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Zero-Temperature-Coeflicient SAW Devices
on AIN Epitaxial Films

KAZUO TSUBOUCHI anp NOBUO MIKOSHIBA, SENIOR MEMBER, IEEE

Abstract—New thin-film technologies are required for integrating zero-
temperature-coefficient surface-acoustic-wave (SAW) devices and “ac-
tive”’ semiconductor devices into one chip, which should be called RF
IC on a silicon on sapphire or Si substrate. AIN thin film has a potential
use in SAW devices operating over the gigahertz range because of its
high SAW velocity. Zero-temperature-coefficient SAW delay lines op-
erating over 1 GHz using the AIN/sapphire combination have been fab-
ricated. Recent works on the following are discussed: 1) material growth
and evaluation of AIN material constants, 2) SAW propagation loss and
dispersion vs. frequency and film thickness, 3) effects of AIN film qual-
ities on the temperature coefficient of delay, 4) potential use for inte-
gration of RF circuit, and 5) the effect of temperature on the perfor-
mance of SAW correlator.

I. INTRODUCTION

VER THE PAST few years there has been consider-

able interest in the development of surface-acoustic-
wave (SAW) devices in high data-rate signal processing
systems such as spread-spectrum communication (SSC).
New thin-film technologies are required for integrating
zero-temperature-coefficient SAW devices and active
semiconductor devices into one chip. The one chip device
will be fabricated on a silicon on sapphire (SOS) or Si
substrate and should be called a new kind of radio fre-
quency integrated circuit (RF IC).

For a wide-band signal processing device such as a con-
volver or correlator for SSC, a high-frequency and low-
dispersion characteristic is required on the above one-chip
monolithic structure. Furthermore, in order to obtain elec-
tronic functions such as convolution or correlation due to
acoustoelectric effects, we need an electrically stable
metal-insulator-semiconductor (MIS) structure, where the
insulator should be a piezoelectric thin film.

On the other hand, in order to fabricate the one chip RF
IC, it is required that the piezoelectric thin film, which has
a large electromechanical coupling constant, should be
grown selectively onto SAW device parts of the substrate
and compatibly with silicon device fabrication process.
The thickness of the piezoelectric film will be limited to
less than about 3 um because of the defocusing of micro-
patterns in photolithography.

AIN thin films have a potential use in SAW devices op-
erating over the gigahertz frequency range because of its
high SAW velocity. Until now, however, very few reports
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have appeared on the elastic and the piezoelectric con-
stants and the temperature coeflicient of delay (TCD) for
surface acoustic waves on AIN films.

For a few years we have been studying single-crystal
AIN films on sapphire (Al,0;) and silicon (Si) substrates
obtained by epitaxial growth using metalorganic chemical
vapor deposition (MO-CVD). We have succeeded in ex-
perimentally fabricating zero temperature coefficient SAW
delay lines over 1 GHz on the AIN/Al,O; combination.

In this paper our recent works on the AIN epitaxial films
are reviewed and the potential advantages of the AIN film
are discussed for the application to the one chip RF IC.

II. EritaAXxiIAL GROWTH AND EVALUATION OF
AIN MATERIAL CONSTANTS

Thin films of AIN have been grown by various methods,
such as MO-CVD [1]-[7], sputtering {8]-[12], and mo-
lecular beam epitaxy [13]. The MO-CVD method will be
used more extensively than others because it provides a
great degree of control and reproducibility.

The schematic diagram of our MO-CVD apparatus is
illuatrated in Fig. 1. The AIN films were grown by a
chemical reaction of a trimethylaluminum vapor (TMA,
(CH;);Al) with ammonia gas (NH;) on a substrate, which
is heated with a SiC coated graphite susceptor by RF (20
kHz ~ 400 kHz) inductive heating.

A typical growth condition is shown in Table 1. The film
thickness was monitored by an interferometer consisting
of a He-Ne laser as an in situ monitor. The growth rate
of AIN film was typically 400 A /min.

