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ARTICLE INFO ABSTRACT

Classification codes: Bulk single-crystalline aluminum nitride (AIN) is potentially a key component for low-loss high-temperature
A60 piezoelectric devices. However, the incorporation of electrically active impurities and defects during growth of
A70Keywords: AIN may adversely affect the performance of piezoelectric resonators especially at high temperatures. The
Aluminum nitride electrical conductivity and electromechanical losses in bulk AIN single crystals are analyzed in the temperature
Eﬁi:;g;t}iznv::fh:::::ator range of 300-1200 K with respect to various contents of growth-related impurities in them. For AIN with [0]/
Anelastic relaxation of point defects [C] = 1, an increase of electrical conductivity due to thermal activation of charge carriers in the temperature
range of 850-1200 K has been observed and was determined to be a major contribution to electromechanical
losses Q™ rising up to maximum values of about 10> at 1200 K. As the oxygen content in AIN increased, the
magnitude and the activation energy of high-temperature electrical conductivity increased. In oxygen-domi-
nated AIN, two major thermally activated contributions to electromechanical losses were observed, namely, the
anelastic relaxations of point defects at temperatures of 400-800 K and electrical conductivity at T > 800 K.

1. Introduction

Successful implementation of piezoelectric materials in resonant
devices, in particular for high-temperature applications, requires that
they are structurally and chemically stable, possess minimum electrical
conductivity and contain least possible intrinsic defects, unless in-
tentionally introduced for compensation of other defects. Bulk single
crystalline aluminum nitride (AIN) is expected to meet these essential
requirements and is, perhaps, a key material for use in high-tempera-
ture piezoelectric resonators [1], e.g. in micro- and nanobalances, thin
film calorimeters, pressure sensors in aircraft turbojet engines, motors,
temperature sensors, etc. However, due to difficulties in producing
large high-quality single crystals, in the past several decades the re-
search has been mostly focused on the device integration of thin-film
AIN piezoelectric resonators [2-7].

Aluminum nitride single crystals exhibit a wurtzite-type symmetry,
which is a thermodynamically stable phase showing no transitions up to
the melting point. The latter varies within 2473-3427 K depending on
the nitrogen pressure in the environment [1,8,9]. The existence of
metastable rocksalt AIN phase has been reported, but its formation
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required strains on the order of tens GPa and extreme temperatures far
beyond the ranges of anticipated operation for AIN-resonators [10-12]
and experimental characterization in this work. The metastable zinc-
blende AIN can be stabilized only by heteroepitaxial growth of very thin
films on certain planes of cubic substrates [9]. Noteworthy, the cen-
trosymmetric cubic crystal structure of both these phases do not show
the piezoelectric effect.

Other important aspects to consider are oxidation and thermal
shock resistance. As the surface primarily degrades at the presence of
oxygen until formation of passivating oxide scale [8,13], bulk acoustic
wave (BAW) devices are usually less affected [14] than the thin-film
based ones [2] and, consequently, AIN-based BAWs are preferred in
oxygen containing atmospheres for operation at high temperatures.
Further, owing to high thermal conductivity [15,16], AIN is also re-
sistant to thermal shocks.

For comparison, in context of structural stability and high-tem-
perature piezoelectric applications, lithium niobate and related com-
pounds suffer from evaporation of lithium (sub)-oxides or Curie tem-
peratures that limit their application in piezoelectric resonators
[17,18]. The piezoelectric crystals of the langasite group are
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thermodynamically stable up to the melting point (1600-1800 K [19]),
but the high-temperature applications of some crystals may be obscured
by the relatively high electrical conductivity, e.g. the La3GasSiOi4
(LGS) exhibits conductivity as high as 10~2-10~2S/cm due to occur-
rence of oxygen ion transport in the temperature range of 1000-1300 K
[19-23]. Other crystals of the langasite family exhibit lower con-
ductivity, which is, however, reported to be higher than that of AIN
[24].

Meanwhile, intrinsic electric conductivity in the range of
1071°-107* S/cm at T = 1100-1300K has been reported for nomin-
ally undoped AIN single crystals [24]. However, despite the recent
progress in fabricating of relatively large AIN single crystals of high
structural perfection, gained by the seeded growth in the physical vapor
transport (PVT) process [25-31], the incorporation of dislocations,
electrically active impurities and native point defects [28-38] may be
detrimental to their insulating and electromechanical properties. In this
concern, especially the control of impurities incorporation upon PVT
growth of AIN remains a challenging task [30]. These impurities are
majorly carbon and oxygen with some traces of silicon, which are in-
evitable residuals from the carbothermal reduction and subsequent
purification of AIN starting material [39]. Carbon and traces of Si ori-
ginate also from the hot-zone parts in growth chamber, i.e. TaC cruci-
bles that partly decompose in Ta,C and C at temperatures above 2500 K
or higher [26]. Oxygen is mainly sourced by the alumina contained in
starting AIN material, which is a consequence of high affinity of Al for
oxygen [30,31].

