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ABSTRACT

Self-sustained, wireless high-temperature stable sensors are developed, which are based
on an aluminum alloy as the electrode metallization. Due to its cost-effectiveness
accompanied by a high-temperature stability, this alloy substitutes and outperforms the
commonly applied expensive Pt- and Ir-based metals. For the first time, a comprehensive
structural, electrical and high-frequency characterization of these surface acoustic wave
(SAW) sensors is shown. They are based on Catangasite (CazTaGasSipO14, CTGS) in com-
bination with properly structured cover and barrier layers for the metallization. The fre-
quency characteristics is determined up to 700 °C by ex situ and in situ methods. In
addition, the morphology of the AlRu electrodes is analyzed after the thermal loadings and
the temperature dependent sheet resistance is measured. The results reveal a reproducible
and linear correlation between the applied temperature and the sheet resistance as well as
the resonant frequency. In addition, hardly any degradation of the electrodes is detected
after the thermal loadings. The observed high-temperature stability of the devices up to at
least 700 °C demonstrates the large potential of the AlRu based SAW sensors as a cost-
efficient alternative to expensive noble metal based sensors in industrial applications for
the support of energy efficient operation.
© 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/).
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1. Introduction

physical or chemical parameters, e.g., the exact temperature,
pressure or presence of gases, is a prerequisite to realize an
energy saving operation with high reproducibility and ac-

Energy efficient industrial processes require a precise
knowledge and control of process temperatures, especially at
high temperatures. Therefore, there is a large demand for
high-temperature in situ monitoring of devices, component
parts, and processes to control and optimize temperature
critical fabrication procedures and energy consumption.
This demand is also driven from the demands of highly
automated and reliable production systems of future fac-
tories based on industry 4.0. Furthermore, the knowledge on
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curacy. Sensors based on piezoelectric materials offer many
opportunities [1]. However, it is not possible to access all
locations of interest with common wired sensors so that
more advanced wireless sensing solutions are needed. One
suited option to realize such measurements is the applica-
tion of a sensor based on surface acoustic waves (SAW) [2].
Additionally, self-powered sensors without the need for an
internal power supply are most suited for self-sustaining
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wireless sensors as they need less components compared to
built-in generators [3].

Such passive SAW based sensors deploy the basic working
principle of the transformation of a high frequency electric
signal in a SAW through a specific array of two interdigitated
comb-shaped finger electrodes on a piezoelectric substrate.
Fig. 1 demonstrates two main operation principles of SAW
based sensors. The schematic architecture of a SAW based
reflective delay line sensor tag including a base plate or chip
carrier, an antenna, and electrical connection lines between
the contact pads of the SAW sensor tag and the antenna is
shown in Fig. 1a.

The measurement principle of a temperature sensor based
on a SAW resonator is a reversible temperature dependent
shift of the resonant frequency of the device. The known
correlation between the temperature of the device and the
value of its resonant frequency allows the calculation of the
temperature the sensor is faced with based on the measured
electrical frequency characteristics (Fig. 1b).

Such wireless sensors can be applied, e.g., in rotating gas
and steam turbines or heating systems to monitor and, based
on this, to optimize the processes, and therefore, these sen-
sors will support an efficient service. However, to enable high
operation temperatures, a high-temperature stability of all
materials, of which the SAW sensor is composed, is crucial.
That implies the use of a high-temperature stable piezoelec-
tric substrate in combination with a high-temperature stable
electrode metallization. Up to now, research mainly concen-
trated on noble metal electrodes, such as Pt-, Pd- or Ir-based
materials, and on Langasite (LasGasSiOq4, LGS) substrates
[4—12].

Besides LGS, Catangasite (Ca;TaGasSi,O14, CTGS), a more
ordered member of the same crystal family, is another
promising high-temperature stable piezoelectric substrate for
application in SAW devices [13—17]. However, only few liter-
ature is available on SAW devices on CTGS substrates, and in
these cases, noble metal electrodes were used to determine
the elastic properties of the piezoelectric crystal rather for
sensing purposes [18,19].