From Figs. 2-4, RED patterns and scanning electron
microscope (SEM) micrographs of AIN films are shown
[6], [14]). All the AIN films are about 1.0 um thick. On
basal plane sapphire ((0001)Al,0;), AIN films grew epi-
taxially above 1180°C with the orientation relation-
ships: (0001)AIN//(0001)A1,0; and [Z110]JAIN//[0110]
Al,0O5. On (111) plane silicon, AIN films grew epitaxially
with the orientation relationships: (0001)AIN//(111)Si and
[1120]AIN//[110]Si above 1180°C, which was the same
temperature as the (0001)AIN//(0001)A1,0; case. On the
other hand, on R-plane sapphire ((1102)A1,05), AIN films
grew expitaxially above 1005°C with the orientation re-
lationships: (1120)AIN//(1102)A1,0; and [0001]AIN//
[0111]1ALO;.

The epitaxial-growth temperature on R-plane sapphire,
where the c-axis of the AIN film is parallel to the substrate
surface, is 1005°C; this is 175°C lower than the epitaxial-
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Fig. 1. Schematic diagram of MO-CVD.
TABLE I
GrowTH CONDITION OF AIN FILM
Growth temperature 1005°C — 1180°C
Bubbling H, flow rate 20 ml/min
(TMA 1.2 x 107° mol/min at 25°C)
Back up H, flow rate 5.0 I/min
HN; flow rate 3.0 UVmin
TMA nozzle— 1.5 c¢m

substrate distance

(O001)AIN//(0001)Al203

1200°C

1180°C

1140°C

Fig. 2. RED patterns (left} and SEM micrographs (right) of AIN/(basal plane) Al,O; at growth temperature 7 = 1200, 1180,
and 1140°C, respectively.
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(OO01)AIN//(111)Si

Fig. 3. RED patterns (left) and SEM micrographs (right) of AIN/(111)Si at growth temperature 7 = 1260, 1180, and 1110°C,
respectively.

growth temperature where the c-axis of the AIN film is
normal to the substrate surface.

For our device fabrication, we used only the single-crys-
tal AIN films whose RED patterns showed individual
spots.

Until now, elastic and the piezoelectric constants of
AIN are not fully determined because a large-size bulk
crystal has not been obtained. We have determined AIN
material constants by computer fitting with experimental
data of SAW characteristics on AIN films [15].

In order to determine the unknown constants of AIN,
we assume Rayleigh-wave velocity v as a function of the
unknown constants and the normalized film thickness kH
of AIN films (where k is the wave number, and H is the
film thickness), i.e.,

— E E E E E S _S§
v = f(CTy, Cha, Cz, C33, Cyg, €71, €733,

eys, €3y, €13, kH)

o))

where C,f 65 and e; are the stiffness constants, permit-

tivity, and piezoelectric constants, respectively. The other
known constants used in the calculation were the mass

density of AIN; p = 3.26 x 10* kg/m® [16], and the ma-
terial constants of Al,O; listed in the Microwave Acoustic
Handbook [17].

The finding of AIN material constants was carried out
by essentially trial and error many times to give an overall
fitting of the calculated values with all the experimental
data of phase velocity v and the coupling constants 2
(Av/v). The fitting results are shown in Figs. 5 and 6,
where the previously reported experimental data on R-
plane sapphire [2]-[5], [32] are shown as well as our data.

The material constants of AIN obtained by the computer
fitting are

[3.45 125 1.20 0 0]

1.25 3.45 1.20 0 0
- 1.20 1.20 3.95 0 0 10" N/,

0 0 0 118 0 0O

0O 0 0 0 118 0©

0 0 0 0 0 1.10
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(1120)AIN//(1102)Al203

1180°C

1005°C

990°C

Fig. 4. RED patterns (left) and SEM micrographs (right) of AIN/(R-plane) Al,0; at growth temperature 7 = 1180, 1005 and
990°C, respectively.

0 0 0 0 -048 O
el =| O 0 0 -048 0 O}(C/m)
—~0.58 —0.58 1.55 0 0 O
80 0 O
[e]= 0 80 0 (107" F/m).
0 0 95

The comparison between these values of AIN material
constants by computer fitting and those reported previ-
ously are shown in Table II. Until now, only six compo-
nents of material constants have been reported {18], [19]
and a different set of constants was used. Therefore, we
changed our set of constants for the comparison. The
agreement between ours and others seems to be reason-
able in view of the scattering of fitting experimental data.
It is thought that the average error is within a few percent
in our calculation.

