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Summary

Calculations have been made for a surface-acoustic-wave phase velocity, group velocity,
their temperature coefficients and an effective electromechanical coupling factor in a
layered structure ZnO-SiO,-Si. It is found that, in the layered structure, the temperature
coefficient of the phase velocity ranges nearly from —30 to +80 ppm/° C, while one of the
group velocity from —50 to +130 ppm/® C. The highest coupling is achieved by the layered
structure which is constructed on the (001) cut <100> and <110>> propagating Si substrate
for the first peak of the coupling factor and the (011) cut <110> propagating Si substrate
for the second peak, when the ZnO layer has the c-axis normal to the substrate surface.

1. Introduction

With the increasing use of surface-acoustic-wave (SAW) devices in various
applications, the need for materials with high electromechanical coupling and
temperature stability is becoming increasingly more important. A ST-cut
quartz is the best-known temperature-stable material, but its usefulness is
limited because of its very low coupling. On the other hand, LiNbOj is the
well-known material with high coupling, but its stability is very poor. New
temperature-stable materials with high coupling have been sought, but have
not yet been produced [1]. In another approach, combined materials, i.e.
film overlays on appropriate substrates, have been studied. Piezoelectric ZnO
on nonpiezoelectric fused quartz has higher coupling than the semi-infinite
7Zn0 [2, 3]. Although nonpiezoelectric SiO, on YZ-LiNbO; and Y Z-LiTaO; has
high coupling and a zero-temperature coefficient of a delay time [4], it is not
compatible for integrated circuit devices to which SAW devices will normally
be connected. The SAW devices with the Si substrate have been investigated
theoretically or experimentally; Al,O3-ZnO-Si and Zn O-Al,03-Si three-layer
structures relating to a nearly dispersion-free propagation [5], CdS-5i0,-Si to
a high electromechanical coupling [6], ZnO-Si0,-Si to a SAW convolver [7, 8],
etc.

Among various piezoelectric films commonly used, highly-oriented ZnO
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films with the c-axis normal to the substrate have the highest coupling. Fabri-
cation techniques for these are well-established at present [3, 9]. Since a
temperature coefficient of the SAW velocity TC(v), defined by (1/v) (dv/dT)
(hereafter, a similar notation is used for other properties), is positive for both
7n0 and Si, one more material with a negative TC(v) should be combined in
order to obtain the temperature-compensated structure comprising ZnO and
Si. Si0, is a well-known material having such a property and is suitable for the
integrated circuit devices.

For some SAW devices, zero-temperature coefficient of center frequency of
interdigital transducers, determined by the temperature coefficient of the
phase velocity TC(v, ), is desired. Zero-temperature coefficient of delay time,
which should be determined by one of the group velocities TC(v, ) in dis-
persive media such as a layered structure, is also very important for some SAW-
devices.

This paper describes the SAW properties in the layered structure Zn0-Si0; -
Si, in which the piezoelectric ZnO layer has the c-axis normal to the surface.
The phase velocity v, , the group velocity v,, their temperature coefficients
TC(v, ), TC(v,) and the coupling factor Av/v are calculated by using a com-
puter. The thickness of the ZnO and SiO, layers and crystallographic orien-
tations of the Si substrate are discussed, for which the ZnO-SiO,-Si structure
yields high electromechanical coupling and temperature-stability. Various
effects on TC(v, ) and TC(v, ), caused by the difference of thermal expansion
coefficients in the layer and the substrate, are also discussed.

2. Method and results of calculations

For the purpose of determining a SAW phase velocity v, in a layered
structure ZnO-Si0, -Si, a matrix formulation has been used, which is essentially
similar to that of Ingebrigsten—Tonning [10]and is extended to include piezo-
electric effects. A group velocity v, of the SAW, propagating with wave vector
k, has been calculated by using v, ; v,= 39 (kv, )/0k. A computer program has
been written to perform numerical calculations of v, and dv,, /9 k. A cross
section of the structure and coordinate axes are shown in Fig.1. The following
specifications and assumptions are made to examine the characteristic features
of SAW propagating on the layered structure.

