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Abstract—This paper reports on surface acoustic wave (SAW)
device measurements from room temperature to 900°C along six
different orientations on langatate (LGT) wafers. The
temperature behavior measured is compared to numerical
predictions based on elastic constants extracted at high
temperatures using resonant ultrasound spectroscopy
techniques. SAW delay lines were fabricated on LGT wafers
prepared at the University of Maine using 100 nm platinum-
rhodium-zirconia  electrodes capable of withstanding
temperatures up to 1000°C. The frequency responses were used
to extract the SAW velocities and temperature coefficients of
delay. The results reported verify the existence of temperature
compensated orientations at high temperature, which reinforce
the interest in using LGT as a high temperature piezoelectric
substrate.

L INTRODUCTION

The existence of piezoelectric materials capable of
operating at high temperatures (>500°C) has generated the
interest in a wide range of harsh environment and high
temperature acoustic wave (AW) devices. Potential frequency
control and sensing applications can be found in the
aerospace, automotive, petroleum, energy, metallurgy, and
manufacturing industries. Langatate (LGT), a crystal of the
langasite family, is a promising high temperature AW
substrate due to the absence of crystalline phase transitions up
to its melting point (1470°C) and piezoelectric coefficients up
to 3 times higher than quartz and 1.1 times higher than
langasite [1]. In this paper we also experimentally identified
the existence of temperature compensated orientations at
elevated temperatures, adding this feature as an additional
advantage for the use of LGT crystals.

In order to successfully design and implement high
temperature AW devices, the crystal constants for acoustic
wave propagation and design modeling need to be extracted at
the corresponding eclevated temperatures. In spite of high
temperature characterization of LGT by some groups [2]-[5], a
full set of LGT elastic constants and temperature coefficients
above 200°C was only recently reported by the authors [6]. In
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that work, we used resonant ultrasound spectroscopy (RUS)
measurements to extract the stiffened elastic constants from
25°C to 1100°C, and a second-order polynomial was
employed to fit each elastic constant over the entire
temperature range. The bulk and lattice expansion data used in
this paper comes from previous measurements up to 1200°C
made by the group and reported in [7].

In this paper, surface acoustic wave (SAW) delay line
frequency measurements up to 900°C and along six selected
LGT orientations are reported. The frequency measurements
were used to extract the SAW phase velocity and the
temperature coefficient of delay (TCD). These experimental
results are compared to numerical predictions using the elastic
constants and temperature coefficients reported in [6], thus
permitting a first assessment of the previously reported
constants and coefficients. SAW propagation was selected due
to the possibility of fabricating multiple devices along diverse
orientations out of a single wafer.

The LGT boules were X-ray aligned, cut, ground, and
polished along rotated orientations at the University of Maine.
SAW delay lines were fabricated on these wafers using
100 nm platinum-rhodium-zirconia (Pt/Rh/ZrO,) electrodes
capable of withstanding temperatures up to 1000°C [8].

Section II describes the process used to determine the
selected crystal cut. Section 11l comments on the assumptions
used to predict the SAW responses at high temperatures.
Section IV details the device design, fabrication, and the
measurement set-up. Section V compares measured and
predicted frequency and TCD responses as a function of
temperature and up to 900°C. Section VI concludes the paper.

II. DETERMINATION OF THE CRYSTAL CUT

In this work we targeted the selection of a crystal cut with
the following properties: (i) singly rotated or having a first
rotation aligned along major axes; (ii) relatively high SAW
piezoelectric coupling (>0.2%) over most of the plane to allow
the practical excitation of SAW along diverse orientations
using the same wafer; (iii) significant variation of TCD around
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the plane to allow for the verification of the predicted
temperature coefficients using the constants previously
reported in [6].

