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a b s t r a c t

The long-term high-temperature behavior of TieAl based electrodes for the application in

surface acoustic wave (SAW) sensor devices was analyzed. The electrodes were obtained

by e-beam evaporation of Ti/Al multilayers on the high-temperature stable piezoelectric

Ca3TaGa3Si2O14 (CTGS) substrates and structuring via the lift-off process. AlNO (25 at.% Al;

60 at.% N and 15 at.% O) cover and barrier layers were applied as protection against

oxidation from the surrounding atmosphere and to prohibit a chemical reaction with the

substrate. The samples were annealed at temperatures up to 600 �C in air for a duration of

up to 192 h. Scanning and transmission electron microscopy were used to evaluate the

morphology and degradation of the electrodes as well as of the extended contact pads. The

results revealed that the TieAl based electrodes remained unoxidized after annealing for

192 h at 400 and 500 �C and for 24 h at 600 �C. After the heat treatment for 192 h at 600 �C, a

strong oxidation of the structured electrodes occurred, which was less pronounced within

the pads. In summary, the investigation showed that TieAl based SAW devices are a cost

efficient alternative for long-term applications up to at least 500 �C and short- and

medium-term applications up to 600 �C.

© 2022 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

Sensors working at high temperatures above 350 �C have

attracted much attention for a wide range of industrial ap-

plications [1e3]. The knowledge of physical parameters as

temperature or pressure is a key requirement to control and

optimize high-temperature processes. Sensorsworking on the

principle of surface acoustic waves (SAW) combine the ad-

vantages of a passive operation and wireless interrogation

and therefore allow the measurement of physical parameters
den.de (M. Seifert).

d by Elsevier B.V. This
at components, e.g. turbine blades, which cannot be accessed

by wired devices due to their position or movements [2e5].

The key part of a SAW sensor is the so called interdigital

transducer (IDT), a structure comprising an entangled pair of

comb-like electrodes on a piezoelectric substrate. By applica-

tion of a high-frequency voltage surface acoustic waves are

generated via the inverse piezoelectric effect. The high-

frequency signal can be transferred by an antenna. One way

to electrically connect the antenna and the IDT is the wire

bonding from the antenna to a bond pad, which is connected

to the IDT structure.
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During the last years, there have been a lot of efforts by

several groups to develop, investigate and improve high-

temperature stable metallizations and oxidation barrier sys-

tems which can be used to realize SAW devices that can

operate at high temperatures. Among these materials, the

focus has beenmainly on noble metals such as Pt [6e10] or Pt-

Rh [11], Pd [12], and Ir [13,14] or Ir-Rh [15] as well as refractory

metals like W and Mo [16,17].

In literature, for Pt-based sensors a long-term high-temper-

ature stability was shown up to 800 �C for a few months [18]. A

short term stability of at least 60 min up to 1100 �C or even

1300 �C was also demonstrated [10]. However, electrode struc-

turesof noblemetals tend to agglomerateor oxidize at veryhigh

temperatures. In addition, due to their high costs, such mate-

rials are not attractive for industrial mass production.

Up to now, non-noble metals like Al, Ti and Cu with their

low melting temperatures and low costs have been reported

as metallization for SAW devices, which provide a high power

durability at room temperature (RT) or only slightly elevated

temperatures (mainly <100 �C) [2,19e24]. However, there are

Al-based alloys which possess significantly higher melting

temperatures and a sufficient oxidation resistance, making

them interesting candidates to realize SAWdevices applicable

at high-temperatures. In former years, we investigated the

promising intermetallic Al based alloys TiAl [25,26] and RuAl

[27,28] regarding their suitability for application in high-

temperature SAW devices. In contrast to the noble mate-

rials, these alloys are much cheaper, which is an important

factor for an industrial application.