The type and concentration of named impurities determine the
configuration of point defects in AIN and, therefore, its electrical,
electromechanical and optical (e.g. coloration) properties. Carbon is a
deep acceptor impurity in AIN, substituting on nitrogen sites and
forming the acceptor-donor pairs with compensating nitrogen vacancies
[37,40-42]. Electrical conductivities with activation energies E, in the
range of 1.8-2.0eV at T = 900-1300K were reported for carbon-
dominated AIN [40,43]. The electrical conductance of oxygen-domi-
nated AIN occurring yet at moderate temperatures of 300-700K is at-
tributed to generation of extrinsic electrons by a donor reaction invol-
ving substitutional oxygen atoms on nitrogen sites [44-51]. The related
increase in activation energy of conductivity (slightly above 2eV) is
consistent with the increase of O concentration and formation of defect
complexes with compensating aluminum vacancies [45-49]. The
charged V,; —30% complexes were speculated to cause thermally acti-
vated electrical and mechanical anelastic relaxations peaking at 1223 K
and 623K in polycrystalline dense packed AIN [52]. Finally, while si-
licon is an electrically active impurity in AIN, its incorporation during
PVT growth usually results in only trace concentrations (few ppms),
which are considered insufficient, in particular in the present study, for
influencing AIN properties [30,31].

Although extensive research on incorporation of electrically active
impurities and formation of point defects in single crystalline AIN has
been performed, to our knowledge, no studies with special considera-
tion of their influence on electromechanical properties of bulk AIN re-
sonators have been published so far. Hence, the present research aims
on the identification of factors that contribute in the high-temperature
electrical conductivity and electromechanical losses in piezoelectric
AIN bulk single crystals, depending on the concentration of growth-
related oxygen and carbon impurities in them.

2. Experimental methods and fundamental sample properties
2.1. Fundamental properties and preparation of studied AIN samples

The investigated bulk AIN single crystals were grown at Leibniz-
Institut fiir Kristallziichtung (Berlin, Germany) by physical vapor
transport. The crystals grew along the [0001] direction (c-axis) in the
form of 6 to 15 mm long hexagonal prisms with diagonals of 7 to 12 mm
(Fig. 1, a). Details on the PVT growth method and resulting structural
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Fig. 1. APVT-grown AIN single crystal (a), schematic view of the AIN wurtzite-
type single crystal (b), and a typical design of AIN resonators (c) with keyhole-
shaped and rectangular electrodes center-aligned with either c- or m-axes in the
middle of the resonator. The orientation of applied alternating electrical field E,
exciting different resonant modes, is shown on the right, and yellow arrows
depict the oscillation directions in each mode. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

quality and native defects of the studied AIN crystals are provided in
[26,31]. The concentrations of oxygen and carbon in the studied sam-
ples were determined by secondary ions mass spectroscopy (SIMS) and
provided in Table 1. The uncertainty of determined concentrations of
oxygen and carbon impurities in AIN did not exceed 10%. Depending
on the domination of either O or C, the AIN samples differed in col-
oration as also noted in Table 1.

For sake of clarity, a naming scheme for studied samples will be
used with prefix (“c-” or “m-"), indicating the crystal's orientation, and
capital letters “O” or “C” pointing on the dominant impurity in the
sample followed by a plus sign indicating on high concentration of the
impurity (with “OC” meaning nearly equal concentrations of O and C).

In addition, a nearly colorless 550 um thick (0001)-AIN single
crystal was purchased from HexaTech Inc. (Morrisville, North Carolina,
USA) and used for reference measurements (c-OC+ in Table 1).

Rectangular and disk-shape c-cut (0001) plates (Fig. 1, b) were
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Table 1
Description of the studied AIN samples.
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Sample name Coloration Impurity concentration (mol. ppm) Shape Dimensions (mm) Cut (Fig. 1, b) Excitation modes
[C] [O] Ig or dg Wr tr

m-C+ Amber 68 28 Circular 9.00 - 0.80 (1010) TSM

c-C Bright amber 31 22 Rectangular 7.80 5.70 0.76 (0001) LTE; TE

c-0C Colorless 27 27 Circular 5.02 - 0.76 (0001) RAD; TE

c-OC+ (Ref.) Colorless 94 94 Rectangular 8.00 6.00 0.55 (0001) LTE; TE

c-0 Brownish 17 29 Rectangular 6.02 4.98 0.75 (0001) LTE; TE

c-O+ Pale yellowish 19 77 Circular 4.87 - 0.53 (0001) RAD; TE
Note: the column “Cut” means, that the largest face of the AIN plate is parallel to the indicated plane (Fig. 1, b).
sliced from as-grown bulk AIN. The sample dimensions are given in G(f) = 24 Af
Table 1. The length-thickness extensions (LTE) were excited in rectan- T 4(f = £ + Af? [6))
gular (0001)-AIN samples with length I larger than width wg, whereby
both Ir and wg were much larger than resonator's thickness tz. Resulting _ i

. o Q= .

from 6mm symmetry of hexagonal crystal lattice of AIN, in circular 0.64Af 2)

(0001)-oriented resonators with diameter dg > tg the LTE couples to a
radial oscillation mode (RAD). Also thickness extensions (TE) were
observed in the (0001)-AIN plates of both shapes. The m-cut (1010)-AIN
disks (dr>tg, Fig. 1, b) were used for excitation of thickness-shear
mode (TSM).