The cut identified which observed the previously
mentioned conditions was Euler angles (¢,0,y) =
(90°,23° y). This particular cut offers interesting

characteristics, namely: coupling K?>02% for most of the
plane; a range of different TCD values at room temperature;
and existence of temperature compensated orientations around
room temperature with phase velocities >2700 m/s; and
reduced diffraction (around -1) [9]. For this study six
orientations with K*>>02% were chosen on the (90°, 23°, v)
cut, namely y=0°, y=13° wy=48° y=77°, y=119°, and
y=123°,

III. PREDICTED SAW PROPAGATION PROPERTIES

The SAW phase velocity, frequency and TCD responses as
a function of temperature were calculated from room
temperature to 1100°C in increments of 10°C utilizing the
constants and stiffened elastic temperature coefficients
reported in [6]. In this work, the piezoelectric constants from
[6] and dielectric constants from [10] were used. The
temperature variations of the piezoelectric and dielectric
constants were ignored, based on the assumption that their
contribution to the SAW velocity is small when compared to
the temperature variation of the elastic coefficients, as
discussed in [6].

The uncertainty in the predictions was calculated using the
reported uncertainties of the constants and temperature
coefficients [6] using the method discussed in [9]. The
uncertainties of these predicted SAW propagation properties
were calculated at room temperature and used for the entire
temperature range.

IV. DEVICE FABRICATION AND EXPERIMENTAL SET-UP

SAW delay lines were designed and fabricated along
(90°, 23°, y), w=[0°, 13°,48°, 77°,119°, 123°], orientations,
including compensation for the power flow angle (PFA) for
each respective orientation. Split-finger interdigitated
transducers (IDTs) were used, with the fingers being 4um
wide, having 500 electrodes and a free region path of
approximately 10.7 mm. The IDTs used apertures equal to
2.56 mm and 4.21 mm for the two IDTs in the delay line
(about 80 and 130 wavelengths) to account for possible
uncertainties in the PFA calculations and to accommodate
variations of the PFA within the large temperature range.

LGT wafers were fabricated at the University of Maine
(UMaine) Microwave Acoustic Material Laboratory using
boules purchased from Fomos (Fomos-Materials, Moscow,
Russia). The samples were aligned with a PANalytical X Pert
Pro MRD X-ray diffractometer (PANalytical Inc., Natick,
Corp., Waltham, MA) to the plane (90°, 23°, v) using the
process from [11] and [12], cut with an inner diameter saw
(Meyer-Berger, Steffisberg, Switzerland), ground, and
polished. The final polished finish had a RMS roughness of
6.7 A and an average waviness of 95.9 A, as measured by a
surface profilometer. The SAW delay lines were fabricated
using 105 to 108 nm thick co-deposited platinum-rhodium-

zirconium-oxide (Pt/Rh/ZrO,) electrodes [8]. These electrodes
have been tested for long term operation up to 800°C and
short term operation up to 1000°C [8]. In this work, we set the
upper temperature limit to 900°C to avoid compromising the
electrode quality. In fact, after repeated cycles up to 900°C, no
measurable permanent device degradation was observed. The
size of the wafer was constrained by the co-deposition
chamber. For this reason, two different SAW wafers were
fabricated, one with delay lines along y=0°, y=48°, and
y=123° (Fig. 1) and another along wy=13°, y=77°, and
y=119°. The delay lines were bonded to high-temperature
coaxial lines using 1 and 4 mil Pt wire with an Unitek parallel
gap welder (Miyachi Unitek, Monrovia, CA). The high
temperature tests were performed in laboratory air at
atmospheric  pressure inside a Thermolyne furnace
(Thermolyne, Dubuque, 1A).

The transmission (S,;) responses of the delay lines were
measured with an Agilent 8753ES network analyzer (Agilent
Technologies, Santa Clara, CA). The delay line responses
were time-gated by windowing the inverse Fourier transform
of the signal to remove the effect of electromagnetic feed
through, SAW triple transit, and other acoustic spurious
reflections. The SAW phase velocities were extracted from the
measured center frequencies of the delay lines and the IDT
periodicity corrected using the LGT thermal expansion
coefficients from [7].