In our former work we demonstrated that TiAl thin films,

which were deposited as Ti/Al multilayer stacks on high-

temperature stable Ca3TaGa3Si2O14 (CTGS) substrates, prom-

ise an applicability in an intermediate temperature regime of

up to 600 �C in air using cover and barrier layers composed of

25 at.% aluminum, 60 at.% nitrogen and 15 at.% oxygen (AlNO)

[26]. The deposition of TiAl multilayers and a subsequent

annealing was chosen to obtain the TiAl phase since the

deposition of a TieAl alloy and subsequent annealing did not

result in the formation of a TiAl phase [25]. However, these

investigations were restricted to extended films and therefore

could not resolve the still open question of the additional ef-

fects taking place at the edges of structured electrodes. Owing

to the limited width of the fingers (about 1.5 mm) and possible

variations of the residual stress due to the structuring,
Fig. 1 e (a) SEM image (SE, 5 kV) of the SAW device layout, (b) E

kS11k of a one-port resonator structure with TiAl metallization
changes in the microstructure as compared to the extended

filmsmight occur. In addition, it had to be investigated towhat

extent the edges of the fingers and their coatings might be

starting points for further oxidation processes.

The present paper reports on a detailed investigation of the

grain structure and degradation of TiAl IDTs by transmission

electron microscopy of the cross sections of the fingers. To

reveal the influence of the limited size and edges of the fin-

gers, cross sections of the extended bond pads with a size of

several 100 mm were analyzed as well.
2. Experimental section

The electrodes were produced by deposition of Ti/Al multi-

layer films and subsequent structuring via the lift-off tech-

nique. In the first step, the lift-off mask for the structuring of

the IDTs was prepared on the CTGS substrate. Subsequently, a

20 nm thick AlNO barrier layer was deposited by magnetron

sputtering from an AlN target using a mixture of 40 sccm: 8

sccm of Ar and N2 as the sputtering gas. According to energy

dispersive X-ray spectroscopy in the transmission electron

microscope, these layers had a composition of about 60 at.%N,

15 at.% O and 25 at.% Al in the as-prepared state. Then, the Ti/

Al multilayer was deposited by e-beam evaporation with an

individual layer thickness of 10 nm, starting with Ti, and a

total thickness of 200 nm, with Al as the uppermost layer. The

metallic targets were supplied by J. Lesker Company with a

purity of 99.8. Details of the deposition of the Ti/Al layers were

described in [26]. In the next step, the lift-off procedure was

carried out by removing the lift-off mask using suited sol-

vents. As a final step, 40 nm of AlNO were added as a cover

layer which, as a consequence, then also covered the bare

CTGS substrate in-between the fingers and individual elec-

trode structures. A one-port resonator structure was used as

the SAW device layout. An overview image demonstrating the

location of the fingers and contact pads is shown in Fig. 1.

Devices with a varying width of the fingers between 1.4 and

2 mm were used for this annealing study.

To prove the suitability of the TiAl-based devices, Fig. 1b

shows the electrical characteristics of a SAW resonator. The

characterization of the electrical behavior was carried out via

electrical S-parameter measurements with a vector network

analyzer (VNA, Keysight E5080B).
lectrical characteristics in terms of the reflection coefficient

after an annealing at 600 �C in UHV for 10 h.
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Fig. 2 e SEM images of the IDT electrodes after annealing in air for 192 h at (a) 400 �C (width of the fingers: 1.4 mm) and

(b) 500 �C (width of the fingers: 2 mm).
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The frequency dependent input reflection coefficient kS11k
shows a resonant behavior. The relation of wavelength and

frequency is given by v¼ l , f, whereby thewavelength l of the

SAW is choosen by the periodicity of the electrodes inside the

resonator, whereas the phase velocity v depends mainly on

the substrate material and propagation orientation and

slightly on the electrode metallization. Figure 1b shows the

characteristic resonance peak of kS11k. The very low value of

the electrical reflection indicated good impedance matching,

i.e., there was almost no reflection of the electric energy from

the device towards the signal generator. If there were equal

characteristic impedances of the SAW device and the gener-

ator, the reflection would completely vanish to kS11k ¼ 0.

The samples were annealed in a tube furnace (glass tube) in

airat400and500 �Cfor192handat600 �Cfor24, 48, 96and192h.