Due to their high costs, SAW devices with noble metal
electrodes are not desired for industrial mass production and
alternatives with lower costs are strongly favored. One such
alternative electrode metallization with significant high tem-
perature capability is the investigated AlRu alloy (density:

) contact pad
finger electrodes

about 8 g/cm®, Young's modulus: 267 GPa [20]). During the last
years, a temperature-stable AlRu layer system equipped with
suited cover and barrier layers on CTGS substrates was
developed [21—24].

However, up to now, investigations on AlRu thin films for
the application in SAW sensors were restricted to short-term
high-temperature experiments of extended films and the
characterization of their film morphology and resistivity after
certain heat treatments. In situ experiments at elevated
temperatures haven't been performed yet. In contrast to the
extended films, SAW devices possess a large number of edges
of the individual electrodes. As these are crucial for the SAW
device operation and might alter the behavior of the device as
compared to an infinite film, particular investigations are
required. Therefore, for the first time, this paper presents a
comprehensive structural, electrical and high-frequency
characterization of SAW sensors with AlRu electrodes to
evaluate their suitability for high-temperature applications.

2. Materials and methods

AlRu based SAW temperature sensors were prepared by
deposition of a multilayer of two times 55 nm of AlRu in-
between three layers of 7 nm of Al on piezoelectric Cas.
TaGa3Si;014 (CTGS, Y-cut with X-propagation; Euler angles (0°,
—90°, 0°)) substrates by magnetron sputtering from elemental
targets. This optimized layer stack resulted from former ex-
periments [24]. To prevent a chemical reaction between the
CTGS and the metallization, a barrier layer consisting of 20 nm
SiO, and 20 nm AINO was included into the layer stack (for
details of deposition of the barrier layers see [24]). In the next
step, the layer stack was coated with a resist, in which the
layout of the SAW devices was structured via photolithog-
raphy. This step was performed in cooperation with SAW
Components Dresden. Subsequently, ion beam etching of the
electrode metallization was used to pattern the SAW devices.
After the structuring, the devices were covered with 20 nm of
Si0, and 20 nm of AINO.

The electrical resistance along the plane of the extended
films as a function of temperature was measured with a
home-built oven setup by contacting the sample with a size of
23 by 24 mm with 4 platinum tips. This electrical sheet resis-
tance is denoted as Rs in Q per square (/) and was

—
O
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Fig. 1 — Example of SAW based sensor devices: (a) schematic architecture of a SAW based reflective delay line sensor tag, (b)
principle operation of a temperature sensor based on a SAW resonator in terms of the reversible shift of its electrical

frequency characteristics |Sq4|.
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determined using the van der Pauw method [25]. The heating
rate was 6 Kmin~* and the cooling proceeded passively, i.e., by
self-cooling down.

Transmission electron microscopy (TEM) investigations
were performed with a Technai F30 (FEI company, Hillsboro,
OR, USA). Energy dispersive X-ray spectroscopy (EDX) was
used to reveal the chemical composition and to search for
oxidation.

The electrical high-frequency behavior of the AlRu based
SAW sensors was characterized via |Si1|-parameter mea-
surements. Two kinds of measurements were performed.
Samples were characterized at room temperature prior and
after a thermal loading at 700 °C using a vector network
analyzer (VNA, Keysight E5080B). In a second experiment, the
sensors were connected to a Pt wire dipole antenna and the
electrical measurement was done wirelessly during an in situ
annealing of the devices, so that the temperature dependent
characteristics could be observed.

3. Results

3.1.  Measurement of the electrical sheet resistance

A fundamental requirement, mandatory for the reproducible
application of high-temperature sensors, is a low and stable
electrical resistivity of the electrode metallization. Measure-
ments of the electrical sheet resistance of an extended AlRu
film with a thickness of 131 nm with cover and barrier layers
on CTGS were repeatedly performed in situ up to 800 °C in
high vacuum (HV) and in air, respectively. In each cycle, the
sample was kept at 800 °C for 6 h. The results of the respective
in situ van der Pauw measurements are shown in Fig. 2.