Room-temperature materials data for AIN, the elastic compliances
cmn and the density p, used, in particular, for calculation of resonance
frequencies in Section 3.2.1 were taken from [53] and were as follows:
c11 = 402.5GPa and ¢y, =101 GPa (used for RAD and LTE),
c33 =387.6GPa (RAD and TE), c44 =1229GPa (TSM), and
p = 3260 kg/m>.

After cutting, the AIN plates were polished on both sides, and either
keyhole-shaped or rectangular (Fig. 1, ¢) ~200 nm thick Pt-Rh elec-
trode layers with 10 nm Ti adhesive layer beneath were applied by
pulsed laser deposition on both faces of the plates. The deposited
electrodes were center-aligned with the studied plate along the c- or m-
axes.

2.2. Measurement methods

For the measurements of temperature dependences of electrical and
resonant properties of AIN in the temperature range of 300-1200 K, the
samples were placed between the platinum foil contacts of electrical
signal feed lines in an alumina holder, and the setting was heated in the
furnace at a rate of 1 K/min. To minimize oxidation of AIN, the furnace
was steadily purged with flowing argon (purity > 99.996%; 20 cm®/
min) during the measurements.

The electrical impedance spectra (EIS) of AIN were measured using
the afore-mentioned fixture and the Solartron SI 1260 impedance spec-
trometer, assisted by the high-impedance measuring bridge Solartron SI
1296. The Z”(Z) dependences were swept within frequency range of
1-10° Hz with an excitation AC voltage of 0.05-0.2 V. Here Z” and Z’ are
the imaginary and the real part of sample's impedance, respectively.
Temperature deviation within one EIS sweep did not exceed + 3K. The
electrical properties of AIN samples were modeled with an electrical
equivalent circuit, consisting of bulk resistance Ry in parallel to constant
phase element (CPE). Least squares fitting of model parameters to mea-
sured EIS allowed for derivation of the bulk resistance Ry of AIN, and the
electrical conductivity op(T) was extracted from Rp using the dimensions
of Pt-Rh electrodes and thickness tz of the sample.

The resonance spectra of AIN samples were acquired by resonant
piezoelectric spectroscopy [54,55] using a high-speed network analyzer
Agilent E5100A. Temperature dependences of resonance frequencies f;
and Q-factors of AIN resonators in each oscillation mode were obtained
by Lorentz-fit of sample's conductance G in the vicinity of resonance
frequency as a function of frequency f in accordance with bandwidth
approach to evaluation of resonator quality factor [54]:

In Egs. (1) and (2) Af is the bandwidth at half-maximum of con-
ductance and A is an adjustable fitting parameter. The factor 0.64 re-
flects the dependence of the quality factor on energy, which is pro-
portional to G*. Temperature fluctuations during one cycle of resonance
spectra acquisition within about 1s were negligible.

Note that in some cases of measurements at fundamental tones for
TE and TSM artefacts such as several resonance peaks in the vicinity of
f: occurred on the resonance spectra, whereas “clean” single-peak fea-
tures were observed for higher odd harmonics. These artefacts, in
particular for TE mode of disc plates, can be explained by the con-
tribution from spurious modes with flexural components that excite in
the crystal with limited dimensions, when the acoustic wavelength is a
greater fraction of resonator's lateral dimensions [56-58]. As a result of
coupling with spurious modes upon measurements at fundamental
tones the bandwidth approach tends to yield apparently larger Af values
and, hence, false Q-factors. Measurements at higher overtones allow for
avoiding the described artefacts [59]. Therefore, the analysis of elec-
tromechanical losses in AIN excited to TE and TSM will hereafter per-
tain only to measurements at higher harmonics (Section 3.3).

Fairly “clean” single-peak resonance spectra were measured at
fundamental tone of LTE and RAD modes for all samples, whereas for
TE and TSM modes up to three odd overtones could be well dis-
tinguished.

Data acquisition during the EIS and resonant spectra measurements
was performed by means of in-house made software for SI 1296 and
E5100A, respectively. Fitting algorithms, implemented in the in-house
made program according to the approach described in [54,55], were used
for the extraction of relevant AIN properties (bulk resistances, CPE para-
meters, resonance frequencies and Q-factors) from the measured data.