(A) (B)
107

Metal

(C) (D)
Fig.1. Cross section of the layered structure ZnO0-Si0,-Si. Interdigital transducers (IDT) and
shorting metals are shown in four different configurations (A), (B), (C) and (D).
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(1) The ZnO layer with a thickness d, is a single crystal (6mm) and its ¢-
axis normal to the substrate surface.

(2) The SiO, layer with a thickness d; is electrically and elastically equivalent
to fused quartz.

(3) The substrate with a half-space is (001), (011) and (111) cut single
crystal Si or polycrystalline Si.

The surface and interface are coplanar with the x, —x; plane. The SAW
with wave vector & propagates along the x;-axis and is a straight-crested wave,
in which components of mechanical displacements and electric potential are

invariant in the x,-direction. ) ) )
Since both the c-cut ZnO and SiO, layers can be considered as isotropic

media for the SAW propagation, crystallographic orientations of the ZnO-SiO,-
Si structure are characterized only by those of the Si substrate. When the SAW
propagates along the <112> axis of the (111) cut single crystal Si, for example,
the layered structure may be named as ZnO-SiOz-Si(111)<1ﬁ>. On the poly-
crystalline Si, named as ZnO-SiO2-Si(pely) -

Material constants used in this paper are listed in Table 1. Temperature co-

TABLE 1

Material constants at room temperature; density p (g/cm?), elastic CE (10'* N/m?), piezo-
electric ¢ (C/m?), dielectric ¢S (X e,), thermal expansion coefficient 8 (ppm/° C) and tempera-
ture coefficient of elastic constants TC(CE) (ppm/° C)

Material ZnO Si0o, crystal-Si poly-Si
P 5.676 2.2 2.331 2.331
c, E 2.096 0.785 1.657 1.865
C,,kt 2.109

C,E 1.211 0.161 0.639 0.535
c,,f 1.051

c,.E 0.425 0.312 0.796 0.665
ey, —0.61

e, 1.14

e —0.59

€S 8.33 3.8 11.8 11.8
€ysS 8.84

8, 4.0 0.55 2.6 2.6
85 2.1

TC(C,,F) —112 239 —68 —65
TC(C,,E) —123

TC(C,,F) —144 584 —100 —112
TC(C,,®) —161

TC(C,,F) — 70 151 —44 —46
Reference (11,18, [12,14] [11, 14, [11]

16, 17] 15]
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efficients of elastic constants TC(CE) for the ZnO crystal were estimated by
using measured values of TC(S;,£), TC(S1,F), TC(SssF) and TC(C33P) [17] on
the assumption that TC(S15E) = TC(S,,£) and TC(C;3%) = TC(C35P). Thermal
expansion coefficients 8, and §3 of ZnO have not been measured; for esti-
mation it was assumed that they were the same as those of a hexagonal
(wurtzite) CdS which has similar lattice properties to the ZnO crystal. Elastic
constants of the polycrystalline Si were estimated from those of the single
crystal Si by using a Hill approximation [11].

The results of numerical calculations are described as follows.

2.1 Velocity

Typical thickness dependences of v, and v, are shown in Figs.2 and 3,
respectively. In these figures, the ZnO-SiO, structure is described by kd, = o
(curve 4). It has been found that the SAW for ZnO-SiO; -Si(111)<112>»

~8i(001)<100>> ~Si(001)<110>: ~Si(011)<100>> ~Si(p11)<01T> and ~Si(pely)
is a Rayleigh-type wave which is polarized in a sagital plane (x,—x; plane).

5 T T T T

\ —— (1 T
N (1) M2

—(11IX1I0
........... (M2

vV, ( km/sec)
Vg (km/sec)

Fig.2. Phase velocity v, as a function of the ZnO layer thickness kd, for ZnO-8i0,-Si 111)
<110> and -Si(111)<11§>. The SiO, layer thickness kd, is 0.0 (curve 1), 1.0 (2), 2.0 (3)
and « (4).

