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We report on in situ electrical measurements of surface acoustic wave delay lines based on AIN/
sapphire structure and iridium interdigital transducers between 20 °C and 1050 °C under vacuum
conditions. The devices show a great potential for temperature sensing applications. Burnout is
only observed after 60h at 1050°C and is mainly attributed to the agglomeration phenomena
undergone by the Ir transducers. However, despite the vacuum conditions, a significant oxidation
of the AIN film is observed, pointing out the limitation of the considered structure at least at such
extreme temperatures. Original structures overcoming this limitation are then proposed and
discussed. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812565]

. INTRODUCTION

Surface acoustic waves (SAW) technology constitutes a
promising way to achieve passive wireless sensors able to
operate at high temperatures ranging from 200°C to esti-
mated 1000°C." The choice of the constitutive materials is
then critical. Few piezoelectric media can be considered
for applications above 500 °C. Currently, langasite (LGS) is
considered as the best-suited substrate for harsh environ-
ments. Pereira da Cunha et al. have demonstrated that LGS-
based SAW devices can be operated for at least 5!/» months.
at 800"C,2 and in our previous work we have recorded a
SAW signal up to 1140°C on such devices.” However, LGS
suffers from some drawbacks such as rapidly increasing
propagation losses with frequency and temperature. This
confines the operating frequency of high-temperature wire-
less LGS-devices to the couple hundred MHz range.*> LGS
also undergoes, as many oxides, strong O losses accompa-
nied by Ga ones under high-temperature low-oxygen condi-
tions.> Thus, it would be valuable to find some alternative
piezoelectric materials able to advantageously replace LGS
for some specific purposes. In this perspective, aluminium
nitride (AIN) thin films were identified as such many years
ago.%” Indeed, AIN retains its piezoelectricity up to at least
1150°C® and is chemically stable up to 1040 °C under ultra-
high vacuum conditions.” Its main drawback concerns its
sensitivity to oxidation in air atmosphere from 700°C."
Moreover, showing the highest SAW velocity among the
piezoelectric materials, AIN is particularly suited to perform
high-frequency devices, when combined with fast substrates
such as sapphire or diamond.'''? Several recent studies
have experimentally confirmed the potential of AIN for high-
temperature SAW applications. Lin et al. successfully oper-
ated AIN Lamb wave resonators up to 700°C."? Bruckner
et al. studied between room temperature and 625°C SAW
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delay lines based on AIN/sapphire bilayer structure, with an
AIN relative thickness of about 10%. The devices are
described as well suited for temperature sensor applications
with a large first-order temperature coefficient of delay
(TCD) of 467 ppm/°C and a rather weak second-order one
(+18 ppb/ °C?). Besides, stable frequency and time responses
were observed all along a 45-h-long period at 625°C.'"*
We also provided the same conclusions about very similar
devices examined up to 500°C.'"" Again, a large and quasi-
constant sensitivity to the temperature was observed, with a
first-order temperature coefficient of frequency (TCF) equal
to —68 ppm/°C at 20°C and —80 ppm/°C at 500 °C. On the
other hand, this study evidenced a constant increase of inser-
tion losses (IL) of 1dB per 100 °C. This phenomenon was
attributed to the prevalence of the propagation losses
increase with temperature over the observed amelioration of
the electromechanical coupling K* of the structure.'’

The aim of the present study is to determine the poten-
tial of AlN/sapphire bilayer structure for SAW applications
beyond 700 °C. To do so, SAW delay lines are characterized
by in situ RF electrical measurements between the ambient
and temperatures above 1000 °C. The impact of the exposure
to such high temperatures on the morphology and the chemi-
cal composition of the devices is then analyzed and dis-
cussed. Based on these results, original structures that could
overcome the observed limitations are suggested.

Il. EXPERIMENTAL

1.3 um-thick (002) AIN thin films were grown on c-cut
sapphire substrates by sputtering method. An optimization of
the deposition parameters was conducted to obtain high-
quality AIN films regarding SAW applications, i.e., films
with low stress, high (002) orientation, and surface rough-
ness in the order of few nanometers. The microstructure of

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4812565
http://dx.doi.org/10.1063/1.4812565
http://dx.doi.org/10.1063/1.4812565
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4812565&domain=pdf&date_stamp=2013-07-03

014505-2 Aubert et al.

the as-deposited films was investigated by X-ray diffraction
(XRD) and transmission electron microscopy (TEM),
while atomic force microscopy (AFM) gave access to the
morphology.