3. Results and discussion
3.1. High-temperature electrical conductivity of AIN

Temperature dependences of electrical conductivity for the studied
AIN plates are plotted in a semi-log scale as functions of inverse tem-
perature in Fig. 2. The behavior and magnitude of op(T) for c-OC sample
are comparable to those of the reference sample c-OC+. Among the
studied samples, both are colorless having [0]/[C] = 1 and exhibit the
lowest electrical conductivity in the temperature range of 900-1200 K.
Slightly higher conductivities were observed for carbon-dominated AIN
m-C+ and c-C, whereby the magnitude of conductivity increased with
oxygen content. Considerably higher electrical conductivity (up to two
orders of magnitude in c-O) was observed in oxygen dominated AIN.
Note, that due to limited availability of m-cut AIN samples in the per-
formed study, no statement on the possible influence of the anisotropy
of hexagonal Wurtzite-type structure of AIN on the electrical
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Fig. 2. Temperature dependences of electrical conductivity for bulk AIN sam-
ples.
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conductivity can be currently made.

A substantial difference in the slopes of o(T) dependences at mod-
erate (T < 800K) and elevated temperatures (T = 800-1200K) is
evident, showing a sharp change for oxygen-dominated samples at
about 800 K and a much smoother transition occurring at 800-900 K for
AIN with lower O content. This observation suggests the change of
conductance mechanisms in AIN. In order to determine the activation
energies E, for the clearly distinct conductance mechanisms, the og(T)
dependences, assuming an Arrhenius form

_Ea
og(T) = gpexp T’ @)
were fitted in the high- and moderate-temperature ranges. Given the
overlapping temperature ranges for the charge transport mechanisms in
m-C+ sample in Fig. 2, this curve has been fitted by a sum of two Ar-
rhenius functions. The same approach has been tested for all other sam-
ples, but the activation energies remained virtually unchanged. Therefore,
the modeling with two independent Arrhenius functions has been re-
tained for these samples as it is advantageous to attribute the activation
energies to distinct temperature ranges. The obtained values for pre-ex-
ponential factors op; and activation energies E,; are gathered in Table 2.

The derived E,; within + 10% of 2eV in the high-temperature
range are in good agreement with literature data, where activation
energies of 1.82-2eV were attributed to carbon impurity [40,43],
whereas their rise to 2.2 eV [51] and even higher values was attributed
to the increase in oxygen content [46].

Considering the samples m-C +, c-C, c-OC and c-O one can observe a
trend towards increasing of the electrical conductivity and its activation
energy with [0]/[C] ratio. Worth noting little of analysis of electrical
conductivity of single crystalline AIN has been published so far.
However, the assumption on conductance origins in the studied AIN can
be made based on the data for polycrystalline AIN. In [60] the mani-
festation of electrical conductivity of polycrystalline AIN at high tem-
peratures in the range of 873-1473K has been associated with in-
trinsically generated aluminum vacancies V, that form due to
incorporation of oxygen (precipitation of Al,O3) in AIN grains. As the
concentration of alumina precipitates increased, the amount of Al

Solid State Ionics 343 (2019) 115072

vacancies also increased, and the activation energy E,; of conductivity
rose up to the values of ca. 2.5eV. Likewise, the conductivities with
activation energies E,, in the range of 0.37-0.78 eV at moderate tem-
peratures were reported for AIN and attributed to the formation of alu-
minum vacancy — oxygen defect complexes [38,52,61]. However, no
statement can be currently made in regard of strong deviation of the
reference sample c-OC+ and sample c-O+ from the observed tendency.
Potentially, the Al,O5; precipitates could have hindered the electrical
transport in oxygen-dominated AIN [60], which appears to be the case
for c-O+, but the decrease of E,; is puzzling. Furthermore, equal and
overall much higher concentrations of O and C were measured for the c-
OC+ reference sample as compared to the other samples, and high [0]/
[C] ratio was measured for c-O+. Currently, the observation cannot be
explained. Further investigations of AIN intentionally doped with oxygen
would be required for clarification of the observed behavior.

It should be noted that the values of high-temperature electrical
conductivity for nominally undoped AIN single crystal manufactured by
HexaTech, Inc. as presented in [24] were by several orders lower than
that in the present study.

3.2. Electromechanical properties of bulk AIN single crystals

3.2.1. Resonance spectra of bulk AIN plates

Resonance spectra of AIN samples have been recorded at tempera-
tures of 300-1200 K for fundamental tones of LTE, RAD, TE and TSM
modes as well as for higher odd harmonics of TE and TSM. The expected
resonance frequencies for LTE, TE and TSM oscillations can be roughly
estimated [59] using the relevant plate dimensions and elastic com-
pliances ¢, of AIN (see Section 2.1):

1 3
foo=n— [Smn
U x| p 4.1

where x is either Iz (LTE) or tz (TE, TSM), and n is an odd harmonic

number. Rough estimations of f,, for radial oscillations of disc plates

account for Poisson's effect [59,62,63] and involve the planar elastic
"2

modulus cf} = (cu - %) and resonance wave number 7, corre-

sponding to the planar Poisson's ratio of AIN (o® = 0.22 [9,64];

ne = 1.9977 [59,62]) for calculations [62,63]:

foo T feh
O wdg \ e (4.2)

The harmonics multiplier for RAD is not integer and depends on o
[59]. Note that only fundamental tone of RAD oscillations is considered
in the present study. The room temperature values f,, of experimental
resonance frequencies (Table 3) were consistent with those theoreti-
cally predicted from Egs. (4.1)-(4.2).

