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The use of a protective wear-resistant amorphous SiAlO,N thin film overlayer (amorphous SiO,-AIN alloy) on
top of surface acoustic wave (SAW) devices is demonstrated on both quartz and langatate substrates. SiAIO,N
films were deposited by RF magnetron sputtering onto sapphire substrates, quartz SAW devices, and
langatate SAW devices. The SiAlO,N layer had an amorphous structure, a density of 2.8 + 0.1 g/cm?, a rough-
ness less than 1 nm as measured by X-ray reflectivity, and a dielectric permittivity of 7.5 4 0.05 as deter-
mined from microfabricated SiAlO,N capacitors. SiAIO,N elastic constants C;; and C44 were extracted using
a numerical implementation of the matrix method for SAWs traveling in multilayer structures, and were
found to be C;; = 160 4 30 GPa and C44 = 55 + 5 GPa. The operating frequencies of quartz SAW devices
covered with SiAlO,N coatings were only slightly perturbed, but the temperature coefficient of delay (TCD)
near 100 °C increased significantly by 250 ppm/°C. For langatate SAW devices, the SiAlO,N coating contrib-
uted an additional 8.5 dB to device transmission loss but the TCDs were minimally affected for SiAIO,N thick-
nesses up to 800 nm. This result suggests that langatate SAW devices for which temperature-frequency
characteristics are important can be designed without consideration of the multi-layer structure, which
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greatly simplifies device design and modeling.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Piezoelectric single crystals such as gallium phosphate (GaPOy,)
and the LGX family, including langasite (La3GasSiOq4), langatate
(LazGassTags0q4), and langanite (LazGassNbgs0i4), have been
recently studied as potential alternatives to quartz in RF communica-
tion and sensor acoustic wave device applications [1-4]. These mate-
rials exhibit higher piezoelectric coupling compared to quartz, have
experimentally demonstrated temperature compensated orienta-
tions, and can operate at significantly higher temperatures than
quartz, which is no longer piezoelectric above its crystalline phase tran-
sition at 573 °C [5]. Gallium phosphate retains its piezoelectricity up to
933 °C[1], while the LGX family remain piezoelectric up to their melt-
ing points at or above 1470 °C[1]. To use these materials as microwave
acoustic sensor devices in high temperature and/or harsh environ-
ments, not only does the piezoelectric bulk crystal need to remain sta-
ble, but the crystal surface and device electrodes also need to resist
mechanical and chemical degradation during operation. For example,
to transmit power using surface acoustic waves (SAWs), the surface of
the piezoelectric crystal must have a roughness much smaller than
the SAW wavelength, typically a few microns or less. In this paper, we
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discuss the use of SixAlyO,N; _ x _y _, thin film overlayer coatings
(denoted as ‘SiAION’) deposited on top of SAW devices as a way of
achieving protection against surface scratching and pitting of the piezo-
electric crystal as well as protecting the device electrodes against oxida-
tion or chemical degradation.

SiAION ceramics have desirable hardness, wearability, and fracture
toughness properties that make them useful materials in a variety
of high temperature applications including gas turbines, high speed
cutting tools, ceramic valves and piston pins, and turbocharger rotors
[6-9]. When deposited in thin film form by reactive RF magnetron
sputtering, SiAION coatings are amorphous, are extremely smooth,
and exhibit excellent wear resistance [8]. These properties of SIAION
films, along with the ease of manufacture on top of fabricated SAW de-
vices, make them excellent candidates as protective layers for acoustic
devices deployed in harsh environments.

Previous reports have shown that thin film overlayers on top of
SAW devices can be used to reduce wear in SAW-driven linear motors
[10] or to provide an oxidation barrier for interdigital transducer
(IDT) electrodes at high temperatures [11,12]. When thin film coat-
ings are present on top of the SAW devices, parameters such as trans-
mission loss, operating frequency, and temperature behavior can be
significantly modified from the bare device values, particularly if the
films are thick relative to the wavelength of the SAW device [13-18].
For example, SiO, films with a thickness of 6 um (h/\ ~ 60% where
h is the film thickness and N\ is the SAW wavelength) have been used
on top of lithium tantalate SAW devices to purposefully change the
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temperature coefficient of delay (TCD) [14]. TCD =14, where 7 is
the SAW group delay between IDTs and T is the temperature, is an im-
portant measure of how thermally stable an acoustic wave device is.
Accurate design and modeling of SAW devices require that the acous-
tic wave characteristics of thin film overlayer coatings be precisely
known.