We determined the sign of the piezoelectric constant d,5
to be negative because a positive d;5 caused an unreason-

ably small coupling constant 2 (Av/v), compared to the
values of experimental data.

III. ZERO-TEMPERATURE-COEFFICIENT SAW DELAY
LiNe on AIN/ALO,

Temperature stability is an important property in tapped-
delay-line type SAW correlators, SAW resonators, SAW
delay lines, and so on. Although Liu ez al. [22] reported
that AIN is expected to have a negative temperature coef-
ficient of delay, Kagiwada et al. [5] later showed that it
has a positive temperature coefficient of delay. Recently,
Wang et al. [12] reported on low-temperature-coefficient
bulk-acoustic-wave composite resonators with AIN/Si
structures. We have investigated the temperature depen-
dence of SAW propagation delay time on AIN films epi-
taxially grown on basal and R-plane sapphires.

Temperature coefficient of delay was determined by
measuring a frequency change of a SAW delay line oscil-
lator. The oscillation frequency was measured using an
HP8568A spectrum analyzer. Only the SAW delay line was

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 01:00:08 EST from IEEE Xplore. Restrictions apply.



638
58 — : , — .
(0001)AIN/(0001)ALO;
L B eI TS~ Calculated Curve
A" Tl
_. ST00f A n 2A & ~~_ J
®2 ~-- AA AA ‘\é\\
£ . 2 -
~ A
> i 4
=
S
¥ 5600 -
4
é o} 8 — O (H20)Al;05
@ ---- A (110018503
o
§500 —L 1 i — L .
0 1 2 3 4 5
kH
(a)
04 - 7T L S— T
(DOONAIN/{000AIZ03
— O 1201 A1;04
---- 4 1100] Al;0
03+ 203 _j
Calculated Curve
L TSNS -
,,// ——————————
s/
R ]
= 0.2 ;
/
~ /
/
I / A
< ! o
o1+ /A i
/o §9
/ o o
7 8s 8 o |
4
sy
0 i "l 1 — 1
0 [ 2 3 4 5

KH
(b)
Fig. 5. Experimental data and calculated curves. (a) Phase velocities. (b)
Coupling coefficients of Rayleigh waves on (0001) AIN/(0001) Al,O,.

set in a thermostatic oven and its ambient temperature was
changed from O to 50°C.

A temperature dependence of oscillation frequency of a
(0001)AIN/(0001) [1T00]Al,0; SAW delay line oscillator
is shown in Fig. 7. The direction of [1100] means the SAW
propagation direction on the (0001)AL, O, surface and the
normalized thickness of the AIN film &H is 3.75. The ac-
tual thickness of the AIN film A was 3.0 um and the pitch
of the interdigital transducer (IDT) was 1.25 um (= N4,
A; SAW wavelength). The oscillation frequency of 1.139
GHz was very stable throughout the temperature range,
especially from 5 to 40°C [20].

In Fig. 8 the fractional frequency change Af/fy of the
oscillation frequency versus temperature is shown for the
normalized AIN film thickness kH = 1.7, 2.3, and 3.0 on
R-plane sapphire, respectively. The propagation direction
of SAW was along the c-axis of AIN. When increasing the
kH value from 2.3 to 3.0, the slope of the temperature de-
pendence changed from negative to positive.

The variations of the measured TCD’s at room temper-
ature (25°C) with normalized AIN film thickness are
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Fig. 6. Experimental data and calculated curves of Rayleigh waves on
(1120) AIN (0112) Al,O,. (a) Phase velocities. {b) Coupling coefficients.
The previously reported experimental data (2], [32], {3], [4], and
[5] are shown with our data.