Typical look of obtained resonance spectra is provided in Fig. 3.
With increasing temperature, the resonance frequencies in all modes
dropped monotonically by up to 2.5% (Fig. 4), obeying the parabolic
law f.(T) = f.o + aT + bT> The parameters a and b were determined by
fitting a parabola with temperature dependence of resonance fre-
quencies (Table 3).

Table 2

Activation energies and preexponential factors of electrical conductivity in bulk AIN single crystals at high and moderate temperatures.
Sample name Temperature range (K) Ea1 (eV) 001 (kS/m) Temperature range (K) Eaz (eV) o2 (US/m)
m-C+ 600-1175 1.75 + 0.15 1.4 = 0.3 - 0.28 = 0.03 1.5 = 0.6
c-C 900-1200 1.90 = 0.10 140 = 1.3 650-800 0.39 = 0.08 479 + 8.7
¢-0C 950-1200 2.03 = 0.12 25.0 = 2.6 - - -
c-OC+ (Ref.) 875-1075 1.76 £ 0.12 1.3 £ 0.2 - - -
c-0 850-1200 2.24 = 0.14 8650 * 820 700-810 0.42 += 0.11 31.9 = 6.3
c-O+ 850-1200 2.03 = 0.13 88.1 = 5.5 650-800 0.45 = 0.11 32.0 £ 9.1
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Table 3
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Theoretical and experimental resonance frequencies in fundamental mode of LTE, RAD, TE and TSM for AIN resonators at T = 300 K.

Sample name Mode x (mm) (Fig. 1, b) fro (MHz) Fit parameters for f(T) = f,o + aT + bT?
a b
Calculation Experiment K! K2
m-C+ TSM tr = 0.80 3.83 3.91 —78.94 —0.015
c-0C RAD dg = 5.02 1.36 1.42 —29.27 —0.008
TE tg = 0.76 7.45 7.42 —142.93 —-0.05
c-OC+ (Ref.) LTE wg = 6.00 0.93 0.93 —15.44 —0.006
TE tg = 0.55 9.91 9.67 —283.67 —0.006
c-0 LTE Ir = 5.00 1.11 1.13 —25.57 —0.001
TE tr = 0.71 7.67 7.55 —169.34 —0.04
c-O+ RAD dp = 4.87 1.40 1.45 —43.95 —0.001
TE tg = 0.53 10.29 10.34 —324.23 -0.015
7 - 90 1.45 3 (@)
|c-O+ @} 1403 mw
6 -45 — = =
> 5 -0 S =, ] —o—c-0C (RAD)
iel - r [0} e ] —=—c-OC+ (LTE)
2] 1.0 H ——¢-0 (LTE)
4 - --45 2 ] o (RAD)
3 T T T T T --90 ' e
1.42 1.44 146 300 600 900 1200
f [MHz] T[K]
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' ~—————1 90 ————t
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Fig. 3. Room-temperature resonance spectra for sample c-O+ at fundamental
mode of RAD (a), c-O at fifth harmonic of TE mode (b), and sample m-C+ at
third harmonic of TSM (c).

Fig. 4. Temperature dependences of resonance frequency for AIN resonators in
(a) LTE and RAD modes, (b) TE mode and (¢) relative change of f; for m-C+ in
TSM.

3.2.2. Electromechanical losses in AIN

For implementation in high-temperature resonant devices, the pie-
zoelectric material must exhibit lowest possible attenuation of its
electromechanical properties within the anticipated range of operation
temperatures. The figure-of-merit expressed as the product of quality
factor Q and frequency f represents a parameter that enables compar-
ison of resonators. As the frequencies are in the same order of magni-
tude for each mode, the discussion of losses can be done using solely the
inverse quality factor (Q~!). Hence, the temperature dependences of
Q! were evaluated in order to identify the major contributions to
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Fig. 5. Electromechanical losses in bulk AIN single crystals at high temperatures: (a) fundamental LTE and RAD modes and (b) higher harmonics of TE mode for c-O,

and (c¢) 3rd and 5th harmonics of TSM for m-C+ AIN.

electromechanical losses in the studied bulk AIN single crystals with
respect to known electrically active impurities (Fig. 5).