The most important physical properties that are needed for
modeling of SAW devices covered with a thin film overlayer are the
film density, thickness, dielectric permittivity, and elastic moduli
[16,19]. Since the elastic moduli of SiAION materials are known to
depend on their specific stoichiometry [20], it is very important to
deposit the films under precise control and fully characterize them
in terms of composition, structure, and modulus, and to determine
how the resulting film properties influence SAW device behavior. In
this work, we have chosen a single film stoichiometry, SiAIO,N, for
all of the experiments, and have determined the film elastic moduli
from group velocity measurements of surface acoustic waves travel-
ing on the SiAIO,N covered substrates. The influence of SiAlO;N
overlayers on SAW device operating frequency and temperature coeffi-
cient of delay has also been measured, thereby enabling optimum SAW
device design and modeling for operation in harsh environments.

2. Experimental details

SiAIO;N thin films were deposited to nominal thicknesses of
20 nm, 200 nm, and 800 nm onto r-cut sapphire substrates, quartz
SAW devices, and langatate (LGT) SAW devices in an ultra-high vac-
uum deposition chamber that is directly coupled to an analysis cham-
ber for determination of film composition using X-ray photoelectron
spectroscopy (XPS) [21]. Depositions were performed by reactive
RF magnetron co-sputtering of aluminum and silicon targets in an
Ar/0,/N, atmosphere at a pressure of 0.4 + 0.07 Pa. The magnetron
sources were operated with an RF power of 110 W and 130 W for the
Si and Al targets, respectively, and the deposition rate (0.55 A/s) was
monitored by a quartz crystal oscillator. The substrate temperature
was not actively controlled and typically rose to ~40 °C over the
course of the deposition.

The chemical composition of each SiAIO,N film was measured
with XPS using a SPECs Phoibos-HSA 3000 hemispherical electron
analyzer, operated with a 20 eV pass energy in fixed analyzer trans-
mission mode. Areas of the Si2p, Al2p, O1s, and N1s photoelectron
peaks were used to quantify the stoichiometry, using a Shirley back-
ground subtraction [22] and relative sensitivity factor corrections
[23]. Twelve SiAlO,N films grown on sapphire substrates had the fol-
lowing mean elemental percent compositions: Si: 19 4+ 1 at.%, Al:
20 + 1 at.%, N: 20 &+ 2 at.%, and O: 41 + 2 at.%, where the uncer-
tainties are given by the standard deviation of the film compositions.
Films with this stoichiometry can also be thought of as SiO,-AIN
amorphous alloys. This same film composition was also used on all
of the SAW devices.

X-ray diffraction (XRD) and X-ray reflectivity (XRR) were used to
determine the structure, density, roughness, and thickness of a set of
SiAlO,N films grown on bare r-cut (1012) sapphire substrates. The
XRD and XRR measurements were performed with a PANalytical
X'Pert Pro MRD diffractometer using Cu Ko radiation. The XRD
measurements used the Bragg-Brentano geometry with a 1/16°
fixed divergence slit on the incident beam side and a 100 channel
PANalytical X'Celerator detector with Soller slits on the diffracted
beam side. For the XRR measurements, the experimental setup
consisted of an X-ray mirror and 1/16° fixed divergence slit on the
incident beam side and a 0.27° parallel plate collimator fitted with a
receiving slit on the diffracted beam side. XRR scans were started at
o = 0.1°, well below the critical angle of both the film and substrate,
and were stopped when the reflected intensity fell below the noise
floor, typically around 2° < o < 3°.

Parallel plate capacitors with a SiAlO,N thin film dielectric layer
were fabricated on fused quartz substrates to determine the SiAlIO,N
dielectric permittivity (Fig. 1a & b). A 200 nm thick Al ground plane
was sputter deposited on top of the substrate, and a stainless steel
mask was placed over one corner prior to the SiAlO,N deposition
to allow for electrical contact with the ground plane. Following
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Fig. 1. SiAlO,N capacitors: (a) side view schematic showing layer thicknesses and (b) top
view schematic showing layout of electrodes for measuring capacitance. During the
SiAIO,N deposition, one corner was masked off to allow for electrical contact with the
ground plane. (c) Micrograph of Al electrodes used for SiAlIO>N ¢, determination. Of the
eight capacitors fabricated, four had circular electrodes and four had square electrodes
as shown in (b).
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deposition of a 1 um thick SiAlO,N layer, Al top electrodes were
photolithographically patterned as either 1 mm diameter circles or
squares with 1 mm side length (Fig. 1c). Capacitances were measured
using a microprobe station and an Agilent 4284A Precision LCR meter
at 10 kHz, a frequency selected since it did not introduce parasitic
measurement artifacts resulting from the experimental setup.

