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TiAl based surface acoustic wave (SAW) devices, which offer a promising cheap and easy to
handle wireless sensor solution for intermediate high temperatures up to 600 °C, were
prepared and investigated with respect to their durability. To obtain the devices, Ti/Al
multilayers were deposited on high-temperature stable piezoelectric catangasite (CTGS)
substrates and structured as electrodes via the lift-off technique. AINO cover layers and
barrier layers at the substrate site served as an oxidation protection. The devices were
characterized regarding their electrical behavior by ex-situ measurements of their fre-
quency characteristics after heat treatments up to 600 °C in air. In addition, long-term in
situ measurements up to 570 °C were performed to analyze a possible drift of the resonant
frequency in dependence on the temperature and time. Scanning electron microscopy of
the surfaces of the devices and scanning transmission electron microscopy of cross sec-
tions of TiAl interdigital transducer electrode fingers and the contact pads were conducted
to check the morphology of the electrode metallization and to reveal if degradation or
oxidation processes occurred during the heat treatments.

The results demonstrated a sufficient high-temperature stability of the TiAl based de-
vices after a first conditioning of system. A linear dependence of the resonant frequency on
the temperature of about —37 ppm/K was observed. In summary, the suitability of TiAl
based SAW sensors for long-term application at intermediate temperatures was proven.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There is strong need in industry for measurement systems
working at high temperatures to control devices or
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component parts and to optimize processes. Especially, sys-
tems, which allow a wireless interrogation, are required to
access locations, which cannot be reached by wired sensor
devices, e.g., on rotating parts. Surface acoustic wave (SAW)
based sensors are promising candidates for this field of
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application and have therefore been in the focus of research
since several years.

A SAW sensor is composed of a piezoelectric, typically
single crystalline substrate, on which electrodes in the form of
at least one interdigital transducer are present. This system is
connected to a matched antenna to realize the wireless
interrogation.

There is literature describing SAW sensors working at high
temperatures up to about 1000 °C and above [1-8]. In these
devices, the electrodes are usually made of Pt or other noble
metals, which makes them very expensive and therefore un-
attractive for common industrial application. However, there
are many potential fields for the application of high-
temperature sensors, in which the operation temperature is
within an intermediate high-temperature regime between
300 °C and 600 °C. To access these temperatures, noble metal
based systems are not absolutely required. This temperature
regime can be reached using a smart combination of cheap
standard materials, which are already used for electrodes in
devices working at room temperature or at slightly increased
temperatures. In this paper, we suggest the combination of
aluminum and titanium in form of the intermetallic TiAl alloy.
Aluminum is a standard material for room temperature SAW
devices and especially highly-textured Al films or the combi-
nation of thick Al layers with thin Ti layers were investigated
to achieve a high power durability in early work [9-11]. In
contrast to this, we now focus on the intermetallic y-TiAl
phase with its improved high-temperature stability. The low
costs and the easy preparation make this material system a
very promising candidate for industrial application.

In former work, we investigated the high-temperature
behavior of extended TiAl films [12—14] and we showed that
TiAl based SAW devices with AINO cover and barrier layers
possessed a long-term high-temperature stability up to at
least 500 °C and a short and mid-term stability up to 600 °C
[15], which can be further extended by an improved deposition
of the cover layer onto the edges of the electrodes. As in the
former work, we used single crystal catangasite (CasTaGas.
Si,014, CTGS) as the piezoelectric substrate because of its su-
perior high temperature stability and promising material
properties, which have been extensively investigated in the
recent years [16—19].

In this paper, we present a comprehensive analysis of TiAl
based SAW devices regarding their electrical characteristics
by means of both, ex-situ and temperature dependent in situ
measurements, in combination with analyses of the
temperature-driven evolution of the morphology of the elec-
trode metallization.

2. Experimental section

The TiAl based electrode structures of one-port resonator
designs were realized via a lift-off procedure and the deposi-
tion of a stack of alternating Ti and Al layers by e-beam
evaporation with an individual layer thickness of 10 nm and a
total thickness of 200 nm. Former work showed that the
desired high-temperature stable y-TiAl phase was not formed
in co-deposited thin films, whereas it was formed during the
annealing of multilayer thin films [13,14]. In the first step, the

lift-off mask was prepared on top of the CTGS substrate. An
AINO layer with a thickness of 20 nm prepared by magnetron
sputtering was applied as a barrier layer prior to the deposi-
tion of the metal layers. Details on the preparation of such
films were described in [14].