TABLE 11
COMPARISON BETWEEN THE PRESENT AND PREVIOUS MATERIAL
CONSTANTS OF AIN

Values Reported

Present Values previously Reference
CH (N/m?) 3.95 x 10" 4.04 x 10" 18]
C% (N/m?) 4.20 x 10" 4.17 x 10"
SE (m?/N) 3.53 x 10712 3.30 x 107"
e 12.0 ¢ 11.4 ¢
d,s (C/N) -4.07 x 107" 4 x 1077 {19}
ds, (C/N) -2.65 x 1077 -2 x 107"
ds; (C/N) 5.53 x 1072 5 x 107"

shown in Fig. 9 for three kinds of AIN/Al,O; combina-
tions on R-plane and basal plane sapphire. It is evident
that the TCD’s for three kinds of AIN/Al,O; combina-
tions decreased with increasing kH and reached zero at
kH = 27, 3.7, and 4.5 for (1120) [0001]JAIN/(0112)
[0111]A1,04, (0001)AIN/(0001) [1100]A1,03, and (0001)/
AIN/(0001) [1120]AL,0, combinations, respectively.

We have determined the temperature coeflicients of the
stiffness of AIN film by computer fitting using the exper-
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Fig. 7. Temperature dependence of oscillation frequency of AlN/basal-
plane Al,O; SAW delay-line oscillator of kH = 3.75.
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Fig. 8. Fractional frequency change Af/f, of oscillation frequency versus
temperature for AIN/R-plane Al,O; SAW oscillators of kH = 1.7, 2.3 and
3.0, respectively.
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Fig. 9. TCD at 25°C vs. kH for three kinds of AIN/Al,0; combinations on
R-plane and basal plane sapphire and computer fitting curves.

imental data of AIN/AlL,Q; combinations. TCD is approx-

imated as follows
TCD = o« — TCVY )

where

639

TABLE 111
MATERIAL CONSTANTS AND TEMPERATURE COEFFICIENT OF STIFFNESS TC
(C5) FOR AIN AND Al,04

Material AIN ALO,
o (Kg/m®) 3.26 x 10° 3.98 x 10° .
CcE (N/m?) 3.45 x 10" 4.97 x 10*
Cc5 3.95 4.98
Cct, 1.25 1.64
CE 1.20 1.11
CE —0.235
CE 1.18 1.47
e (C/m?) -0.58
[ 1.55
es -0.48
e, (F/m) 8.0 x 107" 8.28 x 107"
e, 9.5 10.2
a, (1/°C) 5.27 x 10°¢ 7.28 x 107°
a3 4.15 8.11
TC (CE) (1/°C) 0.8 x 107* -0.75 x 107*
TC (C5) 1.0 ~0.85
TC (CF) 1.8 0.40
TC (C$y) 1.6 -0.80
TC (C}y) -0.70
TC (CL) 0.5 -1.80
References (15], (161, [29], [31] [17]; [29], [30]
1 v,(35°C) — v, (15°C
TCV = - s ) S s( ) (3)
v, (25°C) 20°C

« is the thermal expansion coefficient along the SAW
propagation direction, and v, is the SAW phase velocity at
each temperature. The computer calculation method for
the layer structure was similar to that of [21]. The material
constants used for the computer calculation are listed in
Table III together with the temperature coefficient of stiff-
ness constants TC(Cg) for the AIN film.

From the experimental results and the theoretical eval-
uation for the SAW properties on our AIN films, we can
conclude that single-crystal AIN has a negative TCD of
about —30 ppm/°C, and it is expected to obtain a zero
TCD by combination with appropriate positive TCD sub-
strates.

IV. SAW PROPAGATION Loss AND DISPERSION
oN AIN FILMs

Propagation loss and dispersion of SAW are also the im-
portant properties. We measured propagation loss of SAW
on AIN films on sapphire substrates in the frequency range
of 490 MHz and 1200 MHz by a laser probing method.
The as-grown surfaces of AIN films grown at T ~ 1180°C
were not smooth enough to fabricate IDT’s on the sur-
face, and they were polished slightly with 0.3-um alumina
powders. On the other hand, the as-grown surface at T ~
1005°C and 990°C were smooth enough to fabricate
IDT’s but their films showed a higher loss than those of
the polished surfaces and exhibited about a half value of
the coupling constants of the films grown at T ~ 1180°C.

In Fig. 10, SAW propagation loss versus AIN film thick-
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Fig. 10. Propagation loss of SAW versus AIN film thickness for AIN/R-
plane sapphire in the frequency range. (a) 490 ~ 750 MHz. (b) 940 ~
1200 MHz.

ness on R-plane sapphire is shown with frequency as a
parameter. When increasing the thickness of AIN film, the
SAW propagation loss is increased. The propagation loss
on our AIN films seems to be due to surface roughness
and defects in the film.