At the beginning of the temperature treatments, a rather
high sheet resistance of 5.7 Q per square (Q/[1) was measured
at room temperature (RT). With increasing temperature up to
about 200 °C, there was a small increase in sheet resistance,

followed by a strong increase up to a maximum value of
10.7 /00 at 450 °C (Fig. 2a). Then, up to the maximum tem-
perature of 800 °C, the sheet resistance decreased continu-
ously and finally reached 4.4 Q/J. During the thermal loading
for 6 h at 800 °C, there was a slight further decrease of the
sheet resistance to 3.8 Q/[. Fig. 2b demonstrates that this
drop of the sheet resistance during the isothermal annealing
at 800 °C occurred within the first 10 min after reaching this
temperature, followed by an almost stable state. The passive
cooling down to RT led to a linear decrease of the sheet
resistance. For all subsequent temperature cycles (i.e. 2—5),
the courses of the heating curves were similar to those of the
cooling curves so that for reasons of clarity, only the cooling
parts of these further cycles are plotted in Fig. 2a. It can be
seen that they were almost identical with a further total
decrease of the sheet resistance at 800 °C of only 2%. In
contrast to this, the cooling curves of the first five temperature
cycles of an AlRu sample measured in air showed a slightly
stronger decrease of about 4% (Fig. 2c). The temperature co-
efficient of resistance (TCR) extracted from the cooling curves
(800 °C down to 20 °C) was 24.2 - 107*K ' and 26.5 - 10*K*
for the HV and air sample, respectively. These values were in
good agreement with the TCR value between 20.5 - 107* K~?
and 22.7 - 10~* K~ determined by Smith and Lang for bulk
AlRu [26]. The final resistivity of the films measured at room
temperature was about 16 pQcm and with this corresponds to
the values reported in [24].

The strong increase in sheet resistance during the first
heating above about 200 °C can be explained with the onset of
the interdiffusion of the pure, low resistivity Al layers with the
AlRu within the Al-AlRu layer stack. It is assumed that the
formation of the AlRu phase, grain growth and the reduction
of defects led to the decrease of the sheet resistance above
450 °C. Similar effects were expected to cause the reduction of
the sheet resistance during the thermal loadings at 800 °C.

The slightly stronger decrease of the sheet resistance of the
air annealed sample as compared to the HV sample after the
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Fig. 2 — In situ measured electrical sheet resistance Rs of the investigated AlRu films: (a) in HV, initial (first) complete
temperature cycle comprising heating (heating rate: 6 Kmin~?) and cooling as well as the cooling sequence of the 4
subsequent cycles. Note the overlap of all five cooling curves. The dwell time at 800 °C was 6 h for each cycle. (b) Sheet
resistance and temperature in dependence on the annealing time for the first heating, section between 90 and 170 min. (c)
Cooling sequences of 5 temperature cycles for a sample measured in air (the corresponding heating curve shows a behavior

similar to the HV annealed sample).
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whole annealing procedure might be ascribed to a partly
oxidation of Al in the air atmosphere, which led to the for-
mation of pure Ru grains with a lower resistivity as compared
to AlRu.

Although the observed reduction of the sheet resistance at
800 °C was almost negligible, the subsequent experiments
were carried out up to the maximum temperature of 700 °C to
avoid this degradation. Furthermore, a maximum operation
temperature of 700 °C comprises most relevant applications,
as, e.g., steam turbines or parts of combustion chambers of
mobile heating systems.