The structured SAW device, which was obtained after the
lift-off procedure, was finally covered with a 40 nm thick AINO
protection layer. Subsequently, a formation annealing of the
samples was performed at 600 °C in UHV (base pressure 1.1 -
10~° mbar) for 10 h to initiate the interdiffusion of the multi-
layers and the formation of the desired y-TiAl phase.

The morphology and possible degradation of the electrode
structures were analyzed with scanning transmission elec-
tron microscopy (STEM, Technai F30, FEI company, Hillsboro,
OR, USA) in combination with energy dispersive X-ray spec-
troscopy (EDX, Octane T Optima, EDAX Company, Mahwah,
NJ, USA). The surfaces of the SAW devices were imaged with
scanning electron microscopy (SEM, Zeiss Ultra Plus, Carl
Zeiss Microscopy GmbH, Oberkochen, Germany GmbH).

The electrical behavior was characterized via S-parameter
measurements with vector network analyzers (VNA, Keysight
E5080B and E5071D). Additionally, to monitor the frequency
shift during the thermal treatments, in situ electrical mea-
surements were carried out using a Linkam HFS 600 E-PB4
Heating and Freezing Stage with a T95-LinkPad controller
(Linkam Scientific Instruments, Salfords, United Kingdom) in
air up to 570 °C. Details of the measurement setup and prin-
ciple were described in [20]. The temperature at the sample
position was calibrated with external measurements.

3. Results

3.1. Morphology of the SAW devices in the as-prepared
state and after the formation annealing

STEM images of TiAl based interdigital transducer finger
electrodes in the as-prepared state and after the formation
annealing in UHV at 600 °C for 10 h are depicted in Fig. 1. In the
as-prepared state (Fig. 1a and b), the sequence of the Ti and Al
multilayers was clearly visible. In the image with the pre-
dominant element contrast (Fig. 1a), the Ti layers appeared
bright, while the Al layers were darker. The first dark layer on
top of the CTGS was the AINO barrier layer. Due to the depo-
sition via magnetron sputtering, the thickness of this layer
was reduced at the edges of the lift-off mask. In contrast to
this, the metal layers were prepared by e-beam evaporation,
which resulted in a more oriented deposition and did not lead
to such an effect. The different deposition methods also led to
a larger width of about 100 nm of the AINO layer at both sides
of the electrode as compared to the metallic layers. It can be
seen that the first Ti layer deposited on top of the AINO had a
very smooth surface. The subsequent Al layer, however,
already showed a significant roughness.

The image with the predominant orientation contrast
(Fig. 1b) revealed that obviously there was a correlation be-
tween the crystal orientation during the growth of the multi-
layers. Column-like structures throughout multiple layers or
across the whole layer stack with grain boundaries along the
growth direction were present.
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TiAl + TiAl,

(a) as-prepared state, predominant element contrast

C FIB protection layer

(d) after formation annealing at 600 °C / UHV, predominant orientation contrast

Fig. 1 — STEM images of the TiAl based finger electrode in (a), (b) the as-prepared state without cover layer and (c), (d) after
the formation annealing in UHV at 600 °C for 10 h with AINO cover layer. (a), (c): images with predominant element contrast;

(b), (d) images with predominant orientation contrast.

During the formation annealing of the samples at 600 °C in
UHV, an interdiffusion of the metal layers took place. How-
ever, a fully homogeneous distribution of the material was not
reached (Fig. 1c). An EDX evaluation of the different layers
revealed that the brighter ones had a composition close to that
of the TiAl-phase, while the darker layers had a composition
which corresponded to the TiAl,-phase. A layered structure
was also still visible in the image with predominant orienta-
tion contrast (Fig. 1d).

