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An experimental study on the ZnO/sapphire layered surface
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In this study, ZnO thin films with different thicknesses were deposited on C-plane sapphire
substrates by radio-frequency magnetron sputtering. Properties of interdigital transducer/
ZnO/sapphire layered surface acoustic wave device including surface wave velocity,
electromechanical coupling coefficient, and propagatiion loss were measured and discussed.
Combining the effective permittivity approach and the coupling-of-mo@@9M) model, the
dispersion characteristics and frequency responses of the ZnO/sapphire layered structure were
simulated. By substituting the measured parameters into the COM model, the simulated frequency
response has shown good agreement with the experimental resl@40American Institute of
Physics [DOI: 10.1063/1.1785842

I. INTRODUCTION approach? The measured frequency response of the layered
SAW filter is compared with the simulated one by using the

In recent years, there has been an increasing interest Method proposed in Ref. 13

developing surface acoustic way®AW) devices operating
frequencies. In order to obtain high-frequency SAW devices,, ) ppicATION OF ZnO/SAPPHIRE SAW DEVICES
a substrate material with hih acoustic velocity is desired. By
depositing a piezoelectric film on top of a high acoustic ve-  There have been many techniques for growing ZnO thin
locity substrate, the purpose of high frequency can bdilm, such as sputtering’®> metal organic chemical vapor
achieved without fabricating submicron electrodes. The disdeposition (MOCVD),ll and molecular beam epitaxy
persion relations and electromechanical coupling of a layeretMBE).'® In this study, ZnO thin films were deposited on a
SAW such as ZnO/sapphire or ZnO/diamond have beesapphirg 000 substrate using the radio-frequen(cf) mag-
calculated=™ and the experimental results on layered SAWnetron sputtering system. A 100 mm diamet3 mm thick
filters were reportea'.S‘SZnO thin film has been widely used ZnO disk with purity of 99.99% was used as the target. The
for layered SAW devices due to its high coupling coefficient.distance between the substrate and the target was about
On the other hand, sapphifal,0;) substrate is an attractive 13 cm. The sputtering chamber was evacuated to a pressure
material because of its high acoustic velocity and a relativeljoelow 2x 104 Pa before sputtering. Prior to presputtering,
lower cost. Therefore, in this paper, we adopted the ZnO thitthe substrate was heated to 220and the ambient gases of
film on a sapphire substrate as a promising structure fomixed argon and oxygen were introduced into the chamber.
high-frequency layered SAW devices. In order to remove any contamination, the target was pre-
In case of the layered structure, the phase velocity ofputtered for nearly 20 min under 200 W rf power before the
SAW is dispersive; thus this effect must be taken into inactual sputtering started. The thickness of the ZnO thin film
designing SAW devices. Koike, Shimoe, and feiidopted  is varied in proportion to the deposition time. The sputtering
Smith’s equivalent circuit model to simulate the parameters are listed in Table I. Under the sputtering condi-
ZnO/R-sapphire SAW filter. Hachigo and Maloéh@alcu-  tions summarized in Table |, C-axis oriented polycrystalline
lated the null frequency bandwidth of ZnO/diamond/Si lay-films could be grown on sapphif@001) substrates. The sur-
ered SAW device using théfucntion model. Emanetoglet  face roughness and thickness of the ZnO thin films were
al.™ presented an analysis of a ZnO/R-sapphire layeretheasured by a surface profiler. The crystalline structure and
SAW device based on the Green’s function. Wu and Ghen orientation of the ZnO films were confirmed by the x-ray
employed the effective permittivity approach to simulate thediffraction (XRD) measurement. Scanning electron micros-
frequency response of a ZnO/diamond/Si layered SAW decopy (SEM) was employed to observe the surface morphol-
vice. Chen, Wu, and Chdti calculated the frequency re- ogy.
sponse of IDT (interdigital transducefZnO/R-sapphire
SAW filter by combining the effective permitivity approach TABLE I. ZnO sputtering conditions.
and the coupling-of-mode&€COM) model**
In this paper, details on fabricating IDT/ZnO/sapphire Target _ 99.99% ZnO
layered SAW structures are given. SAW properties, including;a"g‘at',SUbStrate distance ~13cm
dispersion of surface wave velocity, electromechanical cou=P-!e""9 9as Ar 50% +£60%
. .. . Substrate temperature 220
pling coefficient, and propagation loss, are measured. ThsF power 200 W
m_easured d|sper3|ons of the SAW proper_tles are c_(_)rr_wp_arqgeposition time 1-3h
with those simulated using the effective permiittivity
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FIG. 1. An XRD pattern of the ZnO thin film.

