was used, the crystallite
size of ZnO films deposited by the two-step method was
amost twice higher than that of films deposited by the one-
step method. This was also attributed due to the reduction of
mismatching between the film and the substrate, as previousy
discussed in the two-step deposition case. In addition, the
crystallite size was observed to decrease with increasing
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O./(Ar+0O,) ratio. Figure 2(b) shows the electrical resistivity
measured for the ZnO films deposited by the one-step and two-
step methods. In addition, Figure 2(c) shows the TC values for
(002)-orientation estimated from the corresponding XRD peak
patterns as shown in Figure 1. The film deposited using the
one-step method without oxygen exhibited a low resistivity
(almost 10° Qcm) which is not suitable for using piezoelectric
material, while the TC value was amost 100 %. As the
O,/(Ar+0,) ratio increased, the resistivity rapidly increased,
however the TC vaue significantly decreased. The similar
trend regarding the effect of oxygen on the change of
resistivity was also observed for the films deposited using the
two-step method. However, it should be noted that the (002)
TC value was kept high and not decreased, regardless of the
O,/(Ar+0,) ratio. At atypical ratio of O,/(Ar+0,) = 50 %, the
ZnO film deposited using the two-step method showed the
resistivity as high as approximately 2.5 x 10° Qcm and at the
same time revealed a high TC value of approximately 100 %.

Figure 3 shows the Raman spectra of ZnO films deposited
by one-step and two-step methods. It has been known that the
peak at 430 cm™ originates from the E, mode of ZnO
associated with wurtzite structure and the peak at 570 cm™* isa
contribution of E;(LO) mode of ZnO associated with oxygen
deficiency [10][11]. At the O./(Ar+0O,) ratio of 10 % (see
Figure 3(a)), the peak at 430 cmi™* was observed to be dominant
for al the films. On the other hand, at the O,/(Ar+0,) ratio of
50 % the peak at 430 cm™ weaken for both films, but the peak
at 570 cm™ emerged very intense, especially for the film
deposited by the two-step method. This indicates that a
considerable amount of oxygen-vacancies is present in the
ZnO film deposited by the two-step method.
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Figure 2. (8) The crystallite size, (b) (002) TC value and (c) resistivity of ZnO

films prepared by one-step (®) and two-step (M) method, respectively, as a
function of the O/(Ar+0O,) ratio.
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Figure 3. Raman spectra of ZnO films deposited using the one-step and two-
step method : (a) O./(Ar+0O;,) = 10 % and (b) O./(Ar+0O,) = 50 %.

Thermal annealing on the deposited ZnO films was
performed in air at 200 °C ~ 800 °C for 120 min. The changes
of crystallite size and resistivity were measured as a function
of annealing temperature. As shown in Figure 4 (a) and (b), by
increasing the annealing temperature the crystalite size
monotonically increased and the resistivity significantly
decreased. This was ascribed due to the enhanced carrier
mobility which was resulted from the reduction of grain
boundary defects [12][13]. It may aso be noted that the
change in the crystallite size and resistivity was larger for the
film deposited at O,/(Ar+0O,) = 10 % by using the two-step
method, compared with the other films. This was confirmed by
analyzing the Raman spectra obtained from those films. Figure
5 indicates that for the two-step deposited films the peak
related to the oxygen-vacancy (at 570 cm™) noticeably
decreased as the annealing temperature increased, while it
rarely changed for the one-step deposited films. It was
previoudy reported that the oxygen deficiency could be
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reduced by thermal annealing since some of oxygen atoms in
air combined with atomic Zinc in the ZnO film [7].
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Figure 4. Effects of thermal annealing on the change of (a) crystalite size
and (b) resistivity of ZnO films deposited by one-step and two-step methods.

In addition, the (002) TC values of ZnO films were
observed to be scarcely changed after therma anneding.
Though thermal annealing at high temperature (600°C and
800°C) enhanced crystallinity of ZnO thin films, the cracks
were observed all over the surfaces of the ZnO films. One can
conclude that the cracks were attributed to thermal stress for
the thermal annealing. Therefore, thermal-treated ZnO thin
films at high temperature (600°C and 800°C) can not be used
to SAW filter due to the crack in the ZnO thin films surface. In
this study, for characterization of effects of SAW devices
characteristics on thermal annealing ZnO films SAW devices
were fabricated with ZnO thin films treated thermal annealing
at 400°C. Also, SAW filters fabricated with ZnO film prepared
by the two-step and conventional one-step deposition method
are compared.