To perform interdigital transducers (IDTs) circumvent-
ing the limitations of platinum, 10 nm-thick titanium as an
adhesion layer and 100 nm-thick iridium films as electrodes
were deposited by e-beam evaporation.”'> SAW delay lines
were then fabricated by photolithography and ion beam etch-
ing. The devices were constituted of two identical IDTs with
50 pairs of fingers and a wavelength / fixed to 14 um, result-
ing in a relative AIN layer thickness of 9%. The IDT center
spacing, acoustic aperture, and finger width to space ratio are
657, 274, and 1:1, respectively. The SAW propagation path
was along the X direction of the sapphire substrate. These
SAW devices were first characterized at room temperature
on a wafer prober. Then, they were investigated at higher
temperatures using a specific setup. To do so, the SAW devi-
ces are first bonded with 25 um Pt wires to platinum foil
strips that are attached on a chip carrier made from a machi-
nable Rescor™ ceramic platelet (Fig. 1(a)). This chip carrier
is clamped to an RF signal cables pair able to withstand high
temperatures, whose end is fixed to a niobium block.
Clamping is ensured via a main flat spring, several small
molybdenum springs, and a lid that allows electrical contact
between the RF cables and the chip carrier platinum strips
with mechanical pressure only (Figs. 1(b)-1(d)). The setup
finally consists of four different sets of such semirigid
coaxial RF cables pairs ended with a nobium hull containing
the chip carrier (Figs. 1(e) and 1(f)), which are inserted
inside a tubular furnace (Fig. 1(g)). Thus, this setup allows

Chip carrier >
Pt strip

Thermal
reflecto

Nb blocks
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the RF high-temperature characterization of 4-8 SAW test
structures at once (4 if S,; parameters are required and 8 if
Si1 ones are enough). A more complete description of this
setup can be found in Ref. 16. In a first stage, the devices
were gradually heated from room temperature to 1050 °C in
15h. The second step of the experiment consisted in a
plateau at this last temperature until reaching the device
burnout. Vacuum conditions (pressure: 2.10~*mbar) were
chosen as both AIN and Ir oxidize above 700 °C in air atmos-
phere.'®” The morphology and chemical composition of
the investigated devices surface were analyzed by scanning
electron microscopy (SEM) coupled to energy-dispersive
X-ray spectroscopy (EDXS). Slices of the devices were
obtained by focused ion beam etching (FIB) to perform
cross-sectional TEM micrographs.

lll. RESULTS AND DISCUSSIONS
A. As-deposited AIN films

XRD measurements revealed that the optimized (002)
AIN films are stress-free while being highly textured out of
plane, with a full width at half-maximum (FWHM) of the
(002) rocking curve as low as 0.26° (Fig. 2(a)). The films are
also textured in the plane as shown by TEM diffraction pat-
tern (Fig. 2(b)). The grain size, obtained by AFM, is close to
30nm (Fig. 2(c)). The surface roughness of the films with
an rms value of 8 A is suitable for SAW applications. The
optimization process of the deposition parameters is fully
described in Ref. 18. The operating frequency of the SAW
devices based on these films and iridium IDTs, as described

FIG. 1. Description of the high-
temperature RF characterization setup.
(a) An orange colored langasite device
about to be bounded to the chip carrier.
(b) A chip carrier just placed inside the
Nb block. The flat spring on the left
bends it slightly upwards. The orange
colored langasite device can be seen
on top of the carrier, as the platinum
foil strips around the carrier and the
platinum plated inner tip of the RF
cable. (c), (d) Respectively, top and
cross-section views of one set of RF
cables pair ended with a Nb hull con-
taining the chip carrier The lid is now
closed, pushing the chip carrier down
to ensure electrical contact with the
RF cables. (e), (f) Views of the setup
showing the four sets of RF cables pair
ended with a Nb hull. (g) An overview
of the complete high-temperature RF
characterization setup.
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FIG. 2. (a) Rocking curve for the (002) plans in the optimized AIN films. (b) Selected area electronic diffraction (SAED) pattern of the optimized AIN films.
(c) 3D AFM image of the optimized AIN films. (d) Frequency response (S,; magnitude) of a SAW delay line based on optimized AIN/sapphire structure and Ir

IDTs with 14 um periodicity.

in Sec. II, is closed to 392 MHz, with insertion losses equal
to —35dB and a rejection value of 13 dB (Fig. 2(d)).