FIG. 3. Coordinates of a planner-layered half space.

Figure 1 shows the XRD diffraction pattern of the ZnO
thin film on sapphire(0001) substrates. The angular peak
position of the ZnO film is 2=34.46. The pattern indicates
that (0002 preferred orientation of the ZnO film could be
obtained under the sputtering parameters we used. Figure
shows a SEM image of the cross section of ZnO/C-sapphire
structure. As can be seen from the figure, the growth direc-
tion of ZnO is along the preferred C-axis, and the thickness
can also be estimated from the figure.

The layered SAW strcuture used in our study is . ] ) ) )
IDT/ZnO/sapphire, as shown in Fig. 3. After the deposition [N this study, ZnO films with various thicknesses
of ZnO thin film, normal interdigital transducers were fabri- (1—2 um) were sputtered on the sapphire substrates. IDT
cated on the ZnO thin films. Aluminum was deposited using/ith wavelengths 8 and 12m were designed and fabricated
electron beam evaporation, followed by conventional lithog-2" ZnO films. These different designs can thus form the dis-
raphy and lift-off process, to form the IDT fingers. The IDT Persion relation experimentally. Figure 4 shows the phase
design parameters are summarized in Table II. velocity dispersion of the product of the frequency and the
thickness of the ZnO layeffh,,o). In the figure, the solid
line represents theoretical values of the first higher-order
mode (first modg of Rayleigh wave, and the dashed one
stands for the second Rayleigh mode. Both of these higher-

The properties of the ZnO/sapphire SAW devices wereorder modes are the so-called Sezawa modes. The circles and
characterized by using a probe station and a network andriangles in the figure are experimental values of the first and
lyzer (Agilent 8714ES. In our study, all measurements were second Rayleigh modes, respectively. The phase vel¥gity
under on-wafer conditions. The dispersion characteristics af obtained from the relatiok’,=fo\, wheref, is the center
the IDT/ZnO/C-plane sapphire layered structure are calcufrequency and is the periodicity of the IDT. In Fig. 4, the
lated based on the effective permittivity approach, as studietindamental modgzeroth of the Rayleigh SAW is not
in Refs. 12 and 13. Material constants used for the calculashown, because of the electromechanical coupling coefficient
of the zeroth Rayleigh mode almost approaches zero, as the
thicker dashed line shown in Fig. 5. Due to such a low cou-
pling coefficient, it is hard to excite this mode; thus it is very
hard to measure. Some experimental val(gzles and tri-
angles in Fig. 4 are close to each other due to the small
differences of the deposited ZnO films. The similar thickness
was also the reason why we cannot form the complete dis-
persion curves experimentally. It is noted that measured
phase velocities are slightly lower than the calculated ones,

tions were taken from those listed in Ref. 17. SAW proper-

ties such as surface wave velocity, electromechanical cou-
%ing coefficient, and propagation loss are reported and
iscussed in this section.

A. Surface wave velocity

Ill. SAW PROPERTIES OF ZnO/SAPPHIRE LAYERED
STRUCTURES

TABLE Il. IDT design parameters.