ST-cut quartz was used to fabricate SAW devices for extraction of
elastic constants because quartz wafers are readily available and the
acoustic properties of this substrate are very well known [24]. SAW
devices were fabricated along two different orientations: (i) ST-X
with Euler angles (0°, 132.75° 0°) and (ii) ST-40° with Euler angles
(0°,132.75°,40°). These two quartz orientations were chosen because
they are the two orientations in the ST plane exhibiting no power
flow angle, which simplifies device design. For each of the two orien-
tations, four sets of four SAW delay lines were fabricated; a represen-
tative set of four SAW delay lines is shown in Fig. 2. All transducers,
fabricated using 150 nm Al on top of a 15 nm Cr adhesion layer, had
50N\ wide apertures and were 80\ in length. Within each set, the
eight split-finger IDTs (N = 32 um) were identical, and the only dif-
ference between the devices was the delay path length between
IDTs. For each orientation, one set of four devices was left bare and
the remaining three sets of four devices were coated with three dif-
ferent SiAlO,N thicknesses: 20 nm, 200 nm, and 800 nm.

The S-parameters for the quartz SAW delay lines were measured
at room temperature using an Agilent 8753 ES network analyzer
and a Cascade Microtech RF probe station. 1601 measurement points
were recorded in a4 MHz wide window centered on the maximum of
|S21]. Time gating was used to remove electromagnetic feed-through,
residual SAW triple transit, and other spurious acoustic reflections.
These data were used in the extraction of the elastic constants Cq;
and C44. The devices with the shortest delay length (labeled ‘a’ in
Fig. 2) were measured between 15 °C and 135 °C at 10 °C intervals
using the RF probe station, network analyzer, and a Temptronic ther-
mal chuck with 0.1 °C resolution.

A set of six langatate (LGT) SAW devices in the (90°, 23°, ¥) plane
with propagation directions ¥ = 0°, 13°,48°,77°,119°, 123° was also
fabricated. This plane was selected due to its piezoelectric coupling,
K?, in the plane reaching a value of close to 0.7% in the vicinity of tem-
perature compensated orientations [4]. One LGT wafer, containing the
¥ = 0°,48° 123° devices, was coated with 500 nm of SiAIO,N, while
the other wafer, with the ¥ = 13°,77°, 119° devices, was coated with
800 nm of SiAlO,N. The TCDs of LGT (90°, 23°, ¥') SAW devices cov-
ered with a SiAlO,N overlayer were also measured over the same
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Fig. 2. SAW delay lines on quartz used for SiAlO,N elastic constant extraction. The IDTs
of all devices are identical; the only difference between the devices is the length of the
IDT center-to-center delay paths as indicated in the figure.

temperature range as the quartz devices. For temperature measure-
ments on both the quartz and LGT devices, a resistance temperature
detector mounted on a substrate of the same thickness as that of
the devices was used to accurately record the temperature at the
surface of the substrate. For the LGT devices, the surface temperature
diverged from the thermal chuck temperature by as much as 5 °C at
the higher temperatures.

3. Results and discussion
3.1. SiAlOyN film structure, density, and thickness

The ©-20 XRD scans from the SiAlO,N films exhibited a broad
~15° wide peak centered at 20 = 13°, corresponding to short range
order in the film on the length scale of ~7 A. Grazing incidence XRD,
performed to avoid the large substrate diffraction peaks, also revealed
no diffraction peaks from the SiAlO;N films, indicating that they are
amorphous, in agreement with [8]. A representative XRR spectrum
(Fig. 3) shows periodic interference fringes that arise between
X-rays scattered from the surface and the film/substrate interface.
X'Pert Reflectivity software (PANalytical) was used to determine film
thickness by measuring the periodicity of the fringes as described in
[25]. Film densities were determined by measuring the critical
angle, ®. where the XRR intensity falls to half of its maximum
value. The measured density of all the SiAlO;N films was found to
be 2.8 + 0.1 g/cm?, lower than the 3.7-4.1 g/cm> values reported
for bulk SiAION samples [20].