B. High-temperature RF characterization
of AIN/sapphire devices

This study fully confirms the results reported in litera-
ture about the behavior of AIN/sapphire-based SAW devices
up to 700 °C (Refs. 10 and 14) and extends them to tempera-
tures as high as 1000°C. Indeed, as shown in Fig. 3, the
investigated delay lines exhibit a large and quasi-linear
sensitivity to the temperature in the whole considered tem-
perature range, with TCF values equal to —71 ppm/°C and
—12ppb/°C? for the first and second order, respectively, the
reference temperature being 20 °C. Moreover, the potential
of AlN/sapphire bilayer structure for SAW temperature sens-
ing applications is strengthened by the fact that in the same
time, IL are fairly constant with variations below 3dB
(Figs. 3 and 4). The initial increase of IL between room tem-
perature and 500 °C is consistent with the results presented
in Ref. 10. It is followed by an unforeseen diminution: IL
practically recover the initial value between 750°C and
850 °C. One can assume that this phenomenon is related to

400 T T T T T T T T T T 0
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{1 o 4 A A 4 A
390 4 °0 4aa ‘A—-z
N | S
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360 ¢
©
T T T T T T T T T T -10
0 200 400 600 800 1000

Temperature (°C)

FIG. 3. Frequency-temperature law (grey diamonds) and IL evolution (blue
triangles) of Ir/AIN/sapphire SAW delay lines during the 15h-long heating
between 20°C and 1050 °C. IL values are given relatively to their level at
room temperature. Operating frequencies and IL values were obtained from
time-gated S,; measurements.
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FIG. 4. Raw frequency responses (S,; magnitude) of an Ir/AIN/sapphire
SAW delay line obtained at different temperatures: 25°C, 535°C, 908 °C,
1050 °C and after 50 h at this last temperature.

the fact that the continuous increase of K* with temperature
described in Ref. 10 certainly goes on above 500°C and
maybe even accelerates. This improvement of K? with tem-
perature can be explained, on one hand, by steady softening
of AlN/sapphire bilayer structure—as evidenced by the
quasi-constant negative TCF value. On the other hand, the
significant difference between the expansion coefficients of
AIN and sapphire causes an increasing stress in the AIN film
when the temperature rises. Consequently, the piezoelectric
coefficients of AIN thin films should increase with tempera-
ture, which was experimentally demonstrated up to 300 °C."°
At higher temperatures, in particular during the final plateau
at 1050°C, a permanent increase of IL can be observed,
leading to the signal loss after 60 h at this extreme tempera-
ture. This phenomenon indicates a progressive deterioration
of the device, which is confirmed by the frequency drift
occurring during this temperature plateau (Fig. 5).
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FIG. 5. Evolution with time of operating frequency (grey diamonds) as well
as IL (blue triangles) during the final plateau at 1050 °C. Black and blue
dashed curves are exponential decay fitting curves of the operating fre-
quency and IL evolution, respectively. Operating frequencies and IL values
were obtained from time-gated S,; measurements.
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C. Material analyses

One clear reason of the final device failure can be
directly seen on post-experiment SEM images. The Ir IDTs
underwent agglomeration phenomena during the high-
temperature exposure, which broke the electrical continuity
of the transducers (Fig. 6(a)). This was expected as the tem-
perature of the 60-h-long plateau, i.e., 1050 °C, is very close
to the Tamman temperature of Ir, equal to 1080 °C. Tamman
temperature gives a rough estimation of the onset tempera-
ture of volume diffusion phenomena in metals, which lead in
a couple of hours to such agglomeration phenomena in thin
films.?® One can also note on SEM images the apparition of
nanostructures on the surface of the substrate, especially
close to the IDTs. Thus, surfaces located between two neigh-
boring electrode fingers are fully covered by these nanostruc-
tures. Aloof from the IDTs, the surface of the substrate is
formed of regular nanograins (Fig. 6(b)).

These results suggest the existence of an additional de-
vice degradation mechanism, consisting in an alteration of
the AIN layer. EDXS analyses confirm this assumption,
showing that the O-content in the AIN film dramatically
increased during the experiment while the amount of nitro-
gen dropped (Fig. 7). With low-energy incident electrons
(5keV), the post-experiment N-content is even found to be
null. If the energy is augmented to 20keV, allowing the

8 WD: 20.00 mm
iew field: 21.13 yum  Det: SE

= R )
1pm 5/17/2011
5.0kV SEI SEM WD 9.9mm

FIG. 6. Secondary electron SEM images of an Ir/AIN/Sapphire SAW device
after the experiment: (a) tilted view, (b) plan view. The white arrows indi-
cate the position of one finger electrode on each image for a better
understanding.
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FIG. 7. Relative atomic compositions of the substrate before and after
the experiment, determined by EDXS with 5SkeV-electrons and 20keV-
electrons.

analysis of a deeper region, in exchange for a poorer accu-
racy in the determination of the quantities of light elements
like O or N, then the N-content is close to 9%, to be com-
pared with the initial measured level of about 15%. Note that
these results are independent from the location of the exam-
ined areas—close or far away from the electrode fingers.
Therefore, even under such low-O conditions (total pressure
was 2.10"*mbar), the AIN film surface underwent severe
oxidation. Consequently, the nanostructures and nanograins
visible on Fig. 6 are likely aluminum oxide of different
microstructures.

