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Abstract—Hexagonal AIN is a non-ferroelectric material
and does not have any phase transition up to its melting point
(>2000°C), which indicates the potential use of AIN for high-
temperature sensing. In this work, the elastic, dielectric, and
piezoelectric constants of AIN single crystals were investigated
at elevated temperatures up to 1000°C by the resonance meth-
od. We used resonators of five different modes to obtain a
complete set of material constants of AIN single crystals. The
electrical resistivity of AIN at elevated temperature (1000°C)
was found to be greater than 5 X 10°Q.cm. The resonance
frequency of the resonators, which was mainly determined by
the elastic compliances, decreased linearly with increasing
temperature, and was characterized by a relatively low tem-
perature coefficient of frequency, in the range of —20 to —36
ppm/°C. For all the investigated resonator modes, the elastic
constants and the electromechanical coupling factors exhibited
excellent temperature stability, with small variations over the
full temperature range, <11.2% and <17%, respectively. Of
particular significance is that due to the pyroelectricity of AIN,
both the dielectric and the piezoelectric constants had high
thermal resistivity even at extreme high temperature (1000°C).
Therefore, high electrical resistivity, temperature indepen-
dence of electromechanical properties, as well as high thermal
resistivity of the elastic, dielectric, and piezoelectric proper-
ties, suggest that AIN single crystals are a promising candidate
for high-temperature piezoelectric sensing applications.

I. INTRODUCTION

HIGH—TEMPERATURE (>1000°C) sensors, actuators,
and transducers are in great demand for the automo-
tive, aerospace, and energy industries. In aerospace pro-
pulsion systems, high-temperature (HT) sensors are re-
quired for intelligent propulsion system design, operation,
and system maintenance [1]—[3]. These sensors need to be
deployed directly inside jet engines because of reliability
and noise requirements, and hence, they should be able
to withstand a temperature range of 500 to 1000°C for a
mission lifetime up to 100000 h [4]. Additionally, nuclear
power industries require a high-temperature sensing tech-
nique for various non-destructive testing (NDT) and non-
destructive evaluation (NDE) applications [5], [6]. For ex-
ample, in the typical secondary coolant system of nuclear
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power plants, ultrasonic NDT of steel components is usu-
ally performed at temperatures up to 400°C [7].

Several piezoelectric materials have been extensively
researched for high-temperature sensing applications, in-
cluding quartz (SiOs), gallium orthophosphate (GaPOy),
langasite (LGS), and yttrium calcium oxyborate (YCOB).
The most common HT piezoelectric material, quartz,
possesses high electrical resistivity (>1017 Q-cm at room
temperature), high mechanical quality factor, and excel-
lent high-temperature stability. Nevertheless, its low elec-
tromechanical and piezoelectric coefficients, high losses
above ~450°C, and « to 3 phase transition temperature of
573°C limit the use of quartz for applications at tempera-
tures above 600°C [4]-[6]. GaPO, shows features similar to
quartz, such as high electrical resistivity and mechanical
quality factor, but it also exhibits high electromechani-
cal coupling and greater piezoelectric sensitivity until the
a to ( phase transition occurs (<970°C). However, de-
creased mechanical quality factor due to increased struc-
tural disorder at temperatures above 700°C limits its us-
age [8]-[10]. Langasite crystal, which does not undergo a
phase transition before its melting point (1470°C), also
has been extensively studied for high-temperature appli-
cations. However, the sensing performance of langasite
sensors can be limited due to its relatively low electrical
resistivity (<10% Q-cm) and low quality factor at elevated
temperatures, which result from oxygen ion transport and
diffusion in the lattice [11]-[13]. YCOB crystal, which
is one of the rare earth calcium oxyborate single crys-
tals ReCayO(BOs3)3, has also gained special attention for
ultra-high temperature applications. YCOB is known as
a promising candidate for HT sensors due to its stable
piezoelectric properties and no phase transformation be-
fore the melting temperature of 1500°C, as well as excep-
tional high resistivity [14], [15].