Scanning electron microscopy (SEM, Helios 5 CX, Thermo

Fisher Scientific, Waltham, MA, USA) was used to image the

IDTs with an ICE detector at 5 kV acceleration voltage. Con-

ventional and scanning transmission electron microscopy

(TEM/STEM, Technai F30, FEI company, Hillsboro, OR, USA) of

lamellas prepared by the focussed ion beam technique (FIB,
Fig. 3 e STEM images of the electrode metallization annealed for

and (d) contact pad at 500 �C. The top images show predomina

grain contrast.
Helios 5 CX, Thermo fisher scientific,Waltham,MA, USA)were

applied to investigate the grain structure and to reveal

possible degradation. The local composition and chemical

bonding were determined by energy dispersive X-ray spec-

troscopy (EDX, Octane T Optima, EDAX Company, Mahwah,

NJ, USA) and electron energy loss spectroscopy (EELS, GIF 200,

Gatan, CA USA) in the TEM.
3. Results

3.1. Annealing at 400 and 500 �C in air

In the first experiments, the samples were annealed at 400 and

500 �C in air for 192 h. Figure 2 shows SEM images of the finger

electrode structures after the annealing. Defects were visible

neither in the fingers nor in the contact pads. However, parallel

to the contour of the fingers, there were bright narrow features.

STEMimagesof theedgesof thefingersandofa regionwithin

the contact pads are summarized in Fig. 3. In addition, overview
192 h in air: (a) finger and (b) contact pad at 400 �C, (c) finger
nt element contrast, the lower images show predominant
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STEM images of the cross sections of the fingers and contact

pads are summarized in the Appendix in Fig. A1 and Fig. A2.

In the images of the sample annealed at 400 �C it can be

seen that the interdiffusion between the Al and Ti layers was

not completed at this low temperature. A sequence of brighter

and darker layers was visible (Fig. 3a and b, upper part). EDX

measurements revealed that the bright layers had a compo-

sition of about 67 at.% Ti and 33 at.% Al, which according to

the TiAl phase diagram corresponds to the Ti3Al phase [29].

The dark layers had a composition of about 66 at.% Al and

34 at.% Ti, which corresponds to the TiAl2 phase.

In contrast to this, the annealing at 500 �C led to a much

stronger interdiffusion of the Ti and Al layers and only a weak

contrast was visible in the images with elemental contrast (3c

and d upper part). There was still a layer structure, as can be

also seen from the grain boundaries parallel to the film plane

(3c and d lower part). The grains were larger and appeared

more uniform as compared to the sample annealed at 400 �C
(3a and b lower part). The EDXmeasurements showed that the

brighter layers had a composition of 57 at.% of Al and 43 at.%

of Ti, which corresponds to the composition of TiAl. The ex-

istence range of TiAl according to the phase diagram is

55e58 at% Al at 500 �C [29]. The composition of the darker

layers in-between was about 63 at.% of Al and 37 at.% of Ti,

which is close to TiAl2. For both temperatures, no difference in

the elemental distribution or grain contrast was visible be-

tween the fingers and the contact pad.

The annealing at 400 �C did not lead to a degradation of the

AlNO cover layer. The heat treatment at 500 �C led to a slight

oxidation of the uppermost few nm of the AlNO, which was
Fig. 4 e SEM images of the IDTs after annealing at 600
visible in STEM images with a higher magnification as a dark

contrast at the surface of the AlNO.

At both sides of the fingers, the STEM images showed loop-

like features, which enclosed pores. These structures led to

the bright contrast next to the electrode fingers, which was

visible in the SEM images in Fig. 2. A possible explanation of

the origin will be discussed below.

3.2. Annealing at 600 �C in air

Figure 4 summarizes the SEM images of the electrodes after

the different annealings at 600 �C in air.

After annealing for 24h, no obvious defectswere visible. The

annealing for 48 h led to the formation of large bubbles in-

between the fingers. In addition, the roughness of the fingers

increased. Locally, small (few nm) bright structures appeared.

They were distributed inhomogeneously at the fingers and

contact pads. There were also regions without such structures.

With increasing the annealing duration, these small structures

increasedinsizeanddensity.Thesurfaceof thefingersandpads

became rougher. Interestingly, the big bubbles present after

annealing for 48 h in-between the fingers were not detected for

the longer annealing times, for which only small bubbles were

found. For all samples, as for the annealings at lower tempera-

tures, bright structures appeared around the fingers.