B. Fabrication and Characterization of SAW devices

SAW devices using ZnO films deposited by the
conventional one-step and the proposed two-step are fabricated
and their frequency response characteristics such as on the

insertion loss and side-lobe rejection level are characterized to
examine effects of thermal annealing and two-step deposition
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Figure 5. Effects of thermal annealing on the Raman spectra of ZnO films
deposited by (a) one-step method and (b) two-step method.

method. As above mentioned, SAW filter are fabricated with
using ZnO thin films which were prepared by one-step and
two-step deposition method and treated thermal annealing at
400°C.

Figure 6 shows frequency response characteristics on
SAW device fabricated by ZnO films deposited by one-step
method at O,/(Ar+0O;) = 10 %. Figure 6(b) shows that by
thermal annealing insertion loss and side-lobe rejection level
are reduced to about 2~3 dB. However, large differences has
not occurred in frequency response.

Figure 7 shows frequency response characteristics on
SAW device fabricated by ZnO films deposited by two-step
method at O,/(Ar+0O,) = 10 %. By therma annealing of ZnO
films(see Figure 7(b)), insertion loss and side-lobe rejection
level are also reduced to about 3~4 dB as shown in Figure 6.
However, by using the two-step deposition insertion loss are
remarkably reduced to approximately above 10 dB (Figure
7(a) compared to Figure 6(a) and Figure 7(b) compared to
Figure 6(b)). It is notice that improvement of (002) orientation
and crystalinity result in reduction of insertion loss on
fabricated SAW devices. Also, this is beieved since
improvement of material properties by the two-step deposition
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method becomes more conspicuous than that by thermal
annealing.
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Figure 6. Frequency response on SAW device fabricated with ZnO films

deposited by one step method at O./(Ar+0O,) = 10 %: (a) as-dep. and (b)
thermal annealing.
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Figure 7. Frequency response on SAW device fabricated with ZnO films

deposited by two step method a O,/(Ar+0O;) = 10 %: (a) as-dep. and (b)
thermal annealing.
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Figure 8. Frequency response on SAW device fabricated with ZnO films
deposited by two step method a O./(Ar+O,) = 50 %: (&) as-dep. and (b)
thermal annealing.

Figure 8 shows frequency response characteristics on
SAW device fabricated with ZnO films deposited by the two-
step method at O,/(Ar+0,) = 50 %. Though little difference
can be noticed in frequency response by thermal annealing of
the ZnO thin film, side-lobe rejection level somewhat
increases. Characteristic parameters of SAW devices, material
parameters of ZnO films, and their deposition conditions are
summarized in Table 2. From this table it can be observed that
material properties were enhanced by thermal annealing and
two-step deposition methods In addition, the table confirms
that material properties of ZnO thin films are closely related to
SAW devices characteristics. However, it is not clear yet why
the center frequency of the SAW device fabricated using the
two-step method is observed to be higher than that of the
devices using the one-step method. This suggests that more
studies are required on this subject.

V. CONCLUSIONS

It was shown from this work that a highly resistive (> 10°
Qcm) and (002)-oriented (TC ~ 100 %) polycrystalline ZnO
film could be achieved by using the proposed two-step
deposition method. XRD peak patterns showed that, compared
to the films deposited through the conventional one-step
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process, the films prepared using the two-step deposition
method were grown along the (002) preferred-orientation even

and Cu-doped ZnO films for surface acoustic wave applications,T Thin
Solid Films 398-399, pp. 641, 2001.