A more accurate determination of the thickness and the
microstructure of the oxide overlayer can be deducted from
cross-sectional TEM images (Fig. 8). In zones located
between neighboring electrode fingers, a 350 nm-thick oxide
layer lying on the AIN film is clearly visible (Fig. 8(a)). It
seems constituted of at least two parts (Fig. 8(b)). The upper
part is identified as mainly amorphous Al,O3 (Fig. 8(c)). It
corresponds to the nanostructures observed on SEM images
(Fig. 6). The reason of the large concentration of these amor-
phous structures close to the electrode fingers is not clearly
determined. The inner part, whose thickness is about
100 nm, is essentially textured o-Al,O5 (Fig. 8(d)). The elec-
tronic diffraction pattern of the highly textured AIN layer is
also visible on this last figure. The nanograins visible in
Fig. 6 aloof from the electrode fingers likely corresponds to
this crystalized oxide layer.

D. Deterioration mechanisms during the plateau
at 1050°C

Based on these material analyses and the evolution of
electrical parameters (IL and operating frequency) during
the final plateau at 1050 °C (Fig. 5), a scenario leading to the
device failure can be proposed. In particular, the IL evolution
curve suggests that the device degradation takes place in two
steps. Indeed, during the first 45h at 1050 °C, IL evolution
follows an exponential decay law, which means a progres-
sive decrease of the degradation phenomena kinetics.
Consequently, we assume that this first stage of the degrada-
tion is mainly related to the oxidation process underwent by
the AIN layer. Actually, such kinetics is typical of oxidation
processes, which are steadily hindered as the diffusion of O

J. Appl. Phys. 114, 014505 (2013)

FIB protective layer

100 nm

FIG. 8. (a) and (b) Cross-sectional TEM images of the device after the
experiment. On top of the sample is visible the protective layer used to per-
form FIB cutting. (c) Electronic diffraction pattern of the upper part of the
formed oxide overlayer. (d) Electronic diffraction pattern of the inner part of
the formed oxide overlayer and the highly textured AIN layer.

atoms throughout the oxide overlayer becomes harder and
harder with the increase of the oxide thickness.?' The drift
towards lower operating frequencies, which follows an expo-
nential decay law as well, with a similar time constant close
to 40h, is a confirmation of the prevalence of the oxidation
process during the first stage of the degradation (Fig. 5).
Obtaining lower operating frequencies means that the
formed oxide layer is softer than both AIN and sapphire,
which is consistent with its partly amorphous nature. The
second part of IL evolution, occurring after 45h at 1050 °C,
with a brutal acceleration of the degradation leading to the
signal loss 15h later (Fig. 5), would be then mainly driven
by the agglomeration phenomena taking place in the Ir IDTs.
Note that agglomeration phenomena should not have a major
impact on the operating frequency, the mass loading effect
being unchanged. Thus, the exponential decay of the operat-
ing frequency, related to the ongoing oxidation process, con-
tinues during this second stage, except at the very end of the
experiment, after 55h at 1050 °C (Fig. 5). At this time, the
signal magnitude was close to the noise level, preventing an
accurate determination of the operating frequency.
According to this scenario, the oxidation process is
not responsible of the device failure but precludes the aimed
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sensor applications, at least at such extreme temperatures. In
that case, AIN-based devices could only be considered if the
AIN layer was protected from oxygen. In this context,
Al,O5/IDT/AIN/sapphire or Al,O3/AIN/IDT/AIN/sapphire
configurations are promising solutions to protect concur-
rently IDTs from agglomeration phenomena and the active
piezoelectric area from any chemical aggression.”>*
Moreover, using such buried IDTs structures would signifi-
cantly improve the electromechanical coupling coefficient.**
For applications at lower temperatures, i.e., below 1000 °C,
conventional IDT/AIN/Sapphire structures could be used for
sensors applications, depending on the oxygen partial pres-
sure and the aimed temperature range.

IV. CONCLUSION

In summary, AIN/sapphire SAW delay lines have been
characterized at high temperatures under vacuum conditions.
They showed a large and quasi-linear sensitivity to the tem-
perature, as well as stable signals with variations below 3 dB
during the 15-h-long heating from room temperature to
1050°C. This combination makes AlN/sapphire bilayer
structure a promising candidate for wireless SAW tempera-
ture sensing applications in harsh environments. However,
despite the low-O conditions, a significant oxidation of the
AIN film was evidenced by SEM, TEM, and EDXS. This
phenomenon occurred during the 60-h-long plateau at
1050 °C and implied a regular increase of IL as well as oper-
ating frequency drift. AIN-based SAW devices can only be
considered for the aimed applications if the targeted tempera-
ture range is lower than 1000 °C (depending on the O partial
pressure) or if the active piezoelectric AIN layer is protected
from oxygen, using buried electrodes configurations.
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