Recently, AIN (wurtzite structure, 6mm crystal class)
has gained special attention for ultra-high-temperature
applications [16], [17]. The ability to operate in harsh envi-
ronments makes AIN a promising candidate for SAW and
BAW applications such as resonators, filters, and sensors.
AIN does not undergo any phase transition up to its melt-
ing point (>2000°C), so the piezoelectric response in AIN
can be observed up to ultra-high temperatures (>1000°C).
Other benefits of AIN include high thermal conductivity
(2.85 W/em-K), high electrical resistivity (10 to 1013
Q-cm), optical transparency in the UV through IR range,
and a relatively small thermal expansion coefficient (4.5
x 1076/°C) [18].
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The elastic and piezoelectric properties of AIN bulk
single crystalline and thin film samples have been charac-
terized by various experimental methods at room temper-
ature. Sotnikov et al. measured the dielectric, elastic, and
piezoelectric constants of AIN single crystals using the ul-
trasonic pulse-echo and resonance methods [18]. McNeil et
al. characterized the elastic constants of AIN single crys-
tals with the Brillouin light scattering method [19]. Bu
et al. obtained the elastic constants of AIN thin films by
the SAW technique [20]. Ohashi et al. obtained the basic
acoustic properties of AIN single crystals through the ul-
trasonic microspectroscopy technology [21]. However, the
properties of AIN single crystals at elevated temperatures
(~1000°C) have not been previously reported, in spite of
its promising feasibility for high-temperature applications.

Thus in this paper, we report on measurements of the
elastic, dielectric, and piezoelectric constants of AIN single
crystal at elevated temperatures (up to 1000°C) by using
the resonance method.

II. MATERIAL CONSTANTS CHARACTERIZATION

AIN single crystals (AIN-10 specification) were obtained
from HexaTech Inc. (Morrisville, NC, USA), which has
successfully combined high-temperature physical vapor
transport (PVT) and seeded boule growth for the repro-
ducible production of high structural quality AIN single
crystals. The AIN-10 wafer specification consists of single
crystal AIN that has no misoriented or poly-crystalline
grains, X-ray rocking curve widths typically less than 30
arc-seconds, and typical dislocation densities below 10%/
cm?2. Seeded growth enables the fabrication of AIN boules
of pre-defined crystallographic orientation that replicate
the high quality of the underlying seed. AIN boules were
grown along [0 0 0 1] (¢-direction), and AIN samples were
cut from the as-grown boules with the electrode surfaces
normal to the c-axis except for TS mode sample (parallel
to the c-axis). Electrode surfaces and sidewalls were then
lapped and ground.

The AIN single crystals have 6mm symmetry and thus
ten independent material constants in total: five elastic
constants (cf3, iy, cl3, ciy, chy), three piezoelectric con-
stants (ds;, ds3, dys5), and two dielectric constants (g1}, £33)
[22], [23]. These constants can be expressed as matrices in
(1)-(3).

E E E

Ci1 Cia Ci3 0 0 0
ey e cfy 0 0 O
E E _E
cE— €13 €13 €33 é) 0 0 7 (1)
0 0 0 Cyq 0 0
0 0 0 0 ¢& o
0 0 0 0 0 cf
0 0 O 0 dy O
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dgy dgy dy3 0O 0 O
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Fig. 1. Geometry of piezoelectric resonators used to identify the material
constants.

efl/eo 0 0
effeg=| 0 efifeg 0 |, (3)
0 0 eh/e

in which the subscripts E and T indicate the condition of
constant electrical field and stress, respectively.

Several methods, such as static and quasi-static, reso-
nance, pulse-echo ultrasonic techniques, and their com-
binations have been used to identify the material con-
stants of piezoelectric materials [18]-[21]. In comparison
with other methods, the resonance method is regarded
as providing fairly accurate results, and it is considered
to be easy to use as long as samples with the required
shapes and dimensions are used [21], [24]. Therefore, in
this paper, the resonance method was used to determine
the properties by analyzing the resonance and antireso-
nance frequencies of the resonators. The resonance and
antiresonance frequencies were obtained from impedance-
phase gain analyzer (Agilent 4294A, Agilent Technologies
Inc., Santa Clara, CA, USA).

As described in the previous papers and IEEE stan-
dards [25], [26], resonators of five different modes were
used to obtain a complete set of material constants of AIN
single crystals, as shown in Fig. 1: TE (thickness exten-
sion), LE (length extension), TS (thickness shear), LTE
(length thickness extension), and RAD (radial) resona-
tors. The geometry of each resonator was set to meet the
dimensional requirements denoted in Fig. 1 to preserve
the resonance of each pure mode.