3.2. Characterization of the morphology

An AlRu based SAW sensor was thermally loaded for 192 h at
700 °C in air to determine the high temperature stability of the
metallization regarding morphology and potential degrada-
tion. To reveal if the edges of the electrodes act as starting
points for a degradation or oxidation during the high tem-
perature operation, a detailed TEM investigation was per-
formed for finger electrodes as well as for the extended
contact pads. The TEM image of the finger electrode in Fig. 3a
showed a homogeneous morphology. EDX measurements
revealed the presence of pure Ru at the edges of the fingers.
The major part of the fingers consisted of AlRu with a stoi-
chiometric composition of about 50:50 at.%. In addition, there
were a few individual Ru grains at the upper interface of the
metallization. Between the metallization and the SiO, cover
layer, a 30 nm thick layer consisting of an aluminum-silicon-
oxide was present, which was formed during the thermal
loading by a chemical reaction between the Al of the AlRu and
the SiO, cover layer. Its composition was close to that of
Al,SiOs or AlgSi,O45 and is therefore denoted as Al,SiO, here.
This chemical reaction resulted in a lack of Al for the forma-
tion of the AlRu phase, which explained the consequent
presence of pure Ru grains. The dominant presence of Ru at
the edges of the finger could be explained with a stronger
oxidation of Al at these positions due to the reduced thickness

Fa) fingerelectrode .} FIB protection layer... ..

= il ALSIO

—

(b) contact pad

of the cover layers there, which enabled an inwards diffusion
of oxygen from the ambient atmosphere.

Compared with the finger electrode, the contact pad con-
tained less grains of pure Ru and the thickness of the AlSiO,
layer was slightly lower with just 25 nm (Fig. 3b). In contrast,
the contact pad contained small pores within the AlRu
metallization. To demonstrate the influence of the thermal
loading on the morphology, a cross section of the as-prepared
electrode metallization consisting of a multilayer of 3 times
7 nm Al which comprise two AlRu layers with 55 nm thickness
between them is shown in Fig. 3c. The multilayer structure
and the nanocrystalline morphology are clearly visible.

In summary, the long-term thermal loading only led to a
minor degradation of the electrodes, which was slightly
different in the finger electrodes as compared to the contact
pad due to effects at the edges. In standardized industrial
processes, the deposition of the cover layers will be optimized
to realize a constant thickness of the protecting layer at all
positions, e.g., by methods like atomic layer deposition, to
achieve an even better stability.

The results also demonstrated that prior to an application,
a formation annealing of the sensor is required to adjust the
intended morphology and to reach the low resistivity of the
electrode metallization. This formation annealing was per-
formed for all samples under investigation at 800 °C in ultra-
high vacuum for 10 h. The temperature was chosen higher
than the intended application temperature of 700 °C to avoid
further changes of the morphology during operation, even on
a long-term scale.

3.3. Electrical characteristics of the SAW device

The electrical high-frequency response of the AlRu based
sensor measured at RT after the formation annealing at 800 °C
in ultra-high vacuum for 10 h is shown in Fig. 4. To enable the
measurements using a wafer prober, a 50 nm thick Pt layer
was deposited as probing promoter on top of the contact pads
after the formation annealing to ensure reliable probing with

Al,O, + gaseous

(c) as-prepared film

} FIB protection layer

Fig. 3 — TEM images (cross sections) of the AlRu metallization system of the SAW sensor (a) finger electrode, (b) contact pad,
both after thermal loading at 700 °C for 192 h in air, (c) in the as-prepared state without cover layers.
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Fig. 4 — Room temperature high-frequency characteristic of
the SAW device with AlRu metallization in terms of the
linear reflection coefficient |Sy;| in the as-prepared state,
after the first thermal loading of the formation annealed
structure with as-deposited Pt probing promoter at 700 °C
in air for 10 h and after a second thermal loading in air at
700 °C for 8 h.

standard RF probe tips. A high quality of the |S;1| curve was
observed for all devices, which was not adversely affected by
the thin insulating barrier layers due to relatively low dielec-
tric constants and coupling coefficient of the high-
temperature CTGS cystal [27] when compared to piezoelec-
tric substrates like LiINbO;. After initial probing, the sensor
was thermally loaded at 700 °C for 10 h in air and evaluated
again at RT. This heat treatment led to a shift of the resonant
frequency to a lower value. However, after a subsequent sec-
ond thermal loading at 700 °C in air for 8 h, no further change
of the frequency response was measured, proving the stability
of the device.