Wavelength 12um
AccV Spot Magn Det WD F—— 2um :
15.0 KV .u‘/ 11)1:»]‘:;u:< SE 102 POUI Finger space Im
Aperture 840um
IDT pairs 20, 40

FIG. 2. A SEM picture of ZnO thin film on C-plane sapphire.
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FIG. 4. Phase velocity dispersions of an IDT/ZnO/C-plane sapphire lay-

FIG. 6. Plot of insertion loss of SAW with various propagation distances.
ered structure.

especially for second Rayleigh mode; however, the trend ofi'St mode of Rayleigh wave, and the thinner dashed line is
the experimental results coincide well with the theoreticaln® Second Rayleigh mode. The electomechanical coupling
values. coefficient of the second Rayleigh mode can be as high as

4.3% atfh,,0=1250 m/s, while the phase velocity is about
5885 m/s. This means IDT/ZnO/C-plane sapphire is a
promising structure for SAW devices if we choose a proper
Theoretical value of the electromechanical coupling co~value offhz,o. K2 can be determined from the equafion

efficient is usually approximated as &

2 _ a
Ké: ZM, (1) Ks 8f,CyN?’

Vo

B. The electromechanical coupling coefficient

3

Where(ASa is the radiation conductancé; is the center fre-
guency,Cy is the total electrode capacitance of the IDT, and
N is the number of IDT finger pairs. By measuring the S11
was calculated by refiection parameter and using Eq3), the experimental
value ofK§ was calculated. The circles and triangles in Fig.
ng 21“58(;”, (2) 5 represent experimental values of the first and second Ray-
.. ] o o leigh modes, respectively. As mentioned before, it is hard to
wheree, is the effective permittivity at infinite slowness and gyite the zeroth Rayleigh mode experimentally; thus we
the functionl's is defined in Ref. 19. The main difference of ¢5nn0t measure the electromechanical coupling coefficient of
Egs.(1) and(2) in layered structure was discussed in detailhis mode. It is noted the deposited ZnO films were about
in Ref. 12. _ _ 1-2 um; thus the circles and triangles in Fig. 5 form small
_ Figure 5 shows the electromechanical coupling coeffivange of dispersion curves and are close to each other. Once
cient of IDT/ZnO/C-plane sapphire layered structure as gye deposit ZnO films with larger range than we have done in

function of fhz,0. The thicker dashed line represents theorety;q paper, the dispersion curves described by experimental
ical values of the zeroth Rayleigh mode, the solid line is the ) es in Figs. 4 and 5 will be more complete.

whereuy is the free surface velocitppen-circuited velocity
andv,, is the surface wave velocity with metallized surface
(short-circuited velocity. In this paperK§
using the exact equati

61— : . . —
2::$::: . C. Propagation loss ¥y
= 5 - — 2nd mode I — . i
| o exp (istmode) ] Propagation loss attenuates the surface acoustic wave
§ al’ "P-(Z""'"m’e)'l T~ N amplitude and affects the insertion loss of SAW devices, in
;g L . / R particular, at high frequencies. For conventional half-space
§ 3k ‘_ '/ ] i SAW devices, the crystal is well polished and the loss due to
; L ' ,/“ | i surface imperfections is not significant. For layered struc-
£ a2 A X - tures, the surface with deposited ZnO film is not so perfect
g‘: 5 ! : i that the propagation loss must be considered for practical
© 9L . I ! . SAW devices. The propagation loss was estimated from in-
- o ' . sertion losses at center frequencies with different propaga-
) T oS R R tion distance$:?* Figure 6 shows the propagation losses of

500 700 9°h° m;100 1300 1500 the first Rayleigh mode as a function of the propagation dis-

Sty (m5) tances. The design parameters of the IDT listed in Table I

FIG. 5. Electromechanical coupling coefficient dispersions of anWere used to construct different propagation lengths which
IDT/ZnO/C-plane sapphire layered structure. were the distances between the centers of the input and out-
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put IDTs. For 40 pairs of IDT, four kinds of propagation
distances range between 846 and 2@46, and a 60Qum
interval was designed. For 20 pairs of IDT, the minimum and
maximum propagation distances were 726 and 2bR2% re-
spectively, and the interval was also 6@fh. The ZnO thin
film was 1.206um thick and the center frequencies was
413 MHz. When the slopes of Fig. 6 were determined, the
propagation losses of 0.0444 dBfor 40 pairs of IDT and
0.0429 dBA for 20 pairs of IDT were obtained. The results
show that the propagation losses are almost the same irre-
spective of different IDT pairs. This indicates that once the
sputtering parameters of a design is set, the uniform ZnO
film could be deposited and the propagation loss of the
whole SAW device could be treated as a constant, for ex-
ample,y=0.04 dBA.
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FIG. 7. Measured S21 characteristtbicker line and the calculated fre-

guency response based on the COM mattehner line.