Fig.3. Group velocity v, as a function of the ZnO layer thickness kd, for Zn0O-8i0,-8i(111)
)

<170> and -Si(111)<11—2‘>. The Si0, layer thickness kd, is 0.0 (curve 1), 1.0 (2), 2.0 (3
and e (4

That is, it does not possess a component of mechanical displacements u, in the
x,-direction, while the SAW for ZnO-8i0,-8i(111)<170> IS @ complicated wave
with non-zero u,. For these layered structures, v, and v, are equal in direction,
but different in magnitude as shown in Fig.4, which expresses the difference
of two velocities (v,~v,)/v, due to dispersion. The SAW, propagating along the
poor symmetry axis on the (001), (011) and (111) cut Si substrate, gives
thickness dependences of v, and v, qualitatively similar to those shown in
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Figs.2 and 3, although they possess non-zero angle § between directions of v,
and v,. Figure 5 describes typical magnitudes of 6, which also means the di-
rection of energy flow measured from that of the phase propagation (x,-axis).

The maximum value of v, and v, which occurs at kd; = kd, = 0 (the Si sub-
strate only), is given by Farnell [18], except that of the polycrystalline Si
(4.89 km/s). For ZnO-Si0, -Si(01)<nro>- I which an angle between the
<hk0> and <100> axis ranges from about 30° to about 45°, the SAW ap-
proaches the pseudo-wave or leaky-wave given by Farnell [18]as both kd, and
kd, decrease.

40 T T T T
(011) <100)
= 30
Z 20H .
- Z ! -~
1 ~
>* 10 2 - feo)
N 3
4
0 I I I I ]
0 L z 48 4 5 -390 0 ey 90
! <01 <1000 <01

Fig.4. Difference of the phase and group velocities (v, — v,)/v, for Zn0-8i0,-8i(011)<100>-
The SiO, layer thickness kd, is 0.0 (curve 1), 1.0 (2), 2.0 (3) and = (4).

Fig.5. Angle 6 between the phase and group velocities for Zn0-Si0,-Si with the (011) cut
Si substrate. The ZnO layer thickness kd, is 0.2. The SiO, thickness kd, is 0.0 (curve 1),
0.6 (2) and 2.0 (3).

2.2. Temperature coefficient of velocity

An important parameter of SAW devices is the temperature coefficient of
the SAW phase velocity TC(v,) and the group velocity TC(v,), by which tem-
perature coefficients of delay time TC(r) and center frequency TC(f,) are de-
termined; TC(7) = $—TC(v,) and TC(fo) = TC(v,) —B, where fis a thermal ex-
pansion coefficient of a substrate material.

In order to investigate entire features of these temperature coefficients
TC(vp‘) and TC(v,), they were estimated by calculating approximate ones TC,
(v,) and TC, (4,); TC, () = (Vgg +100 V1 )/Vre X 10° (ppm/° C), where vg
and Vg 41 oo are velocities at room temperature (20° C) and 120° C, respective-
ly. Thickness dependences of TC, (v, ) and TC,(v,) are shown in Figs.6 and 7,
respectively. The material constants listed in Table 1 result that both of them
are —30 ppm/° C for ZnO, +85 for SiO, and —921 for Si which is almost inde-
pendent of their crystallographic orientations. Considering the various pro-
pagation directions on the (001), (011) and (111) cut crystal and polycrystal-
line Si substrate, it has been found that at each thickness kd, and kd, the
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largest and smallest values of TC, (v, ) are almost given by ZnO-SiOz-Si(Oll)
<100> @and -~ Si(111)<170> shown in Fig.6, respectively, although ZnO-8iO,-Si
(011)<017> yields smaller values than ZnO-5i0,-Si(111)<17p> by about 2 ppm/
Cat some ranges of kd, and kd,; kd; < 0.5 and 0.3 < kd, < 2.0. It has also been
seen that TC, (u,) is almost limited by ZnO-Sin-Si(011)<1OO> and _Si(111)
<170> shown in Fig.7 with the exception of the same order as one of TC,(v,).
Therefore, the layered structure ZnO-Si0,-Si, having the zero-temperature co-
efficients of v, and v, is realized by using the appropriate thickness inde-
pendently of the properties of the Si substrate; kd, < 2.9 and kd, > 0.3 for
U,s kdy < 2.0 and kd, > 0.1 for u,.
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Fig.6. Temperature coefficient of the phase velocity TC,(u,) as a function of the ZnO layer
thickness kd, for ZnO-SiO,- Si(0112)<100> and ‘Si(lll <170>- The SiO, layer thickness
kd, is = (curve 1), 2.0 (2), 1.0 (3), 0.6 (4), 0.3 (5) and 0.0 (6).