Using the determined film thicknesses and densities, simulated
XRR spectra were created by the X'Pert Reflectivity software (Fig. 3).
The accuracies in the extracted film thickness and density were eval-
uated by visual comparison of XRR simulated spectra with measured
data. The precision of the film thickness measurements was better
than 5 A. Slight changes in the values of the film thickness and densi-
ty lead to differences between simulated and experimental data
which are readily detectable by visual inspection. For example, a
change in the film thickness from 535 A to 545 A input into the sim-
ulation program leads to a change in the number of fringes present
in the simulated spectrum from 33 to 34 between the angles of
0.3 < ® < 2.9. Compared to thickness changes, modifications to the
film density had a less pronounced effect; the precision of the density
determination was only +0.1 g/cm?>. The simulations were also used
to extract film roughness. The angle at which an XRR spectrum begins

Intensity

0.5 1 1.5 2 25 3
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Fig. 3. An example of an X-ray reflectivity spectrum from a SiAlO,N thin film. A thick-
ness of 535.0 A was determined from the spacing of the fringes. The film density was
determined to be 2.76 g/cm® from the location of the critical angle (the angle at
which the intensity drops to half of its maximum value). The roughness of both the
film surface and the interfacial boundaries was determined to be <10 A from modeling
the decay of the interference fringes. The circles denote measured data points and the
solid trace corresponds to the modeled data.
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to approach the noise level is inversely related to film roughness. For
all SiAIO,N films studied, the roughness was determined to be 10 Aor
less over the several mm? area probed by the X-ray beam, consistent
with the fact that the XRR interference fringes persist to angles of
o >3°

3.2. SiAlON film dielectric permittivity

The area of the electrodes in the capacitor structures used to mea-
sure dielectric permittivity was determined with an optical micro-
scope at 50x magnification to an accuracy of better than 1 um as
validated by a Geller MicroAnalytical MRS-3 magnification calibration
standard. The uncertainty of the edge and radii length for these
capacitors was + 15 um corresponding to a 0.5% uncertainty in the
relative dielectric constant. To verify the 1 um thickness of the SiAIO,N
layer, a mechanical profilometer was used since the upper limit for
thickness determinations using XRR is around 400 nm. The actual
thickness of the SiAlO,N layer was determined by the profilometer
to be 998 £+ 2 nm.

The measured capacitances, electrode areas, and extracted relative
dielectric constants from the capacitors are shown in Table 1, where
the capacitor numbers refer to the labels in Fig. 1b. The extracted per-
mittivities, €, were calculated using the well-known expression for
an infinite parallel plate capacitor [26]: C = &£0A/d, where C is the
measured capacitance, & is the permittivity of free space (8.854 x
10712 F/m), A is the area of the electrode, and d is the thickness of
the dielectric. Capacitors with finite area electrodes have, in practice,
measured capacitances that are higher than those predicted by the
infinite parallel plate case due to fringing electric fields. This added
contribution to the capacitance was modeled as being proportional
to the electrode circumference [26], which falls off as the ratio of
the electrode lateral dimensions to the dielectric thickness ap-
proaches infinity. The effect of fringing fields on the dielectric con-
stant extracted from capacitance measurements was considered
negligible, since the ratio of the electrode lateral dimensions to the
film thickness is 1000:1. It has been reported [26] that the fringing
fields introduce a 2% error in dielectric constant determinations for
capacitors with an electrode diameter to film thickness ratio of
134:1, which is nearly an order of magnitude smaller than the ratio
used here. The relative permittivity of the SiAlO,N films was deter-
mined to be 7.5 4 0.05 extracted from a sample set of six capacitors.