Overall the Q™' values in fundamental resonance modes
(fr = 0.9-1.5MHz in LTE or RAD) are rather high at temperatures
below 800-900K for all samples. However, in comparison to c-O ex-
hibiting Q! ~1072 (LTE, 1.1 MHz), an order of magnitude lower Q !
were observed for carbon-rich AlN, yielding down to ~10~% for c-OC
(RAD, 1.4 MHz). Likewise, Q ' at higher harmonics show that samples
with low [0]/[C] ratios, featuring electromechanical losses as low as
Q' = 3 x10°° (5th harmonic, f, = 19.2MHz, m-C+, Fig. 5, c),
would be preferred for AIN-based resonators.

Analyzing the results depicted in Fig. 5, important features are
worth emphasizing:

1) Steep rise of electromechanical losses at T > 1000 K for m-C+ and
c-OC and yet at T of 700-900 K for oxygen dominated samples c-O
and c-O+.

2) Multi-peak feature with high-temperature Q™! peak at T > 900K
and strong and broad peaks on Q '(1/T) at T = 400-900K, ob-
served in AIN with increased oxygen content, where the latter sug-
gest anelastic relaxation of defects in AIN [52,65,66].

3.3. Analysis of loss contributions in electromechanical properties of AIN

Reverting to above-emphasized features of the temperature de-
pendences of inverse Q-factors, one should first recall a basic concept of
an anelastic relaxation in solids, which is essentially a thermodynamic
phenomenon of the time-dependent equilibration of body's state in re-
sponse to external influences. The magnitude of such a change is linear
with the exerted force, and the solid fully recovers its state upon re-
moval of the influence (i.e., the solid retains elasticity). The change or
recovery, however, are not instantaneous and proceed via certain in-
ternal variables that attain new equilibrium values only at a finite rate.
This behavior can be, thus, interpreted as an internal friction in the
matter. In particular, anelasticity originates from crystal imperfections,
such as point defects, dislocations and other crystal defects. The theory
of anelastic relaxation in crystalline solids has been extensively de-
scribed in [65], and was confirmed to properly model the high-tem-
perature electromechanical losses in piezoelectric materials, e.g. of the
langasite group [23,66,67].

Total electromechanical losses in piezoelectric solid can be re-
presented by a sum of electrical conductivity related losses Q. !, ane-
lastic defect relaxation Q,” ', temperature-dependent background
Qr !, phonon-phonon interactions Q,, ' and contributions, which are
not dependent on temperature nor related to material losses and can be

empirically termed as constant C. The latter models, for instance, the
energy loss to electrodes and sample support, sample geometry factors,
etc. Note that the piezoelectric effect couples electrical and mechanical
systems and, thereby, the related losses. Consequently, the conductivity
related losses Q. ! stem from the motion of charge carriers with finite
mobility in oscillating piezoelectric crystals. This loss component ra-
pidly increases as the electrical conductivity of a piezoelectric material
rises with temperature. Together with losses Q, ! related to anelastic
relaxation of defects in the crystals, the piezoelectric/conductivity
losses Q. ! are Debye functions of frequency and temperature, which
implies that they reach peak values at a certain temperature for a given
resonance frequency [65,66]:

wT,
Q'@ T) = K*—,
¢ 1+ w?? (5)
= T,
Q' (@, T) = —
) T 1+w ‘L'al 6)

where w = 2f, is the cyclic frequency, K? is the piezoelectric coupling
factor, A,; are temperature-independent coefficients, proportional to
concentration of defects in a solid, and r are the relaxation times:

1 &jj

= —"FZ7="
2nf, o @)
= %,i1XpP ks T @)

Here f, is the dielectric relaxation frequency, o is electrical con-
ductivity, assuming the form of Eq. (3), z is dielectric permittivity at
constant strain, y,; are temperature- 1ndependent time constants and
U,,; are the activation energies of anelastic relaxation of defects. The
coupling factor K? is determined by the piezoelectric constant ey,
elastic constant at constant electric field ¢, and dielectric permittivity
at constant strain:
eq

Con€ly ©)

Using the above values from [53], coupling factors K2 of 0.011 for
LTE and RAD, 0.01 for TSM and 0.055 for TE resonance modes were
applied in this analysis.

The solely temperature-dependent loss contributions with activation
energy Ur assume an Arrhenius form with a temperature-independent
coefficient Ar:
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Q' (T) = 4r exp(%?).
B

10$)

In general, this term has been so far not well understood and was a
matter of disputes, which majorly lead to its attribution with thermally
activated motion of dislocations contained in a crystalline solid [65,66].
However, the thermal background may be of different nature, which
may include also other kinds of structural defects, to which no attri-
bution were made in the literature by now. In the present study, the
preliminary attempts of total Q' approximation yielded rather low
values for Q™! in m-C+, ¢-OC and c-O, and this term has been ex-
cluded from further analysis of these samples. However, it appeared
that for sample c-O+ the thermal background in the Arrhenius form
must be included in the analysis.