The TCD was calculated from the measurements using the

relation
TCD =-TCF = —(B%T)/F "

where TCF is the temperature coefficient of frequency, F is
the frequency, T is the temperature. For the high temperature
furnace used in this study, small temperature steps were not
feasible given the targeted large temperature range and the
time it takes for the oven to reach an equilibrium temperature.
The adopted temperature step in this work was At=50°C, and
the frequency data points were obtained at least twice along

Figure 1. LGT wafer with delay line devices on the orientations
(90°, 23°, y) for y=0°,48°,123°. The units of the ruler are cm.
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each orientation. Along orientations where 0 TCD was found,
the temperature step was decreased to At=10°C in the vicinity
of 0 TCD in order to improve the TCD calculation. To
calculate the derivative of the frequency with respect to
temperature, polynomial fitting was used, and the slope was
extracted out of the fitted curve. A fourth-order polynomial
was used to provide a good correlation over the large
temperature range (25 to 900°C). The discrete difference TCD
was also calculated and used to verify the TCD obtained from
the curve fitting.

The uncertainty in the temperature was calculated by
considering both the furnace fluctuations due to the limitations
of the furnace controller and the thermocouple precision. The
standard deviation of each factor was combined to calculate
the uncertainty of the measured quantity using regular error
propagation [13]. The uncertainty in the frequency, oy, was
calculated by [13]
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where N is the number of data points, f; is the i™ measured
frequency, f;' is the frequency calculated from the polynomial
fitting at the i™ temperature data point, and Op is the
polynomial order. The uncertainty in the TCD was calculated
using the uncertainties in the temperature and the frequency
fitted data. These uncertainties are quantified in Section V.

V. RESULTS AND DISCUSSION

The SAW velocity and TCD were extracted from S,
measurements between 25°C and 900°C along the orientations
(90°, 23°, y), where y=[0°, 13°,48°, 77°, 119°, 123°], using
the methods described in the previous section.

Figures 2a and 2b plot Af/fy=(f(T)-fy)/fo, with f; is the
normalizing frequency at room temperature. Error bars are
included for both calculated and experimental data. The Af/f,
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Figure 2. Example plots for measured and predicted Af/fy and TCD. For all plots the solid curves are the measured data and the dashed curves are the
predicted behavior. The circles on the Af/f; plots (a and b) are the measured frequencies with error bars, which are difficult to see over the large temperature
span. The diamonds on the TCD plots (c and d) are the values of TCD extracted by discrete differences, as described in Section IV.
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curves for y=119° and y=0° were selected based on their
turnover temperature: the first orientation has turnover
temperature below 200°C, whereas the second, above 200°C.
In fact out of the 6 orientations investigated, y=[119°, 123°]
have a turnover temperatures below 100°C and the
orientations y=[0°, 13°, 48°, 77°] have turnover temperatures
above 200°C.

The uncertainty in the measured temperature ranges from
2.2°C around room temperature to 7°C or less at 900°C. The
uncertainty in the frequency measurements is smaller than 18
kHz or 0.02%, which corresponds to an uncertainty of less
than 0.55m/s or 0.02% in the measured velocity for all values
of v over the entire temperature range. Using these numbers,
the uncertainty in the TCD is less than 0.4 ppm/°C for all
measured orientations over the entire temperature range.

The uncertainties in the predicted SAW phase velocity,
frequency response, and TCD are larger than the uncertainties
of these properties obtained through the measurements
previously described. The uncertainties of the predicted SAW
free surface velocities for the six orientations from 25°C to
900°C calculated as discussed in Section III are 0.2% or less
than 6.3 m/s. The predicted TCD values have uncertainties
ranging from 12 to 18 ppm/°C.