Fig.7. Temperature coefficient of the group velocity TCa(vg) as a function of the ZnO layer

thickness kd, for ZnO-Si02~Si(011)< 100> and -Si(111)<1T0>. The SiO, layer thickness
kd, is < (curve 1), 2.0 (2), 1.0 (3),’0.3 (4) and 0.0 (5).

2.3 Coupling factor A v/v

Another important parameter for SAW devices is a piezoelectric coupling
coefficient K that is a measure of electrical to acoustical energy conversion
and vice versa. K has been calculated from the relative change A v/v in the
phase velocity v,, when an electrically perfect conducting and elastically ne-
gligible metal film is placed at the position of the interdigital transducer (IDT)
shown in Fig.1; A v/v = K?/2 approximately [19]. The typical results of the
coupling factor A v/v are shown in Fig.8, where the layered structure is
"Zn0-8i0,-Si(011)<100> With kd, = 0.5 and an electrical conductivity o of the
Si substrate is infinite or zero. It is obvious from Fig.8 that A v/v has a double-
peaked character, which is well-known for ZnO-fused quartz, ZnO-Si¢yo;
<100> [2]and CdS-8i0,-8i(111)<112> [6]; the first peak at kd, ~0.2 for the
configurations (B) and (D) shown in Fig.1 and the second peak at kd, ~ 2.8 for
(A) and (B).
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AV/V (%)

Fig.8. Coupling factor A v/v for the configuration (A) — (D) and the structure Zn0-Si0,-Si
(011)<100> with kd, = 0.5. The electrical conductivity o of the Si substrate is zero and
infinite.

First peak

The layered structure in the configuration (D) has always a larger value of
A v/v than that in (B), independently of the thickness of the ZnO and SiO,
layers and crystallographic orientations of the Si substrate. Figure 9 indicates a
directional dependence of A v/v in (D), where A v/v is independent of ¢ of the
Si substrate. It is seen that the largest value of A v/v is gained by setting the
propagation direction in the <100> or <110> axis on the (001) cut Si sub-
strate, similarly <100> on (011) and <112> on (111). The layered structure
on the polycrystalline Si substrate has A v/v larger than that on the (111) cut
<112> propagating Si, but smaller than that on the (001)<100> Si. It is ap-
parent from Fig.10, showing the thickness dependence of A v/v for ZnO-SiO,-
Si(001)<100> and the configuration (D), that there is an optimum thickness
range, for which A v/v > 0.5 %; kd, = 0.15—0.38 and kd, = 0.2—0.7, and that
the most optimum range (A v/v = 0.54%) is kd, = 0.2and kd, = 0.5. For

other layered structures and the configuration (B), similarly, an optimum
range of kd, and kd, exists.

Second peak

The directional dependence of Av/v shows that the highest coupling is ob-
tained by using the same propagation direction as one of the first peak, al-
though its dependence is much smaller. The configuration (A) gives always
larger A v/v than (B). Figure 11 shows the thickness dependence for ZnO-SiO; -
Si(011)<100> and the (A), in which the largest A v/v is given among various
kinds of the Si substrates. The optimum range of thickness is kd, =2.3—3.5
and kd, > 0.3, for which A v/v > 1.756%, and the most optimum one (A v/v =
1.87%) is kd, = 2.8 and kd, = 1.0.
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Fig.9. Coupling factor A v/v near the first peak for the configuration (D) and the structure
ZnO0-8i0,-8Si with kd, = 0.6. The substrate is (a) the (001)-cut Si crystal with ¢ = 0° (curve
1), 15°(2), 30°(3), 40°(4) and 45° (1); (b) the (011) Si with ¢ = 0° (1), 30°(2), 60°(3) and
90° (4); (c) the polyerystalline Si (curve 1) and the (111)-cut Si crystal with ¢ = 0°(2), 15°
(3) and 30° (4). .