3.3. SiAlO;N elastic constants

The elastic constants, C;; and Cag4, of isotropic SiAlO,N films were
determined by measuring the propagation of SAWSs on devices cov-
ered with SiAlO,N thin film overlayers. When SAWs propagate
along an uncoated crystal surface, the wave is dispersionless and
the phase and group velocities are therefore the same [14]. However,
when SAWs travel on a substrate beneath the SiAlO,N overlayer, the
waves are dispersive in nature [14]. The measured velocity is, in this

Table 1

Measured capacitances and dielectric constants of SiAlO,N capacitors.
Capacitor # C* (pF) A (m?*1077) e
1 57.9 8.53 7.7 +£0.2
2 43.9 6.60 73 £ 05
3 61.9 9.51 7.3 +£ 0.2
4 44.9 6.89 74 + 0.5
5 59.6 9.07 74 £ 02
6 -b - -
7 59.2 8.96 74 4+ 0.2
8 48.5 =€ -

@ Capacitances measured at 10 kHz.
b Short-circuited.
¢ Electrode was irregularly shaped and area could not be quantified.

case, the group velocity, vy = 0 ®/0 k, and not simply the phase
velocity, v, = w/k, where o is the angular frequency of the wave
and k is the wave number. The SAW group velocity was determined
by considering the differential group delay between devices with
different delay path lengths. The group delay, T,, of each device was
determined from the slope of the phase of the transmission signal:
Ty = — 0 ¢/0 o, where ¢ is the phase of Sy;. In principle, only two
devices with different delay path lengths are needed to determine
the SAW velocity. If the IDTs are identical in both devices, the delay
time difference measured between the two devices can be attributed
entirely to the difference in the delay path length. Device fabrication
variations may result in slight differences in the measured velocities.
To determine group velocity, one plots group delay as a function of
delay path length and fits a straight line to the data points. The
group velocity is given by the reciprocal of the slope of this fit. Though
two points are all that is needed to define a line, the confidence in the
value of the slope is presumed to increase with the number of data
points. In this work, four data points were available from measure-
ments on devices with four different path lengths (Fig. 2).

The extraction of elastic constants for SiAIO,N films was accom-
plished using a numerical implementation of the matrix method
reported in reference [16]. This method can be used to calculate the
SAW propagation characteristics of an n-layered structure provided
the density as well as the elastic and dielectric properties of each
layer are known [16]. Conversely, if the properties of film overlayers
are at first unknown, the group velocity of multilayered structures
can be measured and the acoustic properties of the layers can be
extracted from these measurements [19].

Since the SiAlO,N film density, p, and permittivity, €., were deter-
mined independently in this work, the remaining material properties
required for acoustic wave calculations are film elastic constants. In
the theory of linear elasticity, there are two independent elastic con-
stants, Cy; and Cyq, for an isotropic homogenous medium such as the
SiAlO,N film considered in this work [27]. The matrix method for
SAWs [16] can be used to extract these constants using the SAW
group velocity. Because C;; and C44 are both unknown for a general
SAW orientation, any single orientation for which the SAW group
velocity is measured will only provide a conditional relationship
between the two elastic constants. To determine both Cy; and Cyy,
SAW devices along two orientations that depend to different extents
on each of the constants must be measured [19]. An open circuited
boundary value problem is formulated based on the film thickness,
€ [26] and density as well as the known constants of the quartz sub-
strate [24], the measured v, and initial guesses for Cy; and Cys. As
discussed in [20], values of C;; and Cy44 are varied to minimize the
difference between the calculated and measured vg. The SAW v,
from a single orientation results in a curve of possible Cy; vs. Cyq
values. From the v, of a second orientation, a separate curve of possi-
ble Cq; vs. C44 values is generated. The point where the two generated
curves intersect determines the extracted value of C;;and C44. For
both quartz orientations and for all SiAlO,N film thicknesses used in
this work, possible C;; values were plotted against their correspond-
ing C44 values (Fig. 4). The targeted Cy; and Cy4 values for SiAlO,N
were selected by identifying regions where the curves for different
crystal orientations intersected, assuming that the values of C;; and
Cy44 did not vary with layer thickness.

The room temperature group velocities extracted for the quartz
ST-X and ST-40° orientations with 20 nm, 200 nm, and 800 nm
SiAIO,N overlayers are shown in Table 2. In general, the SAW veloci-
ties from both the ST-X and the ST-40° devices covered by a SiAlO,N
overlayer are greater than on bare SAW devices, with the increase
being more pronounced for thicker films. For the ST-X devices with
an 800 nm SiAlO,N overlayer as well as the ST-40° devices with
20 nm and 200 nm SiAlO,N overlayers, the response of the four
devices showed experimental differences credited to variations in
device fabrication. For this reason, the group velocity was determined
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Fig. 4. C;; and Cy4 possibilities for quartz devices with 200 nm and 800 nm SiAlO,N
overlayers. The gray and black traces denote the ST-X and ST-40° orientations, respec-
tively. The solid lines represent devices with an 800 nm SiAIO,N overlayer while the
dashed lines denote 200 nm SiAlO,N overlayers. The circles mark potential solutions
for Cy; and Cy4. The X’ marks the average of the three Cy; and C44 potential solutions
while the asterisk marks the C;; and Cy4 values reported in [20].