The difference between the measured and predicted SAW
phase velocities and Af/f; is less than 1.8% for all orientations
investigated over the 25°C to 900°C temperature range. Along
some orientations and at certain temperatures, the differences
between the measured and predicted velocity and frequency
responses are greater than the calculated uncertainties, as
observed from Fig. 2b. Possible sources of such discrepancies
are: (i) the assumption that the uncertainties in SAW phase
velocity, frequency response, and TCD calculated at room
temperature do not change with temperature. (ii) The use of
the stiffened elastic constants to extract the temperature
coefficients in [6]. (iii) The assumption the piezoelectric and
dielectric constants can be treated as invariant with
temperature. And finally, (iv) the presence of the IDTs, since
the electrodes on top of a crystal will affect the measured
temperature coefficients [14].

The measured and numerically predicted TCD for y=119°
and y=0° are shown in Figs. 2c and 2d. The dashed lines are
the TCD calculated using the constants in [6]. The solid line is
the experimentally determined TCD, extracted by fitting a
polynomial curve to the frequency data and using the slope to
find the TCD, as described in the previous section. The
diamonds are the discrete values of TCD computed directly
from the differences between successive frequency
measurements. The two methods of extracting the TCD from
the experiments agree well, with the exception of end points
of the measurement run.

The measured TCD curves for all the orientations
investigated are plotted in Fig. 3. The TCD curves of y=13°
and y=48° are almost identical and are close to that of y=77°.

The turnover temperatures (TCD=0) are of interest for the
design of temperature compensated SAW devices. Table 1
compares the predicted and measured turnover temperature
values for the SAW orientations investigated for which 0 TCD
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Figure 3. Measured TCD up to 900°C for the six measured orientations
(90°, 23°, y), y=0° (dotted, black) , 13° (dashed, black), 48° (solid, gray),
77° (dot-dashed, black), 119° (solid, black), 123° (dashed, gray).

TABLE L TURNOVER TEMPERATURES (TCD=0)

v (©) Predicted (°C) Measured (°C)
0 215 280
13 350 382
48 332 368
77 356 413
119 NA 62

was measured. The discrepancies between the predicted and
measured turnover temperature for the y=[0°, 13°, 48°, 77°]
orientations are within 23%. Note that for y=119° and y=123°
the turnover temperature is around room temperature, where
the use of high temperature constants and coefficients from [6]
are not as accurate as the temperature coefficients in [15] for
the range from 25°C to 120°C. An investigation in the lower
25°C to 120°C temperature range is reported in [9] using the
constants from [15].

VI. CONCLUSIONS

This work has reported on experimental LGT SAW delay
line frequency response measurements from room temperature
to 900°C using 6 different propagation directions. These
measurements were compared to predicted SAW phase
velocity, frequency, and TCD responses with temperature. The
predicted behavior calculations were based on the LGT
temperature coefficients measured between 25°C and 1100°C
and previously reported by the authors. Overall, the measured
and predicted responses agree reasonably well, and within less
than 2% difference between measured and predicted SAW
phase velocity and Af/f; over the 25°C to 900°C temperature
range.

This work predicted and verified the existence of 0 TCD
orientations between 200 and 420°C for four of the orientation
tested, 1i.e., along Euler angles (90°, 23° ),
y=[0°, 13°, 48°, 77°]. Along (90°, 23°, 119°) and (90°, 23°,
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123°), the 0 TCD temperature was around 60°C. The predicted
SAW piezoelectric coupling along y=[0°, 119°, 123°] are
higher than 0.6% and along y=[13°, 48°, 77°] they are higher
than 0.2%.

The results reported confirm the adequacy of the high
temperature LGT elastic constants and temperature
coefficients previously reported, which is important in
identifying orientations and designing high temperature AW
devices. In addition, the results reported in this work
uncovered the existence of temperature compensated
orientations at high temperature, reinforcing the interest in
using LGT as a high temperature piezoelectric substrate.
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