3.2. Electrical behavior and morphology of SAW devices
with uncovered contact pads

In order to measure the electrical properties of samples with
40 nm AINO cover layer, a part of the contact pads was covered
with the photoresist prior to the deposition of the AINO cover
layer. Afterwards, the resist was removed via the lift-off pro-
cedure, so that the finger structures of the SAW device were
protected by the AINO layer, while the contact pad windows
remained uncovered to allow wire bonding. In the first step,
the electrical behavior of these samples was measured after

the formation annealing at room temperature (RT). Then, the
samples were thermally loaded at 400 °C in air for 10 h and
then characterized. Subsequently, these samples underwent a
second thermal loading at 500 °C in air and were measured
again. These heat treatments were performed in a tube
furnace with a maximum temperature capability of 1000 °C
(Strohlein Instruments, Viersen) with an Eurotherm 808
controller.

Fig. 2 shows the electrical characteristics of such a SAW
device measured at room temperature after the formation
annealing and after the two subsequent thermal loadings in
air. After the formation annealing, a resonance frequency of
434.6 MHz was detected. After thermal loading at 400 °C in air,
the resonance frequency was reduced by about 0.1 MHz, while
the subsequent thermal loading at 500 °C led to a further
reduction of about 0.3 MHz. This frequency shift was ascribed
to oxidation processes in the open TiAl contact pad regions.
Since there was no cover layer, the heat treatment in air led to
a partial oxidation of the TiAl which changed the electrical
resistivity within the contact pad and finally resulted in the
shift of the resonant frequency.
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Fig. 2 — Electrical characteristics in terms of the reflection
coefficient |S;;| of a SAW device without AINO cover layer
at the contact pads after the formation annealing in UHV
(600 °G, 10 h) and after thermal loading in air for 10 h at
400 °C and subsequently at 500 °C.

The temperature dependent resonant frequency of a
sample without an AINO cover layer on the pads measured in
situ with the Linkam stage is shown in Fig. 3a. The tempera-
ture of the sample was increased stepwise from 25 to 550 °C.
All temperature steps and dwell times are summarized in

Table 1. The resonant frequency was first recorded as soon as
the respective temperature was reached and a second time
after the dwell time, which are the values presented in this
paper. After thermal loading at the maximum temperature of
550 °C, the sample was cooled down and the frequencies were
recorded when the respective temperatures were reached
without further dwell times. All values shown in the figures
are normalized to the frequency measured at RT prior to the
thermal loading.

As expected from literature [21], the measurement curves
revealed an almost linear decrease of the resonant frequency
with increasing temperature. From a linear fit, the 1st order
temperature coefficient was deduced as —37.1 ppm/K. Fig. 3¢
presents the frequency drift Af normalized to the frequency
measured at RT, which was caused by irreversible changes of
morphology during the dwell time at the respective tem-
perature listed in Table 1. It can be seen that for tempera-
tures below 380 °C, the frequency did not change during the
thermal loading at the respective temperature. In contrast to
this, during the thermal loading at 550 °C, the frequency
decreased irreversibly by 0.16 MHz, which corresponded to a
value of Af/fzs-c = 0.33 - 102, During the subsequent cooling
of the sample, this offset remained almost constant with
respect to the frequencies measured during the heating up,
leading to a parallel course of the cooling down curve leaving
behind a small irreversible frequency shift of 0.23 MHz at
50 °C.
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Fig. 3 — In situ measured normalized resonance frequency in dependence on the temperature during heating and cooling of
the sample: (a) SAW device without AINO cover layer on the contact pads, (b) SAW device without AINO cover layer on the
electrode fingers. The dashed lines serve as guide to the eye. (c) and (d) demonstrate the normalized frequency drift 10® - Af/
fas-c of (a) and (b) during the dwell time at the respective temperature. The insets in (c) and (d) demonstrate the architecture
of the SAW device and the distribution of the AINO cover layer.
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Table 1 — Temperature steps and dwell times used for the measurement of the sample without AINO cover layer at the
contact pads of the SAW device (Fig. 3a,c).