LTE mode samples with dimensions L > 10¢, L > 3w,
w < 3t, were used to determine the lateral coupling factor
kg1 and elastic compliances sfi, sp). The formulae are as
follows:

kiy/(kiy — 1) = mfo/21,) - cot (mf,/2f)), (4)
sti = 1@p(Lf)?),  sil = siil — kdy), (5)

where f; is the resonance frequency, f; is the anti-resonance
frequency of the lateral mode, p is the density of AIN (=
3260 kg/m?), and the superscripts E and D indicate the
conditions of constant electrical field and displacement,
respectively.
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By using TE mode samples, the electromechanical cou-
pling factor k, and the elastic constants ¢}, ¢t were calcu-
lated from

ki = 7f/@2f,) - cot(mf,/21,), (6)

c?]))3 = 4p(tfa)27 CZ'];:?) = 03]?3(1 - ktz) (7>

Similarly, LE mode samples were used to measure the

longitudinal electromechanical coupling factor k33 and
elastic compliances s5}, s using

k??S = 7Tfr/(zfa) : COt(ﬂfr/(2fa))7 (8)

si = YAp(LL)?),  siy = s/l — kiy). (9)

TS mode samples were used to determine the elastic

constants ¢D, ¢&; elastic compliances s, s¥; and coupling
factor k5 using

ki = mf,/21,) - cotlmf./(2£,)),

0411)4 = 4p(tfa)2a 041154 = 64]1)4(1 - k125)7 (11>
sip=1ch,  si=1/ci

Lastly, RAD mode samples were used to measure the
elastic compliances s, s based on the planar Poisson’s
ratio (oF), following (13). In (13), Poisson’s ratio (oF) can
be obtained by calculating the ratio of the resonance fre-

quency of the planar mode (f,y) to the harmonic resonance
frequency (f1), which is previously derived [29].

E _ __P _E D _ E _12  (E
Sjp = —0 - S11,  S1p = S12 —k31 - Si1- (13)

The other elastic compliances sf3, s¢; were derived from
the above values using the following stiffness-compliance
relation for the 6mm crystal group:

sty = \J[sh(sli + shh) — 611 + sB)/ k] /2,

5(]556 = 1/02336 = 2(5{31 - SiEz)

(14)
(15)

From the above equations, all the elastic compliances
were obtained, so elastic stiffness constants such as cf3, ¢,
el ks by el were determined by applying the inverse
matrix calculation process.

Dielectric constants, e}, 63T3 were calculated using the
following (16) and (17), where Cj, t;, A; are the measured
capacitance, thickness, and cross-sectional area of the res-
onators along the ¢ direction:

efy = Cy -t/ 4y,
T
£33 = Oy - 13/ Ay
The derived dielectric permittivities and coupling factors

of each mode were adopted to calculate the piezoelectric
charge constants ds3, d3, di5 according to

dgz = ksg\/ 3?]::3 : 53%7 (18)
dy = —kg\/ SE : 5??37 (19)
di5 = —ky5\ 354 : 5?1'
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In this study, the samples (3 samples each for TE, RAD,
TS modes and 4 samples for LTE, LE modes) were dc
sputtered with platinum thin films (300 nm thick) on the
required parallel surfaces as the electrodes. Platinum was
selected as the electrode material because of its high melt-
ing temperature (~1768°C). A specially designed sample
holder was used for high-temperature measurements. In
the sample holder, high-temperature resistive wire (Kan-
thal A1, Sandvik Inc., Hallstahammar, Sweden), insulator
(alumina plate), and housing (Inconel 601, High Perfor-
mance Alloys Inc., Windfall, IN, USA) were assembled
for resistance to high temperature oxidation and corro-
sion. A vertical tube furnace (model GSL 1100X, MTI
Corporation, Richmond, CA, USA) was used to control
the temperature. The samples were located at the center
of the vertical tube furnace. The furnace was heated up
to 1000°C by 100°C increments starting from room tem-
perature with 10 min duration of temperature increment.
The furnace was heated to a value (20°C) above the target
temperature because the furnace would cool during test-
ing, and then unplugged to reduce the ac electric noise
created by the heating units. The signal from the AIN sin-
gle crystals was obtained from an impedance-phase gain
analyzer (Agilent 4294A, Agilent Technologies Inc.). The
data were transferred to a computer in Excel (Microsoft
Corp., Redmond, WA, USA) format for signal processing
and analysis.

III. RESULTS AND DISCUSSION

To confirm the reliability of the sample holder, imped-
ance spectra and the capacitances of all samples were
measured at room temperature using the impedance-
phase gain analyzer (Fig. 2). All of the constants of AIN
were then derived according to the above (4)—(20). The
comparison between the currently derived constants and
published ones [18]-[21], [28] is summarized in Table I. Tt
can be observed that all constants are within 15% of the
range of the published data, which indicates the reliability
of the specially designed sample holder.
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Fig. 3. Electrical resistivity of AIN single crystal as a function of tem-
perature (error bars were amplified by 10 times).