In Fig. 11, propagation loss of SAW versus AIN film
thickness is shown for AlN/basal plane and R-plane sap-
phire in the frequency range of 690 MHz and 750 MHz.
The propagation loss on AlN/basal-plane sapphire is much
lower than that of AIN/R-plane sapphire. The reason seems
due to the difference of the quality of the grown AIN film.

Using the obtained material constants of AIN, we cal-
culated the phase velocity dispersion versus film thickness
of AIN on sapphire and silicon substrates. The results are
shown in Fig. 12. We compare SAW dispersion curves for
AIN/ALO5, AIN/Si, Zn0/Al,0,, and ZnO/Si combina-
tions. Comparing with the ZnO film, the AIN films show
high-frequency and low-dispersion characteristics in SAW
propagation, because of the AIN’s high SAW velocity. The
lowest dispersion curve is obtained for (0001)AIN/
(0001) [1120]A1,0; combination, although the coupling
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Fig. 11. Propagation loss of SAW versus AIN film thickness for AIN/basal-
plane and R-plane sapphire in the frequency range of 690 MHz and 750
MHz.
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Fig. 12. Comparison of SAW dispersion curves for AIN/AL,O;, AIN/Si,
Zn0O/Al,0;, and ZnO/Si combinations.

constant is about 0.2 percent as shown in Fig. 5. In the
case of AIN/R-plane sapphire, i.e. (1120) [0001]AIN/
(0112) [0111]A1,04 combination, we can obtain a low-dis-
persion curve in conjunction with a moderate coupling of
about 0.8 percent as shown in Fig. 6.

V. QUALITIES AND REPRODUCIBILITIES
ofF AIN FiLMms

We have tested electrical properties of AIN films [23]-
[25]. As shown in Figs. 13-15, we have already demon-
strated that a MIS structure of Al/AIN/Si is a useful ma-
terial combination. AIN film seems to be a good electrical
insulating layer (resistivity ~ 10'® Qcm, breakdown field >
10 V/cm), a good passivation layer (the interface state
density ~ 10'" eV ~' cm 72, the electron capture cross sec-
tion ~ 10 7'7 cm?) as well as a good piezoelectric layer. In
order to obtain electronic functions such as convolution
and correlation due to acoustoelectric effects, it is possible
to use the nonlinear capacitance of the metal/AIN/Si

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 01:00:08 EST from IEEE Xplore. Restrictions apply.
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Fig. 15. Interface state density N, and electron capture cross section o, of
interface states at AIN/Si.

structure in a future monolithic SAW device on a silicon
and SOS substrate.

When we consider a fabrication process for SAW de-
vices on AIN films grown by MO-CVD in the UHF fre-
quency range, a big problem is the surface morphology of
as-grown films. The hillock-like surface morphology as
shown in Figs. 2-5 is not smooth enough to fabricate an
IDT of pitch less than 3 um by photolithography, while
also causing large SAW propagation loss in the gigahertz
range.

Very recently, a quite smooth-surface morphology of as-
grown AIN film on (111) Si substrate was reported from a
group of Clarion Co. Ltd. [26] as shown in Fig. 16. Its
RHEED pattern showed streak lines which meant that the
AIN film was a more perfect single-crystal film than those

in Figs. 2-4. Therefore, it is worthwhile to find out the
best growth condition which gives a smooth surface mor-
phology of as-grown film.

The next problem is the reproducibility of the AIN film
which give a zero TCD. In Fig. 17, TCD values at 25°C
are shown for many our AIN films on R-plane sapphire
substrates together with the data previously reported by
Liu et al. [22], Kagiwada ef al. [5], and Hurlburt [27].
There is a big scattering in the TCD values. Some TCD
values of our AIN films are very similar to those previ-
ously reported by Liu et al. and Kagiwada et al.

The main reasons for such a big scattering in TCD
would be due to some differences of AIN film qualities:
1) single-crystal film or poly-crystal film, 2) oxygen con-
tent, and 3) strain in the film.