T/°C 25 45 95 140 190

235 285 330 380 475 550

dwell time/h 2 56 24 28 20

5 19 24 72 72 24

Fig. 3b summarizes the normalized temperature depen-
dent course of the resonant frequency measured for a sample,
in which the finger electrodes were not protected with the
AINO cover layer. In this case, the contact pad windows
without the AINO protection layer were covered with a 150 nm
thick Pt layer. The shift of the resonance frequency of the
sample was measured in the Linkam stage during thermal
loading up to 570 °C. The temperature steps and dwell times
are summarized in Table 2. The corresponding frequency
values measured after each dwell time are shown in the plot.
As before, the sample was cooled down without further dwell
times and the frequencies were recorded when the respective
temperatures were reached.

In contrast to the sample with the cover layer on the finger
electrodes, the decrease of the resonance frequency was
enhanced above a temperature of 380 °C. A linear fit of the
measured results up to 330 °C revealed a slope of 36.5 ppm/K.
In Fig. 3d, the normalized frequency drift Af/f,s-c during the
annealing at the respective temperatures is shown. It can be
seen that above 380 °C, Af was much larger as compared to the
sample with covered finger electrodes (Fig. 3c).

During the cooling down, which was performed without
any dwell times at the measurement temperatures, a linear
increase of the resonance frequency was observed with a
slope of —37.1 ppm/K, which was the same as measured for
the sample with cover layer. This finding is reasonable, since
the temperature coefficient is mainly determined by the
substrate properties, while the electrodes only have a minor
influence on this value. In addition, the cooling was per-
formed without any dwell times at the respective tempera-
tures, so that any further changes leading to a further
irreversible drift of the resonant frequency, could hardly occur
within the electrodes. In summary, this behavior resulted in
an about 1.8 MHz lower resonant frequency value of the
sample remeasured at room temperature as compared to the
state prior to the thermal loading procedure.

Fig. 4 compares STEM images of a finger electrode with
cover layer (Fig. 4a) and without cover layer (Fig. 4b) after the
annealing procedures. For both samples, the layered struc-
ture, which was visible after the formation annealing (Fig. 1),
was not present any more after the thermal loading in air. In
case of the covered finger (Fig. 4a), only a minor oxidation
occurred close to the edges. EDX measurements proved that
the dark contrast at these positions in the image with pre-
dominant element contrast originated from Al,O; grains. In
the image with the predominant orientation contrast, an
irregular grain structure was present with several large grains

with a size up to 200 nm and many smaller grains with sizes of
a few up to a few tens of nm. In contrast to this, a small
amount of oxygen was found almost everywhere within the
finger without cover layer (Fig. 4b). Just in the center of the
finger, no oxygen was detected. In addition, the grains were
much smaller. Only very few larger grains with sizes of
50—100 nm were present. The surface of the finger consisted of
layered TiO, and Al,05 with a significantly larger roughness as
compared to the film with cover layer.

The shift of the resonance frequency in case of the samples
with the uncovered contact pad was negligible as compared to
the device with the uncovered electrodes. The reason for the
different impact of the oxidation of the electrodes and the
contact pads on the frequency behavior is the strong influence
of changes of the finger electrodes due to oxidation regarding
their mechanical properties, like stiffness and elastic
modulus, as well as the density and thickness on the acoustic
behavior of the IDT and reflectors. In contrast to this, changes
within the contact pads indeed change the overall electrical
resistance; however, hardly influence the acoustic properties
in the active area of the devices, leading to only small changes
of the frequency.

In summary, the findings emphasize the necessity of an
oxidation protection, especially of the electrode structures.

3.3. Electrical behavior and morphology of SAW devices
with covered pads

In a second experiment, again samples, in which the electrode
fingers of the SAW device were protected with the AINO cover
layer, were investigated. However, in this case, the area, in
which the AINO cover layer was removed at the bond pads,
was now locally covered with a 150 nm thick Pt layer. This
layer, which was added after the formation annealing, was
required to facilitate the Pt wire bonding in the in situ mea-
surement setup and simultaneously covered the free surface
of the TiAl. These devices with the formation-annealed TiAl
layer and as-deposited Pt layer will be called as-prepared SAW
chip in this section. The samples were thermally loaded
stepwise at 400, 500 and 600 °C and for each state the electrical
characteristics in terms of the reflection coefficient |S;1| was
measured afterwards at room temperature, showing the
resonance peak of about 433 MHz. Fig. 5 summarizes these
results. After the thermal loading at 400 and 500 °C, the
resonance frequency increased by 0.2 MHz and by further
0.4 MHz, respectively. This was in contrast to the sample with
the uncovered pads, where a decrease in frequency was

Table 2 — Temperature steps and dwell times used for the measurement of the sample without AINO cover layer at the

fingers of the SAW device (Fig. 3b,d).