Electrical resistivity was measured using a Keithley
model 6571A electrometer (Keithley Instruments, Cleve-
land, OH, USA) when applying 100 V across the TE
resonators. The resistivity as a function of temperature
is given in Fig. 3, in which the dashed line is a linearly
fitted line of measured data and error bars were amplified
by 10 times for clarification. As shown, AIN single crys-
tals exhibited very high resistivity at room temperature,
8.8 x 1013 Q-cm, and even at elevated temperature, with
values of 1.1 x 10 Q-cm and 5.4 x 1010 Q.cm at 800°C
and 1000°C, respectively. The activation energy (F,) cal-
culated according to Arrhenius law was found to be on the
order of 0.28 + 0.02 eV. Fig. 4 shows the electrical resis-
tivity as a function of temperature for non-ferroelectric,
piezoelectric single crystals, where it is observed that LGS
crystals possess relatively low resistivity, with the lowest
value of 8 x 106 Q-cm at 500°C. The GaPO, and YCOB
crystals possess relatively high resistivity, on the order
of 1019 and 10" Q-cm at 500°C, respectively [3], [9], [13],
[29]-[31]. At 900°C, the resistivity of AIN (8 x 1019 Q-cm)
is three orders of magnitude higher than YCOB (4 x 107
Q-cm), which indicates a high insulation property of AIN
required to maintain the developed charge for a long time
to be detected by the electronic system.

The thermal frequency stability of AIN was investigat-
ed by analyzing the variation of resonance frequencies of
all the resonator modes at elevated temperatures. Fig. 5
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Fig. 4. Electrical resistivity of nonferroelectric, piezoelectric single crys-
tals as a function of temperature.

presents the variation of resonance frequencies of different
resonator modes as a function of temperature. It was ob-
served that the resonance frequencies of all the investigat-
ed samples were shifted downward linearly with increasing
temperature due to the thermal softening effect, where all
the resonator modes were found to possess relatively low
temperature coefficients of frequency (TCF), in the range
of —20 to —36 ppm/°C, comparable with those of YCOB
used as high-temperature sensors (with TCF in the range
of —45 to —95 ppm/°C [3], [32]).

With the measured resonance and anti-resonance fre-
quencies for all the resonators modes, shown in Fig. 1, at
temperatures up to 1000°C, the temperature dependence
of elastic compliances was investigated and results are
shown in Fig. 6. It was observed that all the elastic com-
pliances increased with increasing temperature, with vari-
ations of 4.2 to 7.3%, except for s%, with a variation of
11.2% over the full temperature range. sf3 was determined
at the last step for elastic compliance calculations. Due to
the derivation procedure for elastic compliance constants,
sf3 may contain accumulated error. Compared with the
values of YCOB single crystals (8.6-19.0% [32]), AIN
shows a lower temperature dependence of elastic proper-
ties.

The elastic stiffness constants were obtained by calcu-
lating the inverse matrix of the determined elastic compli-
ances (Fig. 7). All the elastic stiffness values decreased

TABLE I. MATERIAL CONSTANTS OF ALN (SINGLE CRYSTALS) AT ROOM TEMPERATURE.

Material Single crystal Single crystal Single crystal Single crystal Single crystal
constant (18] [19] (21] (20], 28] (our results)
c; (GPa) 402.5 £ 0.5 410.5 £+ 10 401.2 £ 0.5 — 412.6 +£ 0.5
¢l (GPa) 135.6 £ 0.5 148.5 £+ 10 135 + 0.5 — 126.6 £+ 0.5
¢l (GPa) 101 + 2.0 98.9 + 3.5 96.3 + 22.1 — 118.8 £ 0.9
¢k (GPa) 387.6 + 1.0 388.5 + 10 368.2 + 27.9 — 386.1 + 4.5
¢ (GPa) 122.9 £ 0.5 124.6 £ 4.5 122.6 £+ 0.2 122 +1 127.4 £ 0.9
ez (C/m?2) —0.6 £ 0.2 — —0.12 £+ 1.09 —0.58 + 0.23 —0.47 £ 0.2
e33 (C/m2) 1.34 + 0.1 — 1.84 + 0.71 1.39 + 0.22 2.09 + 0.4
er5 (C/m?2) —0.32 £ 0.05 — —0.26 £ 0.03 —0.29 £ 0.06 —0.24 £ 0.05
€11/€0 9+0.1 — — 8.5 8.44 + 0.1
€33/€0 9.5 £ 0.1 — — 8.5 10.51 + 0.1
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Fig. 5. Temperature dependence of resonance frequency for all the sam-
ples.

with increasing temperature, with variation of —1.7 to
—5.6%.