Fig.10. Coupling factor A v/v near the first peak for the configuration (D) and the structure

ZnO-SiOz-Si(001)<100> or -Si 001)<110>- The ZnO layer thickness kd, is 0.15 (curve 1),
0.2 (2), 0.25(3), 0.3 (4), 0.35 ((5) and 0.4 (6).
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Fig.11. Coupling factor A v/v near the second peak for the configuration (A) and the
structure ZnO-SiOz-Si(011)<100>. The conductivity ¢ -of the Sj substrate is zero. The
Si0, layer thickness kd, is 0.0 (curve 1), 0.1 (2), 0.5 (3), 1.0 (4), 2.0 (5) and = (6).

3. Discussion
3.1 Velocity

The phase velocity v, shown in Fig.2 and the group velocity U, in Fig.3 are
ones for the SAW propagating on the ZnO-Si0,-Si layered structure without
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shorting metals at both surfaces of the ZnO layer. It is apparent from A v/v
shown in Fig.8 that the changes of v, and v, due to shorting metals are, at
most 1.8%.

For some devices, such as a delay line, the angle 8 between directions of the
energy flow and the phase propagation is an important parameter when the
SAW propagates along the poor symmetry axis of the Si substrate as shown in
Fig.5. The smallest value of v,, which is also important, is given by ZnO-Si0O, -
Si(011)<100> With kd; = kd2 =~ 1.0; v, = 2.16 km/s. For this layered structure,
however, the temperature coefficient of v, is large; TC, (vg) = 49 ppm/° C. The
layered structure, having small v, (2.23 km/s) and the zero-temperature coef-
ficient of delay time, is realized by the same layered structure except that kd,
= 1.4.

The thickness dependences of v, and v,, however, have only a qualitative
meaning for the layered structure, in which the ZnO layer is prepared by thin
film technology such as sputtering, because elastic constants of films are differ-
ent from those of single crystals and an internal stress is induced during fabri-
cation of films. For example, the SAW phase velocity in sputtered ZnO films
is about 2.54 km/s [3], while in ZnO crystals it is 2.72 km/s. The variation of
the phase velocity due to the internal stress o, in the direction of the SAW
propagation is estimated as follows. Since equatlons determining the phase
velocity, include ¢, only in the form (p v, > —gy,) [20], the variation 6 v, be-
comes approximately

§v,/v, = 01,/(2 p U,?), 1)

where p is the density of the film. Using the fact that the magnitude of oy, is
10%—-10° N/m? [21], & v,/v, becomes about 10~ 3—1072. The contribution of
the internal stress is the mlnor factor. Therefore, the difference in v, seems to
be mainly caused by the difference between elastic constants.

3.2 Temperature coefficient of velocity

In the preceding section the approximate temperature coefficients TC, (v,)
and TC, (v,) have been estimated on the assumption that the density p and
elastic constants CE vary linearly with temperature, that is, TC(p) and TC(CE)
are constant. This assumption is reasonable as long as the linear temperature
coefficient TC(v) (v represents v, or v, ) is concerned. In order to obtain the
exact TC(v) from the approx1mate TC (v), one should consider the following
effects on TC(v); TC, (v) due to non- hnear temperature dependence of v,
TC, (v) due to non-zero TC(e) and TC(eS), TCs (v) due to the thermal ex-
pansion for the layer thickness, TC4 (v) due to the change of TC(p) in the layer
caused by the difference of thermal expansion coefficients in the layer and the
substrate, and TCs (v) due to the internal stress induced by the same origin as
TC4 (U)