Phonon-phonon interactions (PPI) are considered to be the limiting
factor for a figure-of-merit Qf of a piezoelectric resonator. In the sub-
gigahertz range these contributions are expected to be low and only
weakly depend on temperature above 100 K [66,68]. If the Qf of single
crystalline AIN is limited only by PP], its value in the mega- to gigahertz
frequency range is estimated to be 2.5 x 10'®Hz [68,69]. In the best
case for the present study, the Qf product yields about 6.3 x 10'2 Hz for
5th harmonic of TSM mode for m-C+, implying that the PPI-related
contributions Qph "~ ! to electromechanical losses may be excluded in the
present analysis. Potentially, the measurement set-up or electrodes
cause the constant or nearly constant loss contributions at moderate
temperatures.
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The results of analysis of Q™ *(1/T) dependences for samples m-C +,
c-O+, c-OC and c-O are illustrated in Fig. 6, and Table 4 provides the
relevant parameters, obtained by fitting the corresponding curves to the
sum

Qlw, TV =Q (@, T)+ Q;' (w, T) + Q7' (T) + C. an

Separation of temperature dependences of the total electro-
mechanical losses occurring in the studied AIN samples allowed to
identify the main loss contributions in them.

At high temperatures (T = 950-1200K) in all of the studied AIN
samples the electromechanical losses are majorly governed by the an-
elastic relaxation of mobile charge carriers (Q.~1). Substituting in Egs.
(7) and (5) the experimental values of electrical conductivity and di-
electric constants at high temperatures, obtained from EIS, one can
estimate the expected conductivity-related electromechanical losses
and the temperature, at which they reach the maximum. The tem-
perature dependence of corresponding Q. ! is shown in Fig. 6 by blue
curves. For m-C+ and c-OC, the electromechanical losses rapidly in-
crease at temperatures T > 950K (Fig. 6, a and b), which fairly cor-
relates with the rise of electrical conductivity of these crystals at
T > 900K (Fig. 2). Indeed, as can be seen on Fig. 6, a and b, the slopes
of the high-temperature linear segments on the log(Q™ 1) — T™?! de-
pendences for losses estimated from EIS conductivity data (blue solid
line) and those from Debye-fit of Q™! (black dashed line) perfectly
coincide. Furthermore, the values of activation energies E, of 1.83 eV
and 2.07 eV (Table 4), derived from the high-temperature peak in Q*,
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Fig. 6. Analysis of loss contributions in electromechanical properties of bulk AIN single crystals m-C+ (a, 5th harmonic TSM), ¢-OC (b, fundamental tone RAD), c-O

(¢, 3rd and 5th harmonic of TE), and c-O+ (d, fundamental tone RAD).
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Table 4
Results of analysis of electromechanical losses in bulk AIN single crystals.
Parameter m-C+ c-0C c-O c-O+
3rd harmonic 5th harmonic
® (MHz) 120 8.67 155 259 8.98
K? 0.01 0.011 0.055 0.055 0.011
a5 (S/m) 1360 2.01 x 10* 6.04 x 10° 1.96 x 107 5.04 x 10*
E, (eV) 1.83 2.07 2.256 2.260 2.13
Aa - - 3.076 0.666 0.938
Ya1 (5) - - 4.42 x 10712 2.61 x 1072 3.987 x 10~ '3
Ua (eV) - - 0.643 0.641 0.656
Ao - - 0.146 0.208 0.394
Yaz (5) - - 7.89 x 10714 7.89 x 10714 7.242 x 10714
U (eV) - - 0.641 0.640 0.659
Ay - - - - 8.505 x 10~ *
Ur (eV) - - - - 0.228
c 3.97 x 107° 2.36 x 107° 7.38 X 107° 2.61 x 107° 1.53 x 10~°

are fairly consistent with E, values, accordingly, provided for m-C+
and c-OC in Table 2. The pre-exponential factors g, for these AIN
crystals also closely match. Likewise, the conductivity-related loss
component prevails at T > 1000K in oxygen dominated AIN samples
c-O+ and c-O (Figs. 6, ¢ and d), for which the pre-exponential coeffi-
cients of o, = 5.04 x 10*S/m and oy ~ 10°S/m (see Table 4) and the
activation energies of E,=2.13eV and E,=2.26eV at
T = 900-1200K are in reasonable agreement with those derived from
EIS measurements (Table 2).

As stated earlier, the thermal background did not need to be con-
sidered in the analysis of losses in m-C+, ¢-OC and c-O samples.
However, the contribution must be included for sample c-O+ and is
discussed based on results presented in [52]. Here, the background
internal friction characteristic of grain boundary sliding (grain bound-
aries as a result of dislocations) has been excluded. Contrary, the broad
peak spanning within 473-1473 K and exhibiting maximum at 1223 K
has been related to anelastic electrical relaxation and considered to
contribute in the background profile at moderate temperatures. The
analysis indicates on point defects or their clusters as a possible origin
of the electrical and mechanical relaxation in AIN, containing oxygen
impurity. Further, a peak with lower activation energy of 0.78 eV (as
compared to 1.32 eV for electrical relaxation at high temperatures) in
the temperature range of 473-773K with a maximum at 623K was
assigned with the losses due to mechanical anelastic relaxation.