Table 2 Deposition condition, material properties of ZnO, and device characteristic parameter of fabricated SAW filter

Deposition conditions SAW Device Parameters Material Properties
O,/(Ar+0Oy) Annealing IL [dB] SLR [dB] D [O] TC[%]

10 X 26.4 324 118.2 63.2
One-step

10 (@] 245 337 1835 63.2

10 X 18.7 32.7 283.7 100

50 X 29.1 20.1 134.6 100
Two-step

10 (©) 15.8 38.0 299.2 100

50 (©) 29.3 22.8 182.7 100

IL (insertion loss) / SLR (side-lobe rejection) / D (crystallite size) / TC (texture coefficient)

a a high O,/(Ar+0O,) ratio. It was also confirmed from the
Raman spectra that the variations of crystallite size and
electrical resistivity due to therma annealing were closely
related to the enhancement of crystallinity of ZnO films. In
addition, the SAW devices fabricated using ZnO thin films
deposited by two-step method show lower insertion loss than
that of conventional one-step deposition method, and SAW
devices fabricated using thermal annealing ZnO thin films also
enhanced more than that of as-deposited ZnO thin films.

ACKNOWLEDGMENTS

This work carried out using the facilities of center for
Electronic Materials and Components (EM&C) in Hanyang
University

REFERENCES

[1]  S.H.Park, B.C.Seo, and G.W.Yoon, i Two step deposition process of
piezoelectric ZnO film and its application for film bulk acoustic
resonators,i J. Vac. ci. Technol .A 18(5), pp. 2432, 2000.

[2] Y.Yoshino, T.Makino, Y.Katayama, and T.Hata, i Optimization of Zinc
oxide thin film for surface acoustic wave filters by radio frequency
sputtering,T Vacuum 59, pp. 538, 2000.

[3] M.B.Assouar, O.Elmazria, R.JRioboo, FSary, and PAlnot,
iModelling of SAW filter based on ZnO/diamond/Si layered structure
including velocity dispersion,i Applied surface science 164, pp. 200-
204, 2000.

[4] SH.Lim, D.Shindo, H.B.Kang, and K.Nakamura, iStructural
characterization of epitaxial ZnO films grown on (0001)Al,O; by
electron cyclotron resonance-assisted molecular beam epitaxy,m J.
Crystal Growth 225, pp. 208-213, 2001.

[5] M.Wu, W.Shih, and W.Tsal, 1 Growth of ZnO thin films on interdigital
transducer/Corning 7059 glass substrate by two-step fabrication
methods for surface acoustic wave application,i J. Phys. D:Appl. Phys.
31, pp. 943, 1998.

[6] JB.Lee, H.J.Lee, SH.Seo, and J.S.Park, i Characterization of undoped

873

(1

(8l

[

[10]

[11]

[12]

[13]

J.Yin, Z.GLiu, H.Liu, X.SWang, T.Zhu, and JM.Liu, iThe epitaxia
growth fo wurtzite ZnO films on LiNbO; (0001) substrates,T J. Crystal
Growth 220, pp. 281, 2000.

S.Srivastav, CVR.V.Kumar, and A.Mansingh, 1 Effect of oxygen on the
physical parameters of RF sputtered ZnO thin film,T J. Phys. D:Appl.
Phys. 22, pp. 1768, 1989.

W.T.Lim, B.K.Son, D.H.Kang, and C.H.Lee, i Structural properties of
AIN films grown on Si, Ru/Si and ZnO/Si substrates,i Thin Solid Films
382, 56 (2001).

X.L.Xu, S.PLau, J.S.Chen, and B.K.Tay, iPolycrystaline ZnO thin
films on Si(100) deposited by filtered cathodic vacuum arc,i J. Crystal
Growth 223, pp. 201, 2001.

GJ.Exarhos and S.K.Sharma, iInfluence of processing variables on the
structure and properties of ZnO films,i Thin Solid Films 270, pp. 27
1995.

N. Fujimura, T.Nishihara, S.Goto, J.Xu, and T.Ito, i Control of preferred
orientation for ZnO films: control of self-texture J. Crystal Growth
130, pp. 269, 1993.

H.Nanto, T.Minami, S.Shogji, and S.Tekata, iElectrical and optical
properties of zinc oxide thin films prepared by rf magnetron sputtering

for transparent electrode applications,i J. Appl. Phys. 55(4), pp. 1029
1983.



	868: 868
	869: 869
	870: 870
	871: 871
	872: 872
	873: 873