In order to estimate the effect TC, (v), the relative temperature dependences
R(v,) and R(y,) have been calculated; R(v) = [v(AT) —vg ¢ 1/Ugp- Ugy and
U(A T) are veloc1t1es at room temperature and at the temperature measured
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from it, respectively. Figure 12 shows examples of R (u,) for the ZnO-5i0O,
structure with kd, =~ 2.9 and kd, = -« and for ZnO-SiOz-Si(011)<100> with
kd, = 0.2 and kd, =~ 0.55, in which TC(v, ) is nearly zero as shown in Fig.6. In
Fig.12 an exact temperature coefficient TC(v, ) is determined by the slope of
‘R(v,) at room temperature (AT= 0° C), while an approximate value, TC,(v,),
is determined by the slope of the straight line connected with R(v,) at

AT = 0 and 100° C. It is found from Fig.12 that the difference between
TC(v,) and TC, (v,), i.e. the effect TC, (v, ) due to non-linearity of v,, is about
0.2 ppm/°C for the ZnO-SiO, structure and 0.4 for ZnO-Si0,-Si. It is also found
from numerical calculations of R (v, ) that the effect TC, (vg) is the same order
as TC, (v,). Therefore, it is reasonable to neglect the effect TC, (v), although
the nonlinear behaviour of the velocities is remarkable for the layered structure
having small temperature coefficients.

2 T 2 T
1
1
1 4 1F >
) 2
- 3 3
L oof 4 ofF
< 4 4
5 5
©ayp 4 -1r 5
a) b)
-2 1 -2 1
-100 0 100 -100 0 100
AT(°C) AT(°C)

Fig.12. Relative temperature dependence of the phase velocity R(v ). The layered
structure is; (a) Zn0-Si0, with kd, = 2.8 (curve 1), 2.85 (2), 2.9 (8), 2.95 (4) and 3.0 (5);

(b) ZnO-8i0,-Si(911)<100> With kd, = 0.2, and kd, = 0.6 (1), 0.57 (2), 0.55 (3), 0.53 (4)
and 0.5 (5).

Using values of TC(e) and TC(eS) for ZnO measured by Tokarev et al. [17],
it has been found from numerical calculations that the effect TC, (v,) due to
non-zero TC(e) and TC(eS )is nearly 0.02 ppm/° C, while TC, (v,) =~ 0.15. There-
fore TC, (v, ) and TC, (v,) are negligibly small, as expected from the fact that
the relative change A v/v of the phase velocity due to the piezoelectric effect is,
at most, 1.8%.

In connection with the effects TC; (v), TC,4 (v) and TCs (v), we consider
thermal expansion coefficients in a layered structure, in which the thickness
of the substrate is very much larger than that of the layer. If it is assumed
that different media are completely clamped at the boundary and that the
stress component 035 in the direction normal to the surface is zero, the ex-
pansion coefficient §, G) (i=1, 2 and 3) of the jth layer is given by
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B, =p,¢) fori=1and?2,

(2)
B, =6, + [2C,; D [Css D] [B, ) — g, ],

where 8,97 and B, are the thermal expansion coefficients of the medium
forming the jth layer and the substrate, respectively, in the x; direction. The
temperature coefficients of the layer thickness TC(d;) and density TC(p;)
then become

TC(d;) = d(In d;)/dT = 5 (3)

TC(p;) = d(In p;)/dT = —2B, ) —f5 O (4)

Table 2 gives results of li_l and TC(p ) for the ZnO-8i0,-Si structure. Similarly,
the internal stress induced by the difference of thermal expansion coefficients
is given by

doyy D /AT =— [Cyy D + Cp, O —2(Cy3 D)?/Cs3 DT X [B1 D —f, )] (B)

TABLE 2

Thermal expansion coefficient 8§ (ppm/° C) in the :layered structure

layer Zn0 sio, Si
substrate Zn0 Sio, si sio, Si Si

8, 4.0 0.55 2.6 0.55 2.6 2.6
8, 2.1 5.5 3.5 0.55 0.3 2.6
TC(o) —10.1 —6.6 —8.7 —1.65 —4.9 —17.8

Using these results, the effects TC; (v), TC,4 (v) and TC;s (v) are estimated
as follows. TC; (v) due to the thermal expansion for d;in the jth layer is given
by

TCs(v) =Z;[3 (Inv)/d (In kd;)] 5 ©6)