IV. FREQUENCY RESPONSES OF ZnO/SAPPHIRE
LAYERED STRUCTURES

insertion loss of the calculated one is about 7 dB smaller
than that of the measured one. In addition, the center fre-

The COM model has been widely used in modeling non-duency of the simulated one is about 10 MHz lower than the
dispersive SAW devices for many years. Based on the forneasured one. Possible reasons for the discrepancy between
mulations, the effects of propagation loss, electrode reflectn® measured center frequency and the simulated one are as

tions, electrical transduction, acoustic reception, thin filmfollows.

loss, and the distributed finger capacitance can be includeqil)
Unlike half-space SAW devices, some of the COM param-
eters utilized for analyzing a layered SAW become frequency
dependent due to the phase velocity dispersion, and have {g)
be modified accordingly. Frequency dependences of the
COM parameters such as the reflection parameter, the sur-
face wave velocity, and the transduction parameter can be
calculated by employing the effective permittivity approach.
Details of calculating the COM parameters for a dispersive
layered SAW were studied by Chen, Wu, and Chdln this
paper, we adopted the method as in Ref. 13, that is, combir‘(g)
ing the effective permittivity approach and the COM model,

to simulate the frequency response of the two-port
IDT/ZnO/C-plane sapphire layered SAW device.

In general, some calculated parameters used in the simu-
lation model, such as coupling coefficients and surface ve-
locities, are not totally matched with those measured from
fabricated SAW devices. Furthermore, there is no formula to
estimate propagation loss for a layered SAW device. There-
fore, measurements of these key parameters are needed. By
substituting these measured parameters into the COM model,
the simulation results can be more precise. In this section,
frequency responses of the numerical and experimental re-
sults are compared and discussed. To compare the stimula-
tion result with the measured frequency response, the time
gating technique was employed to remove the effect of the
electromagnetic feedthrough.

In this study, the period of the IDT is 12m, the number
of the IDT pairs is 40 and the thickness of the IDT elctrodes
is 714 A. The measured thickness of the ZnO filmhisg
=1.206um and the center frequency of the first Rayleigh
mode is 413.25 MHz. The measured surface wave velocity is
4959 m/s and the simulated center frequency is 404 MHz.
Figure 7 shows the frequency responses. The thick line rep:,

One is the difference in the material constants for ZnO
between single crystals used for calculations and the de-
posited thin film.

Another is the use 0f0001) ZnO/[(0001) sapphire to
analyze the layered SAW device. We note that the sput-
tered ZnO thin film was not actually C-axis oriented,
though very close to it, as shown in Fig. 1. This is a
possible reason which causes the variations of velocity
and then the frequency responses between the numerical
and experimental results.

In the COM model, the perturbed surface wave velocity
vg due to short circuit gratiné%zswas considered while
analyzing the layered SAW devices. This is an approxi-
mated formula and the properties of the electrode mate-
rial also may affect the parameteg. The discrepancy
between the measured and the simulated velocities may
be due to the overprediction of the perturbed surface
wave velocityvg. Figure 8 shows a comparison between
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IG. 8. Measured S21 characteristtbicker line and the calculated fre-

resents the experimental result, and Fhe thinner one IS SiMWYgency response based on the COM model modified with measured param-
lated frequency response. From the figure, one finds that th&ers(thinner line.

Downloaded 22 Dec 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 T. T. Wu and W. S. Wang 5253

the calculated and measured frequency responses ir:\G- S. Kino and R. S. Wagers, J. Appl. Phy#l, 1480(1973.

which the measured propagation loss and phase velocity!- Mitsuyu, S. Ono, and K. Wasa, J. Appl. Physl, 2464 (1980.

are adopted in the numerical simulation. One finds that,= - Ad!er and L. Solie, IEEE Ultrason. Symp. 341995, o

by substituting the measured surface velocity into the H. Nakahata, A. Hachigo, K. Higaki, S. Fuijii, S. Shikata, and N. Fujimori,
; IEEE Trans. Ultrason. Ferroelectr. Freq. Cont#s, 362 (1995.