T/°C 30 45 95 140 190

235 285 330 380 425 475 570

dwell time/h 0.1 0.1 0.1 15 37

48 46 8 24 72 113 24
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(a) finger electrode with cover layer

predominaﬁ‘

element contrast

FIBpfotection layer

(b) finger electrode without cover layer

TiO, + Al,O4

TiAl
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Fig. 4 — STEM images of a finger electrode (a) with cover layer and (b) without cover layer after the annealing procedure listed
in Table 2. In the top row, images with predominant element contrast, in the bottom row with predominant orientation
contrast are shown. The enlarged images with enhanced contrast clarify the difference in degradation and roughness.

observed at these temperatures. The thermal loading at 600 °C
led to a decrease of the resonance frequency of 0.8 MHz, which
corresponded to a decrease of 0.2 MHz as compared to the
value measured for the as-prepared SAW chip.

Figs. 6 and 7 present STEM images of an electrode finger of
such a SAW device and of a contact pad with the Pt layer after
the complete thermal loading procedure. The image of the
electrode finger with predominant element contrast (Fig. 6a)
shows that also for these samples, the layered structure,
which was observed after the formation annealing, was not
present any more. Hardly any oxidation occurred inside the
finger. Solely, at the edges of the finger, TiO, was formed. A
layer of Al,03; with a thickness of a few nm was present be-
tween the TiO, and the TiAl

The image with orientation contrast in Fig. 6b also shows
no correlation to the former layer structure. The morphology
was irregular with globular and extended grains with grain
sizes of a few tens of nm up to more than 100 nm.

Fig. 7a presents an SEM image of the contact pad, which
was covered by a Ptlayer, after the thermal loading. Due to the
heat treatment, locally large Pt grains grew. In the cross sec-
tion STEM image in Fig. 7b, an about 500 nm large Pt grain is
visible. A pore formed between this grain and the layer below.
Fig. 7c shows two STEM images with predominant element
contrast, which are optimized to visualize the Pt layer and the
TiAllayer, respectively. The degradation of the upper region of
the metallic layer can be seen. Below the Pt layer, an about
70 nm thick region consisting of a mixture of TiO, and Al,O3
developed. In addition, in the upper region of the TiAl layer,
locally Al,O5 grains were present. The Pt layer contained small
pores. Some of them were filled with TiO,.

These results showed that during the annealing of this
sample two processes took place. On the one hand side, there
was a healing of defects and a crystal growth accompanied by
an agglomeration of the Pt layer leading to the large grains and

pores. Light microscopy images demonstrated that this pro-
cess already started at low temperatures of 400 °C. These two
different processes of defect healing and agglomeration,
which take place within the Pt layer, have an opposing influ-
ence on its resistivity and therefore can lead to a change of the
resonant frequency of the device depending on their extend
within the temperature regimes. During the thermal loading
up to 600 °C, there was a diffusion of oxygen through the Pt
layer inside the sample and a partial diffusion of Ti into the Pt.
The Ti solved in the Pt got oxidized and formed TiO,. The
upper region of the TiAl film below the Pt cover layer became
oxidized as well. As in the film with the uncovered contact

1.0 S o
/
0.8
. |
=™ 06}
U;; — as-prepared
— 0.4+ SAW chip
— 400 °C
—400 °C +
02 r 500 oC
400 °C +
00 500 °C + 600 °C .
432.0 432.5 433|._(|) 433.5 434.0
z

Fig. 5 — Electrical characteristics in terms of the reflection
coefficient |Sy4| of the as-prepared SAW chip with Pt layer
on the contact pads measured at RT in the as-prepared
state and after thermal loading in air for 10 h at 400 °C,
500 °C and 600 °C.
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(a) predominant element contrast (b) predominant orientatidﬁﬁcgpt‘rast‘ 2 :

Fig. 6 — STEM images of the TiAl based finger electrode after annealing at 400, 500 and 600 °C in air for 10 h in each case.
Image with (a) predominant element contrast, (b) predominant orientation contrast.