The present studies show strong electromechanical losses in exactly
the same temperature range. They are evident for c-O and c-O+ within
T = 400-800 K, but are not observed for AIN with [O]/[C] < 1. The
time constants vy, on the order of 10~ '3-10~*s obtained in this tem-
perature range for samples c-O and c-O+ are fairly consistent with
those expected for anelastic relaxation of point defects in solids [65]. To
proof if these loss contributions could possibly be related with the
electrical conductivity of AIN samples at moderate temperatures, the
parameters 0y, and activation energies E,, from Table 2 were inserted
in Egs. (7) and (5). The resulting curves for loss contributions are
plotted for samples c-O and c-O+ as dashed blue lines in Fig. 6, c and d.
As it can be seen, the anelastic relaxation of charge carriers in the
temperature range of 400-800 K has little effect (c-O+) on the overall
losses at moderate temperatures (for c-O, the estimated moderate-
temperature Q. ' was well below 1 x 107°). Thus, the assumption
about loss contributions from mechanical anelastic relaxation of point
defects in these AIN samples appears to be quite appropriate. The large
peak intensities A, imply a high concentration of such defects in c-O and
c-O +. Further, the peak splitting and close values of activation energies
U1 and U, may point on the formation of defect complexes, e.g. va-
cancy-impurity pairs, in them [65]. A key observation is the good
match of time constants y,; and activation energies U,; for both peaks of
anelastic relaxation, observed on electromechanical losses of c-O

sample at 3rd and 5th harmonics (Fig. 6, ¢). This implies that the ob-
served peaks are not measurement artefacts, but a particular feature of
this oxygen dominated AIN. Consistent with the increase of frequency
from 3rd to 5th harmonic, the first anelastic maximum at T = 950K
shifts towards higher temperature for 5th harmonic and is, therefore,
poorly visible due to the overlapping with loss contributions, related to
charge carriers relaxation. Likewise, a little shift for the second peak at
650-700 K is observed for c-O sample, excited to 3rd and 5th harmonics
of TE mode. However, since resonance measurements at higher har-
monics have not been yet performed for c-O +, the existence and nature
of the assumed defect complexes currently remain unclear. Re-
markably, the activation energy and the time constants (see Table 4) for
the second Q,, ! peak in c-O+ are comparable to those observed for
the second peak in c-O sample, whereas time constants y,; do not differ
much with those, determined for the first peak of anelastic relaxation in
c-O sample. This observation points on, presumably, identical loss
mechanisms in both samples, hence, also not excluding the contribution
from defects of the same type and nature. Furthermore, the obtained U,
values of 0.64-0.66 eV for anelastic relaxation peaks are reasonably
close to reported 0.78 eV in [52] or 0.65 eV in [38], which were related
with aluminum vacancy — oxygen complexes. Accounting for the rise of
A,j, i.e. the concentration of anelastically relaxing defects, with oxygen
content (Table 4), an assumption can be proposed that the observed loss
peaks in c-O and c-O+ samples are indication of the presence of
charged V,; —nO% point defect complexes in the studied AIN samples.

4. Conclusions

The studies of bulk AIN single crystals by means of resonant pie-
zoelectric spectroscopy technique revealed considerable differences in
the electromechanical losses in them, which appear to be strongly
correlated to the relative content of growth-related electrically active
impurities in the PVT-grown AIN. Modeling of temperature de-
pendences of the electromechanical losses in the studied AIN crystals by
a superposition of several Debye-functions allowed for assuming of the
nature of main loss contributions. In aluminum nitride with oxygen
content lower or comparable to that of carbon, the electrical con-
ductivity was a major loss contribution in their resonant behavior at
temperatures above 950 K. For oxygen-dominated AIN, strong con-
tributions to electromechanical losses also at moderate temperatures
were inherent, which can be attributed to anelastic relaxation of point
defects or, potentially, their complexes contained in the crystals. The
said point defects are, likely, present at relatively high concentrations in
such AIN crystals. Meanwhile, the electrical conductivity op of AIN with
[O] = [C] was the lowest, whereas with the increase of oxygen content
in AIN, the oy and its activation energy increased from ca. 1.75-1.9 eV
([0] < [C]) up to 2.24eV ([O]/[C] = 1.8). In scope of possible
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applications of AIN in high-temperature resonant devices, these ob-
servations point out on the necessity not only of reduction of the ab-
solute concentration of growth-related impurities in AIN (in order to
minimize conductivity-related losses), but also of careful adjustment of
their relative content yet upon growth stage in order to minimize their
adverse effects on electromechanical performance of AIN in a broad
temperature range. The nature and type of the assumed defects in AIN is
yet to be clarified though.
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