based on considering different sets of three out of the four devices.
For these sets of devices, the different possible group velocities
(extracted from different subsets of devices) are all listed in Table 2.
It can be seen from the table that the agreement for the possible
ST-40° velocities is better than 10 m/s (~0.3%), while the agreement
for the ST-X devices with an 800 nm overlayer is slightly worse
with the three possible velocities having a standard deviation from
the mean of ~30 m/s (0.9%).

Using the extracted group velocities of SAW devices covered with
the SiAlO,N overlayer and the measured density, thickness, and per-
mittivity of the SiAlO,N films, possible combinations of C;; and Cyq
were plotted for each set of devices (Fig. 4). For sets of devices that
gave ambiguous results for the group velocity, C;; and C44 combina-
tions were calculated for each possible group velocity. For example,
the three solid gray traces in Fig. 4 correspond to the three different
group velocities given in Table 2 for the ST-X devices with an
800 nm SiAlO;N overlayer. The Cj values determined using this
method are very sensitive to the input group velocity. Varying the
other film input parameters (p, €, and thickness) by as much as 10%
did not lead to as much variation in possible Cj; as did the uncertainty
in group velocity. The results from devices with 20 nm SiAIO;N
overlayers are not shown in Fig. 4 because they yielded the unreason-
able result of C;; < C44, which is not consistent with C;; being nearly
three times larger than Cy4 for bulk SiAION [20]. Because 20 nm is
only a few tens of atomic layers, the elastic properties of these films
may be more significantly altered by stresses at the film-substrate in-
terface. For films with thickness between 200 and 800 nm, interfacial
stresses do not appear to significantly affect the film elastic proper-
ties. While the interfacial stresses may increase with film thickness,

Table 2
Measured group velocity of quartz SAW devices with SiAlO,N coatings.
Orientation SiAlO,N Vg (m/s)
Thickness
ST-X Bare 3156.0
ST-X 20 nm 3153.1
ST-X 200 nm 3178.1
ST-X 800 nm 32438
3252.0
3198.7
ST-40° bare 3270.6
ST-40° 20 nm 3279.9
3271.8
ST-40° 200 nm 32784
32713
ST-40° 800 nm 3294.1

the volumetric percentage of the thicker films that is affected by
this boundary decreases. As the films increase in thickness, one
might expect the determined C;; & Cy4 values to converge as the
small portion of the film at the interface becomes less significant to
the overall properties of the film. The three circles in Fig. 4 mark
regions where the possible values of C;; and C44 are equal for differ-
ent films, indicating potential solutions. These three C;; and Cyq
solutions were averaged together and their standard errors deter-
mined as a measure of the uncertainty in these values. The determined
values, C;; = 160 + 30 GPa and C44 = 55 + 5 GPa, are indicated by
an ‘X' in Fig. 4. These results are consistent with the values of
Cy1 = 140 GPa and C44 = 55 GPa (marked with an asterisk in Fig. 4)
reported for bulk SiAION materials doped slightly with yttrium [20].
It is noted that this comparison should be taken cautiously since
many physical properties of thin films are different from their bulk
counterpart, particularly when the latter has been doped. However,
previously reported SiAlION elastic properties for comparison are very
limited and this value is provided as a rough indication of what one
might expect for elastic constants.