FIB protection layer,

Fig. 7 — Contact pad covered with a Pt layer after thermal loading up to 600 °C: (a) top view SEM image (inLens, 6 kV), (b) cross
section STEM image (predominant orientation contrast), (c) cross section STEM images (predominant element contrast) of
the same position with different contrast to visualize details in the TiAl and oxide layers (upper image) as well as in the Pt
layer (lower image).

1.000rm -®- heating up to 520 °C 1.0} all measurements @ 380 °C
(a) . * after66hat520°C | (b)
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Fig. 8 — Electrical behavior of a sample with AINO cover layer at the electrodes and a Pt layer at the contact pads: (a) in situ
measured normalized resonance frequency in dependence on the temperature during thermal loading of the sample up to
520 °C (red squares) and at individual states during cooling down (green stars). (b) Frequency characteristics in terms of the
reflection coefficient |S;4 |, all measured at 380 °C. Red curve: stop at 380 °C during first thermal loading, green curve: after a
subsequent thermal loading at 520 °C for 66 h and at 425 °C for 143 h, black crosses: after a further thermal loading at 380 °C
for 137 h.
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Table 3 — Temperature steps and dwell times used for the

measurement of the sample with AINO cover layer at the
electrodes and a Pt layer at the contact pads (Fig. 8).

T/°C 25 95 190 285 380 520 425 380
dwell time/h 01 01 01 01 0.1 66 143 137

pads, this oxidation then led to the observed degradation of
the device behavior.

Fig. 8a shows the normalized resonance frequency in
dependence on the temperature measured for the device with
the AINO cover layer at the electrodes and the Pt layer at the
contact pads. The temperature steps and dwell times are
summarized in Table 3. Up to 380 °C, the frequencies were
recorded as soon as the respective temperature was reached.
The sample was then set to 520 °C for 66 h. The resonance
frequency was determined as soon as this temperature was
reached (red square at 520 °C in Fig. 8a) and after 66 h (green
star at 520 °C). Then, the sample was cooled down to 425 °C,
hold there for 143 h, and subsequently set to 380 °C (137 h). It
can be seen that during the heating of the sample, there was a
linear change of the frequency with temperature up to 380 °C.
A linear fit led to a slope of —38.0 ppm/K. The first frequency
value measured at 520 °C was sligthly larger as expected from
the linear course up to 380 °C. As discussed earlier, this in-
crease can be ascribed to changes in the Pt layer. After the
dwell time, a slightly lower frequency was observed, which
originated from the above described oxidation processes in
the sample. The values measured after the dwell time at
520 °C and at the two temperatures during cooling down
indicate a linear increase in frequency with a slope of
37.2 ppm/K.

Fig. 8b summarizes the resonance frequency measured at
380 °C after various states of the thermal loading procedures.
During the first thermal loading, at 380 °C a resonance fre-
quency of 482.3 MHz was measured (red curve). After the
annealing at 520 °C for 66 h and subsequently at 425 °C for
143 h, the resonance frequency measured at 380 °C was
reduced to 482.1 MHz (green curve). After another annealing at
380 °C for 137 h, no further shift of the resonance frequency
was detected (black crosses). This measurement series
demonstrated that during the first thermal loading at higher
temperatures (520 °C in this case), a stable state of the sample
was reached. Therefore, further heat treatments at the lower
temperature of 380 °C did not lead to further changes of the
resonance frequency.

4, Conclusions

In this paper, TiAl based SAW devices were investigated
regarding their suitability for application at intermediate high
temperatures up to 600 °C. The results demonstrate that a
conditioning of the as-prepared devices is required to stabilize
the morphology. After this conditioning, a stable frequency
behavior at intermediate temperatures and a linear shift of
the frequency with temperature were observed. These find-
ings confirm the suitability of this cheap and easy to handle
material system for use in standard high-temperature appli-
cations as, e.g., temperature sensors. Additionally, the high-

temperature stability can be further improved by optimizing
the cover layer deposition at the edges of the electrode fingers.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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