COM model, the tuned value of the simulated center °H. Nakahata, K. Higaki, S. Fujii, S. A. Hachigo, H. Kitabayashi, K.

frequency becomes 414 MHz which is very close to the Tanabe, Y. Seki, and S. Shikata, IEEE Ultrason. Symp. 36985.

measured one of 413 MHz. By incorporating the mea- °™M. S. Wu, A. Azuma, T. Shiosaki, and A. Kawabata, J. Appl. Ph§2,

sured propagation loss into the simulated model, the in-72482(1987)- _

sertion loss of the filter is very close to that of measured M- Kadota and M. Minakata, Jpn. J. Appl. Phys., Par, 2923(1998.

_ C. R. Gorla, N. W. Emanetoglu, S. Liang, Y. Lu, M. Wraback, and H.
one -30.35 dB. Shen, J. Appl. Phys85, 2295(1999.
V. CONCLUSION °J. Koike, K. Shimoe, and H. leki, Jpn. J. Appl. Phys., ParB2, 2337
(1993

Good C-axis oriented ZnO thin films were deposited on'°a. Hachigo and D. C. Malocha, IEEE Trans. Ultrason. Ferroelectr. Freq.
C-plane  sapphire  substrates by rf-  sputtering Control 45 660(1998.
|DT/ZnO/Sapphire |ayered SAW structures were SUCCESSEIN- W. Emanetoglu, G. Patounakis, S. Liang, C. R. Gorla, R. Wittstruck,
fully fabricated in this study. Then, SAW properties, includ- ?;:0;- Lu, IEEE Trans. Ultrason. Ferroelectr. Freq. Contd, 1389
mg surface wave Vel.OCIty’ electromechanical COUp|IF?g Coe_f-lzT. T. Wu and Y. Y. Chen, IEEE Trans. Ultrason. Ferroelectr. Freg. Control
ficient, and propagation loss, were measured. The dlsper5|on49’ 142 (2002.
characteristics were calculated by using the effective permitidy v chen, T. T. Wy, and T. T. Chou, J. Phys. &, 120 (2004
tivity approach. The measured data of the phase velocity ants. p. Abbott, Ph. D. thesis, Department of Electrical Engineering, Univer-
the electromechanical coupling coefficient were compared sity of Central Florida Orlando, Florida, USA989.
and discussed with the calculated dispersion curves. The fréH. leki and M. Kadota, IEEE Ultrason. Symj281 (1999).
quency response of the IDT/ZnO/sapphire layered structure Y- F- Chen, D. M. Bagnall, H. J. Koh, K. T. Park, K. Hiraga, Z. Zhu, and
was analyzed by combining the COM mdel and the effective,, Y2 3 APPl. Phys84 30121998, .

. . B. A. Auld, Acoustic Fields and Waves in Soliddalabar, Florida, 1990

perm|t.t|V|ty approach. By SUbStltu.tmg the measured pal’.a‘miaH. Matthews, Surface Wave Filters: Design, Construction, and Use
eters into the COM model, the simulated and the modified (wiley, New York, 1977, p. 66, Eq.(2.30.

frequency responses are in good agreement with the me&p. p. Morgan Surface Wave Devices for Signal Processiitpevier, New

sured ones. York, 1991).
2. R. Smith, H. M. Gerard, J. H. Collins, T. M. Reeder, and H. J. Shaw,
ACKNOWLEDGMENT IEEE Trans. Microwave Theory Tectl7, 856 (1969.

) _ 23, shikata, H. Nakahata, K. Higaki, A. Hachigo, N. Fujimori, Y. Yama-
The authors acknowledge the financial support to this moto, N. Sakairi, and Y. Takashi, IEEE, Ultrason. Symp. 27993.

research from the National Science Council of Taiwan?T. Thorvaldsson, IEEE Ultrasonics Symp. @1989.
through Grant No. NSC90-2212-E-002-156. #°B. P. Abbott, IEEE Ultrasonics Symp. (8991).

Downloaded 22 Dec 2008 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