3.4. Influence of SiAlO,N overlayers on SAW temperature coefficient of
delay (TCD)

The measured TCDs for quartz ST-40° SAW device orientations
with 20 nm, 200 nm, and 800 nm SiAlO,N overlayers are compared
with the bare device TCDs in Fig. 5. The TCD appears to be insensitive
to the presence of the overlayer up to 200 nm film thickness. A
similar effect was observed for the quartz ST-X orientation. For both
orientations, the devices with 20 nm and 200 nm SiAlO,N overlayers
have the same TCD as a bare device, within the estimated ~10 ppm/°C
uncertainty of the measurements. However, the TCD of both orienta-
tions with a 800 nm SiAlO;,N overlayer has a large room temperature
offset and goes through a pronounced maximum between 80 °C and
100 °C. For the ST-40° SAW device with an 800 nm SiAIO;N coating,
the room temperature TCD is increased by ~20 ppm/°C, giving these
devices a TCD of zero for temperatures between 20 °C and 40 °C.
The pronounced maximum in the TCD as a function of temperature
is more striking for the ST-X orientation, where the room tempera-
ture TCD offset is nearly 50 ppm/°C. Furthermore, the maximum
difference between the 800 nm coated ST-X devices and the bare de-
vice is greater than 200 ppm/°C compared to the maximum differ-
ence of 90 ppm/°C for the ST-40° devices.

The matrix method of [16] calculates SAW propagation character-
istics by matching dynamic displacements and stresses at interfacial
boundaries, but it does not consider static interfacial stresses that
may be generated at the film/substrate interface. These stresses
can be significant, particularly at elevated temperatures if the film
and substrate thermal coefficients of expansion (TCEs) are not well
matched. For the quartz orientations measured in this work, the TCE

80— . : : : ,
sT40 o % 0
0 . ;
g 40 ’ L
g .
03 20 :
3] b
= 0 ¢ o 4
200 & 5 % 92 & s 9 ¢ & 9 &
20 40 60 80 100 120

Temperature (°C)

Fig. 5. TCD of quartz ST-40° devices with varying thicknesses of SiAlO,N overlayers.
Symbols correspond to the following thickness of SiAIO,N coatings: + = bare, O =
20 nm, » = 200 nm, ¢ = 800 nm.
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along the SAW propagation direction is roughly 13 ppm/°C, while
that of SiAlO,N is significantly lower at 3.6 ppm/°C (bulk value)
[28]. For films with a thickness of 3% of the SAW wavelength, such
as those used in this work, the TCE of the film may play an important
role in determining the device TCD.

The room temperature operating frequencies, fp, and transmission
losses, |S21|max, Of the six measured LGT devices are shown in Table 3.
The SiAIO,N coated devices exhibit a shift in the operating frequen-
cies on the order of hundreds of kilohertz when compared to bare
devices. This frequency shift, which is greater than the <10 kHz
uncertainty in the measurement, may result from small differences
in device fabrication, from the presence of the SiAlO;N film, or both.
The transmission losses in Table 3 are slightly greater on average for
the coated compared to the bare devices. When the slowest bulk
acoustic wave (BAW) mode in SiAlO,N is greater than the slowest
BAW in the LGT substrate, energy scattering is favored away from
the surface and into the bulk of the substrate [29]. The relevant
BAW velocities in LGT, SiAlO,N, and quartz were calculated using
the Christoffel equation [27] to investigate if the film induced energy
scattering away from the surface. For SiAlO,N, the shear BAW has a
phase velocity of 4432 m/s, which is faster than the slowest LGT
BAW along all of the orientations for which SAW devices were fabri-
cated. The fact that the BAW velocities in the film are faster than
those of the LGT substrate may explain the increased transmission
loss in the SiAlO,N coated devices with respect to the bare devices.
The increase in transmission loss for the LGT devices is around a
few dB in most cases and 8.5 dB in the worst case for the (90°, 23°,
123°) device. Considering that the noise floor in the |S;;| measure-
ments is in the —60 to —90 dB range, all devices were still easily
measured despite the small increase in transmission loss.

Table 3 shows the measured TCD for the six LGT delay lines with
both bare and SiAlO,N coated delay paths. The room temperature
TCDs of the coated devices and the bare devices are the same within
the measurement uncertainty, unlike the case with the quartz based
devices. The very similar temperature behavior of the coated devices
to the bare devices persists over the entire temperature range mea-
sured, as can be seen in Fig. 6, which shows the Af/fy (Af = f — fo,
where f is the operating frequency at a given temperature) and TCD
for a (90°, 23°, 119°) LGT SAW device plotted against temperature;
this data is representative of all six LGT SAW orientations measured.
The 800 nm thick SiAlO;N film serves to reduce the TCD of the (90°,
23° 119°) device by 1-2 ppm/°C over the entire temperature range
and shifts the bare device turnover temperature of 58 °C up to
62 °C. The (90°, 23°, 123°) LGT orientation also exhibits an inherently
low SAW TCD [4] and the turnover temperature of a device along this
orientation with a 500 nm SiAIO,N overlayer was shifted from the
bare device value of 47 °C up to 54 °C. A notable property of the
LGT TCD vs. temperature behavior is the absence of a pronounced
maximum in TCD as was observed with the quartz devices. With
respect to the insensitivity of the LGT TCD to SiAlO,N films as thick