The electromechanical coupling factors k;; indicate the
effectiveness with which a piezoelectric material converts
electrical energy into mechanical energy or vice versa.
After measuring the resonance and anti-resonance fre-
quencies at elevated temperatures, the variation of k;; as
a function of temperature was obtained (Fig. 8). It can
be noted that the LE mode resonator showed the high-
est electromechanical coupling factor, with k33 values of
0.391 and 0.395 at room temperature and 1000°C, respec-
tively, representing a variation less than 1.6% over the full
temperature range. In addition, the TE and LTE mode
resonators exhibited relatively high coupling factors, k =
0.178 and k3; = 0.119 at room temperature, with values
of 0.206 and 0.098 at 1000°C, respectively, giving varia-
tions ~+17%. The coupling factors were found to largely
maintain their values up to 1000°C, exhibiting a stable
piezoelectricity at elevated temperature.

Dielectric constants K{j and Kg, were derived from
capacitance measurements at 1 kHz by using (16) and
(17), respectively. Dielectric loss, tan §, as a function of
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Fig. 6. Variation of elastic compliances as a function of temperature.
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temperature was measured at 1 kHz, and the results are
shown in Fig. 9. All dielectric values increase sharply after
800°C, which can be understood from the strong pyroelec-
tric properties of AIN [33]. As for the increase of dielectric
loss at elevated temperature (14.6% at 1000°C), it was
reported that AIN surface oxidation, which results in elec-
tron energy loss and dissipation [34], starts to occur in the
temperature range 800 to 900°C [35], [36]. Nevertheless,
results exhibit overall stable dielectric behavior.

After the determination of elastic compliances, elec-
tromechanical coupling factors, and dielectric constants,
the piezoelectric coeflicients were obtained. Fig. 10 shows
the variation of piezoelectric coefficients as a function
of temperature. The highest piezoelectric coefficient was
found from samples in the length extensional mode, with
a piezoelectric coefficient ds3 of 6.5 pC/N at room tem-
perature, increasing to 13.5 pC/N at 1000°C. The lateral
and the thickness shear mode piezoelectric coefficients
d3; and dj5 show better temperature stability compared
with the thickness mode piezoelectric coefficient. Both of
the d3; and di5 values were determined as —1.9 pC/N at
room temperature and —3.2 and —3.1 pC/N at 1000°C,
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Fig. 8. Variation of electromechanical coupling factors as a function of
temperature.
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Fig. 9. Dielectric constants and dielectric loss as a function of tempera-
ture measured at 1 kHz.

respectively, giving a variation of <60% over the full tem-
perature range. The increase of piezoelectric coefficients
at high temperature (800-1000°C) is due to the increased
dielectric permittivity, shown in Fig. 9. The thermal resis-
tivity of piezoelectric coefficients of AIN was comparable
with the values of YCOB (10-70%) [32].

IV. CONCLUSIONS

The electrical resistivity, temperature dependence of
the resonance frequency, elastic compliances, electrome-
chanical coupling factors, dielectric constants, dielectric
loss, and piezoelectric coefficients of AIN single crystals
grown by PVT were investigated in the temperature range
of 23°C to 1000°C.

The electrical resistivity of AIN at elevated tempera-
ture (1000°C) was found to be greater than 5 x 100 Q-cm.
The resonance frequency of resonators exhibited a linear
decrease with increasing temperature due to the thermal
softening effect. This variation showed TCF values in the
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Fig. 10. Variation of piezoelectric coefficients as a function of tempera-
ture.
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range of —20 to —36 ppm/°C, comparable with YCOB,
which is already used for temperature sensors. For all
investigated resonator modes, the elastic constants and
the electromechanical coupling factors exhibited excel-
lent temperature stability in comparison with previously
reported piezoelectric ceramics and single crystals. Of
particular significance is that both the dielectric and the
piezoelectric constants had high thermal resistivity even
at extreme high temperature due to the pyroelectric prop-
erties of AIN. The relative temperature independence of
electromechanical properties, as well as the high thermal
resistivity of the elastic, dielectric, and piezoelectric prop-
erties, suggest that AIN single crystals are a promising
candidate for high-temperature piezoelectric sensing ap-
plications.
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