It has been found from numerical calculations of the thickness dependence of
U, and v, that

—0.12< 8 (Inv,)/d (In kd,) > 0.01
—0.16 < 3 (Iny,)/o (In kd;) < 0.08
for the ZnO-Si0, structure and that
—0.26 <o (Inv,)/o (Inkd,) S0

—0.24<0(nv,)/o (Inkd;) <0

—0.38 <3 (Iny,)/3 (In kd,) < 0.18
—0.46 <8 (Iny,)/d (In kd;) < 0.21
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for ZnO-Si0, -Si. Using these results and §; in Table 2, it is found that TC,
(v,) =—0.7 to 0.1 and —0.9 to 0.1 ppm/°C for the ZnO-Si0, and ZnO-SiO,-Si
structure, respectively, while TC; (v,) = —0.9 to 0.4 and —1.4 to 0.8 for the
same layered structure.

The effect TC, (v) due to the change of TC(p;) in the jth layer becomes

TCa (v) = Z; [ 3 (Inv)/d (In py)] [ TC(p;) — TC(p;)] (N

As mentioned in section 3.1, equations for determining v, include p; only in
the form p;u; 2, When the thickness of the jth layer is sufficiently thin com-
pared with the wave length of SAW, p; has little influence on v, . When suf-
ficiently thick, v, is proportional to p j—o-s. Then,

—0.5< 3 (Inv)/d (Inp,) < 0

for both v, and v,. Therefore, TC, (v, ) and TC, (y,) become —1.8 to 0 ppm/°C
for ZnO-Si0O,, while they become —0.7 to 1.6 for Zn0O-8i0, -Si.

By considering eqn. (1) and the similar equation for U, the effect TC; (v)
due to the internal stress is given by

TCs (v) = 23 1/(2 p;v*) (d 04,9/dT) (8)

Substituting eqn. (5) into eqn. (8) and using values in Tables 1 and 2, TC,

(v,) becomes —9.3 to —5.9 and —3.8 t0 3.5 ppm/°C for the layered structure .
with the SiO, and Si substrate, respectively, while TC; (v,) becomes —10.6 to
—5.9 and —4.9 to 4.8.

In view of these results, the temperature coefficients of velocities TC(v,)
and TC(v,) are mainly determined by those of elastic constants TC(C? ).
Among five minor effects mentioned in this section, the effect of the internal
stress is the greatest.

Values of TC(CF) used in this paper were estimated by assuming that
TC(C33 E) = TC(C33P ) and TC(S;3% ) = TC(S,,E), because some of them re-
main, as yet, undetermined. The former equality is reasonable in view of a
weak piezoelectric coupling of the ZnO crystal, but the justification for as-
suming the latter equality is not clear. In consideration of these facts and the
above-mentioned assumptions, it is concluded that TC, (v,) and TC, (v,) shown
in Figs.6 and 7, do not have a quantitative meaning, but indicate a qualitative
meaning. They indicate a qualitative feature of the linear temperature coefficients
of v, and v, as the layer thickness changes, e.g. that the zero-temperature co-
efficient is realized by setting appropriate thicknesses -of the ZnO and SiO,
layers; kd, < 2.9 and kd, > 0.3 for v,; kd; < 2.0 and kd, > 0.1 for v,.

3.3 Coupling factor A v/v

Numericdl calculations for the coupling factor A v/v have been carried out
so far by using piezoelectric constants e listed in Table 1. Typical and recent
values of e and the resulting A v/v for the ZnO substrate are given in Table 3.
Definite values of e have not yet been obtained. On the other hand, a measured
value of A v/vis 0.447% for the c-cut ZnO crystal [22]. In order to estimate
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TABLE 3

Piezoelectric constant e (C/m?*), phase velocity v, (km/s) and coupling factor
A v/U (%) for the ZnO crystal

€3 €33 €5 Yp A v/v Ref.
—0.61 1.14 —0.59 2.716% 0.708% [13]
—0.62 0.96 —0.37 2.659% 0.351% [17]
—0.35¢2 1.56¢ —0.35¢ 2.655% 0.246% [23]