Table 3
Measured LGT SAW properties with 500 nm and 800 nm SiAlO,N overlays.

v (%) SIAIOoN fo (MHz) [S21]max (dB) TCD (ppm/°C)
Thickness (nm)
0 0 76.363 —18.2 —50.3
500 76.808 —193 —489
13 0 72.910 —26.7 —70.8
800 75.538 —26.1 —70.6
48 0 72.218 —222 —68.7
500 72.398 —243 —70.0
77 0 72.706 —295 —75.6
800 73.057 —349 —729
119 0 85.398 —17.2 —115
800 86.180 —214 —-73
123 0 85.985 —288 —6.0
500 86.378 —373 —44
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Fig. 6. (a) Af/fy and (b) TCD for LGT (90°, 23°, 119°) with 800 nm thick SiAlO,N
overlayer. Asterisks are experimental data points with no SiAlIO;N and the diamonds
are experimental data points with an 800 nm thick SiAlO,N overlayer. The dashed
and solid lines show best fit curves to the bare device and SiAlO,N coated device data,
respectively.

as 800 nm, it is interesting to note that the TCE for the LGT orienta-
tions measured is only about 6 ppm/°C which is better matched to
the 3.6 ppm/°C TCE of bulk SiAION [28].

4. Conclusions

The properties of SAW devices coated with SiAlO,N overlayers
have been investigated using devices fabricated on both quartz
and langatate piezoelectric substrates. SiAlO,N films deposited by
RF magnetron co-sputtering were reproducibly deposited onto the
SAW devices, and the chemical composition, density, thickness, and
dielectric permittivity of SiAlO,N films were determined. Parallel
plate capacitors with 1 mm lateral dimensions were fabricated for a
1 um thick SiAlO,N dielectric layer between Al electrodes, and the
capacitance measurements yielded a value for the SiAlO,N relative
permittivity of €. = 7.5 £ 0.05. SiAlO,N elastic constants C;; and
C44 were extracted using a numerical implementation of the matrix
method for SAWs traveling in multilayer structures and they were
found to be C44 = 55 + 5 GPa and C;; = 160 + 30 GPa.

Empirical observations of the effect of SiAlIO,N coatings on quartz
and LGT SAW delay line TCDs were also reported. Quartz SAW device
operating frequencies were only slightly perturbed by the presence of
SiAlON films as thick as 800 nm. Although the TCDs of quartz devices
with 20 nm and 200 nm SiAlO;N coatings were unaffected by the
presence of the SiAlO,N film, devices with 800 nm thick overlayers
exhibited room temperature TCDs up to almost 50 ppm/°C larger
than the bare devices. Further, the quartz devices with the thickest
SiAlO,N coatings showed large and pronounced maxima in TCD
near 100 °C for both the ST-X and ST-40° orientations. For the ST-X
cut in particular, the TCD was nearly 250 ppm/°C larger at 100 °C
than that of the bare device. The operating frequency of LGT SAW
devices was more affected by the presence of a SiAlO,N overlayer
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compared to quartz devices. Additionally, even with transmission
losses up to 8.5 dB more for the 500 nm SiAlO,N coated LGT (90°,
23°,123°) compared to the bare device of the same orientation, the
transmission signal was still easily measurable. Unlike the quartz
devices, the TCDs of the LGT devices were minimally affected by the
presence of SiAlO,N coatings up to 800 nm thick. This result might
be attributed to the fact that the temperature coefficient of expansion
for the LGT orientations (~6 ppm/°C) is more closely matched to the
3 ppm/°C TCE for SiAlO;N compared to the TCE of ~13 ppm/°C for
quartz ST-X and ST-40° orientations.

The result that the TCD of LGT SAW devices is hardly perturbed by
the presence of a 800 nm thick SiAlO,N overlayer is very important,
particularly in the context of high temperature SAW sensor devices
operating in harsh mechanical and/or chemical environments. The
results of this work suggest that LGT-based devices requiring zero
TCD can be designed by considering only the bare substrate and not
a multi-layer structure, which greatly simplifies device design and
modeling in this temperature range.
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