Long hair-like bright objects were found on some of the

samples. These were most likely residuals of the lift-off mask,

which were not completely removed by the solvent and

remained attached to the surface. However, this issue is not

crucial for laboratory investigations and is prevented in in-

dustrial routines.
�C in air for (a) 24 h, (b) 48 h, (c) 96 h, and (d) 192 h.
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Fig. 5 e STEM images of the IDT fingers annealed for (a) 24 h, (b) 48 h, (c) 96 h, and (d) 192 h at 600 �C in air. The top images

show predominant element contrast, the lower images show predominant grain contrast.
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Figure 5 shows a comparison of the STEM images of edges of

the IDT fingers and Fig. 6 of a region of the contact pad after the

different annealing times at 600 �C in air. A complete set of

overview STEM images of the cross sections of the IDT fingers

and of the pads is summarized in the Appendix in Figs. A3eA6.

3.2.1. Annealing for 24 h
The STEM images of a finger structure and a pad of the sample

annealed for 24 h at 600 �C are shown in Figs. 5a and 6a,

respectively. Overview images are presented in the Appendix

in Fig. A3. The measurements revealed that there was hardly

any degradation after this heat treatment. The finger aswell as

the pad possessed a homogeneous element distribution. In

contrast to theannealingproceduresat lower temperatures,no

layered structure was visible anymore in the images with

element contrast. There was only a slight oxidation and for-

mation of very few Al2O3 grains near to the edges of the finger

(darker regions visible at the edge of the finger, Fig. 5a upper

part). The composition of the AlNO barrier layer between the

metallization and the substrate remained unchanged. In
Fig. 6 e STEM images of the contact pads of the samples anneale

The top images show predominant element contrast, the lower
contrast to this, the former AlNO cover layer was degraded. It

increased in thickness toapproximately70nm,consisting then

of a lower, more dense region and an upper region, which

contained a lot of small pores. EDX and EELS measurements

showed that the heat treatment led to an oxidation of this

layer. It then consisted of Al2O3 and N which, according to the

EELS signal, was not bound to AleO anymore but instead was

present as N2. It is assumed that during the oxidation of the

AlNO N2 was emitted, which led to the formation of the pores

visible in the upper region of the cover layer.

The grain structureof thefinger and thepadwascomparable

and inhomogeneous (Figs. 5a and 6a). There were a few large

grains,whichwereextendedacross thewhole sample thickness

(see also overview image Fig. A3). However, the majority of the

grains wasmuch smaller with a size of some tens of nm.

At the interface between the AlNO barrier layer and the TiAl

metallization, the known chemical reaction between Ti and

AlN led to the formation of a thin TiN layer, as described in [26].

This layer was visible as a thin bright line directly above the

AlNO layer in both images with the different contrast.
d for (a) 24 h, (b) 48 h, (c) 96 h, and (d) 192 h at 600 �C in air.

images show predominant grain contrast.
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3.2.2. Annealing for 48 h
In Figs. 5b and 6b, the STEM images of the sample annealed for

48 h at 600 �C are summarized. Overview images are shown in

the Appendix in Fig. A4. The results demonstrated that there

was an increased degradation and that the surface roughness

increased as compared to the annealing for 24 h.

In the image with predominant element contrast, the

original shape of the finger was still visible since it was sur-

rounded by a dark thin layer (Fig. A4a). EDX measurements

revealed that at the surface of the metallic material a thin

Al2O3 layer has formed, which led to the dark contrast.

The composition of the finger itself remained almost ho-

mogeneous with a small amount of Al2O3 at the edges of the

fingers and a few Al2O3 grains in the upper part of the

metallization (Fig. 5b upper part). There was a slight change in

the grain structure. There were some larger grains in the

center of the finger, while close to the edges the grain struc-

ture appeared more inhomogeneous with mainly smaller

grains (Fig. 5b lower part).