We used only the single-crystal AIN films whose RED
patterns showed individual spots. From our experimental
data on the precise values of lattice constants of AIN films,
which will give some information about strain in the film,
it seems that there is no obvious correlation between the
lattice constants and the TCD values.

On the other hand, as shown in Fig. 18, there is a tend-
ency of correlation between the TCD values and the resid-
ual oxygen values which were determined by Auger elec-
tron spectroscopy (AES). The group of the AIN film, in
which the oxygen content was from three to four percent
showed the rapid decrease of TCD value with the increase
of the thickness of AIN film and crossed a zero TCD value.
The absolute value of the oxygen content by AES is not
reliable because the AIN samples were set in the atmo-
sphere. Another ambiguity is that the oxygen atoms will
induce crystalline defects in the film and there will be
complicated phenomena between oxygen content and
crystalline imperfection.

At the present time, it could be suggested that there is
a tendency for correlation between a zero TCD value and
the oxygen content.

VI. PoteNTIAL OF AIN FILM FOR
ONE-CHIP RF IC

Extending the performance of SAW devices requires an
integration of acoustic and electric functions into a mo-
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RHEED

1t

Fig. 16. Surface morphology and its RHEED pattern of as-grown AIN film on (111)Si [26].
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Fig. 17. TCD at 25°C vs. kH for AIN/R-plane sapphire combinations. The
previously reported data of [22], [S], and [27] are shown as well as our
data.

nolithic structure such as SAW devices on an SOS or Si
substrate. AIN film has some potential advantages for the
integration because of the possibility of integrating zero
temperature coefficient SAW devices and active semicon-
ductor devices into one chip on sapphire or silicon.

For example, a compact and mobile SSC transceiver
needs the integration of SAW devices and semiconductor
devices into one chip. One of the key devices in a SSC
transceiver is a SAW correlator. For a wide band signal
processing such as SSC, a large coupling constant for SAW
generation is needed. The maximum bandwidth Af is re-
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Fig. 18. Correlation between TCD and the oxygen content in AIN films for
AIN/R-plane sapphire combination.

lated to a coupling 2Av/v as follows
(Af/fy) = V4QRaviv)/T 4)

where f; is the center frequency. In the case of AIN/R-
plane sapphire, we can obtain 2Av/v ~ 0.8 percent and
(Af/fy) ~ 10 percent, and for example, Af = 100 MHz
in the case of f = 1000 MHz.

On the other hand, a simple SAW correlator is a tapped
delay line correlator, but the performance of the correlator
is strongly degraded due to a temperature change [28].
For example, a tapped delay line correlator with center
frequency fo = 1000 MHz, code length N = 255 chips
(time-bandwidth product = 510), code rate f, = 50 MHz,
TCD = 10 ppm/°C, and the length of SAW correlator =
30 mm, the correlation peak is degraded by 3 dB at the
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temperature difference AT = 10 °C and to zero at AT =
20°C.

In order to pick up the full potential of AIN film, an
example of RF IC in the gigahertz range is proposed in
[14]. As shown in the schematic figure [14], the one-chip
spread spectrum demodulator includes the temperature
stable devices as SAW bandpass filters, SAW oscillators,
SAW correlators and SAW delay lines, and the active Si
devices of amplifiers, mixers, AGC circuits and so on,
with AIN-SOS combination.

V. SUMMARY

We have determined the material constants of AIN using
epitaxial films grown by a metal-organic chemical vapor
deposition on sapphire and silicon substrates. We have
succeeded in experimentally fabricating zero temperature
coefficient SAW delay lines on AIN/AI,O; combination.
We have also found that AIN has a negative temperature
coefficient of delay for SAW propagation.

The reproducibility of zero temperature coefficient of
delay for SAW propagation seems to depend on oxygen
contamination in AIN film. The surface morphology of as-
grown film which mainly gives a surface-acoustic-wave
propagation loss will be controlled by a careful film-
growth technique.

It could be concluded that AIN film is a prospective ma-
terial for thin film SAW devices and has a high potential
for a one-chip RF IC such as an integrated spread spec-
trum transceiver incorporating zero-temperature-coeffi-
cient SAW correlators. Much more study is necessary to
realize the full potential of AIN films for a SAW-device-
based RF IC.
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