The shift of the resonant frequency after the first thermal
loading was ascribed to changes of the morphology of the Pt
probing promoter, deposited here to provide easy character-
ization by the probe tips. Light microscopy images revealed a
strong increase in surface roughness of the Pt layer after the
first thermal loading. Pt films are known to easily agglomerate
at high temperatures, which could explain the increase in the
surface roughness. In addition, the electrical properties of the
Pt layer changed during the heat treatment due to grain
growth and healing of defects. These effects led to a change in
the electrical loss of the structure and hereby to the observed
change of the resonant frequency. Obviously, the conditioning
of the Pt layer was finalized within the first 10 h of thermal
loading at 700 °C, so that the further heat treatment did not
yield a further shift. This result proved the suitability of AlIRu
based sensors for applications at least up to 700 °C in air.

The underlying working principle of a temperature sensor
based on a SAW device is an unambiguous, at best linear,
dependence of the resonant frequency on the applied tem-
perature. To prove the suitability of the AlRu metallization
for real sensor applications, the temperature dependent
reversible change of the resonant frequency of an AlRu based
SAW device was determined by wireless interrogation of the
sensor connected by Pt wire bonding to a Pt wire dipole
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Fig. 5 — Fully reversible shift of the resonant frequency f,

normalized to 25 °C of an AlRu based sensor in dependence

on the temperature measured in situ in air atmosphere

inside the furnace by wireless interrogation after a pre-

conditioning of the whole device at 700 °C for 2 h.

antenna. The whole device including the antenna was then
placed into a tube furnace in air and the temperature was
increased up to 700 °C. A first temperature cycle up to 700 °C
with a dwell time of 2 h at this temperature served as a
thermal pre-conditioning of the bond connections and the
antenna. After this process, during the wireless interrogation
by means of a butterfly antenna placed 20 cm away from the
tube furnace, the SAW device showed a linear correlation
between the temperature and the normalized resonant fre-
quency during heating and cooling (Fig. 5). Only at temper-
atures above 600 °C, a slight deviation of the curve from a
linear behavior was observed. This observation corre-
sponded well with the results of Yang et al., who investigated
the frequency—temperature response of a SAW sensor on
CTGS at temperatures up to 1100 °C. They observed a
quadratic relation for the whole temperature range, which
also led to a stronger decrease of the resonant frequency
when the temperature was increased above 600 °C [19]. In the
linear regime between 100 °C and 600 °C, an evaluation of the
slope resulted in —36.7 ppm K%, demonstrating the capa-
bility of AlRu electrode systems on CTGS for high-
temperature operation.

4, Conclusion

This paper presents a holistic investigation of SAW sensors
with aluminum based electrodes comprising analyses of their
morphology by TEM measurements and of the electrical
characteristics by means of |S;1| ex situ and in situ tempera-
ture dependent methods up to 700 °C. An almost negligible
oxidation of the electrodes was observed and reproducible
frequency characteristics after thermal loading were realized.
The linear and reproducible correlation between the temper-
ature and the electrical resistivity of extended AlRu films as
well as between the temperature and the resonant frequency
of the SAW devices emphasize the huge potential of the AlIRu
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sensor metallization for applications up to at least 700 °C in
air. It is expected that even higher temperatures can be
reached in less oxidizing atmospheres, since former experi-
ments in high vacuum up to 900 °C on extended films proved a
stability of the films in these conditions [24]. Due to its
industry-compatible material composition and technology
and the low costs, the AlRu metallization is a promising
alternative to expensive Pt-, Pd- or Ir-based sensors for use in
steam turbines or in heating systems, respectively, to opti-
mize the processes and therefore to improve an energy-saving
operation.
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