%These values are transferred from d constants by using C-Elisted in Table 1.

b Numerical calculations are carried out by using p, CE and 5 listed in Table 1.

values of e from the experimental values of A v/v, the effects of g;on A v/v
were calculated and shown in Fig.13. It is found that the effect of e, is much

greater than that of e;; and e 33, and that e;; has little influence on A v/v. It is
expected from curve 1 in Fig.13 that e;s = —0.44 C/m? provided that values of

e;, and ej; listed in Table 1 are correct. Kino and Wagers [2] emphasized that
e3; has an important effect on the first peak of Av/v and that e;; and e, have
a major effect on the second peak for the ZnO layer on the fused-quartz sub-
strate. Under the present condition that definite values of ¢; have not been
determined, the thickness dependence of A v/v in the preceding section has
only a qualitative meaning. Moreover, one should consider the difference be-
tween piezoelectric constants in films and crystals, when layers are prepared
by using thin film technology such as sputtering deposition.

-0.75 -0.5 ey -0.25
T
0.7F -
= o6k .
= e
<
>
<405 -
2(ey))
04F 3ey) <
L
-0.6 -05 e -04
1 | ]
1.5 1.25 e 1.0

Fig.13. Effect of piezoelectric constants e;; (C/m?) on A v/v for the c-cut ZnO crystal; e,
(curve 1) at e,, = —0.61 and e,, = 1.14, e;,(2) ate,, = 1.14 and e, = —0.438, and e,; (3)
at e,, = —0.61 and e, , = —0.438.

Material constants of the SiO, layer have been taken as those of fused-quartz
so far. It is desired that constants of the SiO, film, which is fabricated by in-
tegrated circuit technology such as chemical vapor deposition and thermal
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oxidization of Si, are measured and used to analyze SAW properties for the
combined devices.

The effects of the conductivity of Si substrates are important in practical
devices. For example, Fig.8 indicates that as the conductivity o of Si substrates
increases from zero to infinity in the transducer structures (A), (B) and (C) of
Fig.1, the coupling factor A v/v decreases, that is, the conversion loss increases.
Another important effect of the conductivity of Si substrates is the interaction
of SAW with free carriers of Si, which substantially affects the propagation
loss of SAW [7].

4. Conclusions

Completely quantitative discussions such as the determination of the layer
thickness, providing the zero-temperature coefficient and the highest electro-
mechanical coupling, could not be carried out, because definite values of ma-
terial constants for the ZnO and SiO, layers have not been obtained com-
pletely. The following qualitative results, however, were obtained for SAW
properties of the ZnO-Si0,-Si layered structure:

(1) The layered structure has a linear temperature coefficient of phase ve-
locity ranging approximately from —30 to +80 ppm/° C and that of the group
velocity from —50 to +130 ppm/° C.

(2) The zero-temperature coefficient of the velocities is reahzed by setting
an appropriate thickness d, (ZnO layer) and d, (Si0,); for the phase velocity
kd; < 2.9 and kd, > 0.3; for the group velocity kd; < 2.0 and kd, > 0.1.

(3) One should consider the thermal expansion of the layer thickness, the
change of the temperature coefficient of density and the introduction of in-
ternal stress caused by the difference of thermal expansion coefficients in the
layer and the substrate as well as the temperature coefficients of elastic
constants in order to determine the temperature coefficients of the phase and
group velocities with an accuracy of a few ppm/° C.

(4) The coupling factor for the ZnO-SiO,-Si structure has the first peak near
kd; ~ 0.2 and the second peak near kd; ~ 2.8 regardless of the SiO, layer thick-
ness and the crystallographic and electric properties of the Si substrate.

(5) The maximum value of the first peak is obtained for the layered structure
with the (001) cut <100> and <110> propagating Si substrate.

(6) The value of the coupling factor near the second peak attains a value
about 2.5 times larger than that for the ZnO crystal.

Accordingly, it is possible to make SAW devices having the high electro-
mechanical coupling and the temperature-stability for center frequency and
delay time, to which integrated circuit devices are normally associated, by
using the ZnO-Si0,-Si layered structure.
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