In contrast to the sample annealed for 24 h, in which only a

minor oxidation of Al took place, the annealing for 48 h in

addition led toapartly oxidationofTi.TiO2wasdetectedoutside

of the original finger structurewith a varying thickness, causing

the brighter structures visible the STEM and SEM images. In

summary, the degraded layer on top of the metallization con-

sisted of a thin layer of Al2O3, followed by an about 90e120 nm

thick layer of a mixture of TiO2 and Al2O3 in the lower part and

above a porous layer of Al2O3 with pores filled with N2.

TheSEM image inFig. 4 showed largebubbles in-betweenthe

fingerelectrodes.TheSTEMimagesproved that therealmost the

whole barrier layer was lifted off the substrate. However, a very

thin layer of Al2O3 with N2 with a thickness of only a few nm

remained at the surface of the CTGS. It is assumed that a

chemical reaction between the O of the substrate and the

deposited AlNO led to a thin layer, which remained attached to

theCTGS. The origin of the formation of the large bubbles is still

unclear. As observed for the sample annealed for 24 h, loop-like

structures were present at both sides of the fingers.

The STEM images of the contact pad (Fig. 6b and Fig. A4b)

showed a difference of the degraded layer on top. Its thickness

was smaller as compared to the finger (60e70 nm). It consisted

of Al2O3 with N2. Only locally TiO2 grains were formed be-

tween the metallic layer and the cover. There was no

continuous layer of TiO2 and Al2O3 as observed for the finger

electrode. However, as for the finger, some Al2O3 was also

detected in the uppermost part of themetallic layer. The grain

structure appeared different to that of the finger. There was a

mixture of smaller and bigger grains, which were distributed

more homogeneously.

3.2.3. Annealing for 96 h
STEM images of the electrodes and contact pad of the sample

annealed for 96 h in air at 600 �C are summarized in Figs. 5c and

6c. Overview images are shown in the Appendix in Fig. A5.

The original shape of the finger was still identifiable

(Fig. A5a). As observed for the sample annealed for 48 h, a thin

dark layer consisting of Al2O3 separated the metallic material

fromtheoxidelayerontop(Fig.A5aupperpart).Thethicknessof

the degraded layer further increased and was between 120 and

200 nm for the finger electrode. Itmainly consisted of TiO2 with
someAl2O3.At thesurface, the residueof theoriginal cover layer

was present in form of Al2O3 with N2. The roughness further

increased as compared to the shorter annealing time.

Inside the finger, TiAl was still present. However, the con-

tent of Al2O3 had increased and was not restricted anymore to

the edges and the uppermost region of the metallization (Fig.

A5a upper part). In the image with predominant grain

contrast, a few larger grains were visible in the center of the

finger (Fig. A5a lower part). The rest of the grain structure

appeared inhomogeneous with small grains. The loop-like

structures at the sides of the electrodes were also still present.

As observed for the shorter annealing time, the degraded

zone on top of the pad was thinner with a thickness of

120e160 nm and its roughness was lower as compared to the

finger (Fig. 5b). While after annealing for 48 h TiO2 grains were

present only locally, there was a continuous layer of TiO2 with

some Al2O3. As observed for the finger, the uppermost layer

was Al2O3 with N2. Al2O3 was formed in themetallic layer only

at few positions. The grain structure of the contact pad con-

sisted of larger grains as compared to the finger.

3.2.4. Annealing for 192 h
Figs. 5d and 6d summarize the STEM images of the sample

annealed at 600 �C in air for 192 h. Overview images are shown

in the Appendix in Fig. A6. In contrast to the IDTs annealed for

shorter times, it was not possible anymore to identify the

original shape of the finger (Fig. A6). There was a very inho-

mogeneous distribution of the elements and shape of the

grains. There were a few brighter grains in the lower part of

the sample visible in the image with predominant element

contrast, which appeared homogeneous in the image with

predominant grain contrast. EDXmeasurements revealed that

they were composed of Ti3Al. Above these grains, there was a

mixture of Ti3Al and Al2O3. The strong oxidation of Al led to a

lack of Al for the formation of the TiAl phase, so that the Ti-

rich Ti3Al was formed. The measured composition of about

70 at.% of Ti and 30 at.% of Al is within the existence range of

the Ti3Al phase, which is between about 61 and 83 at.% Ti at

600 �C according to the TieAl phase diagram [29].

Ontopof thecontactpad, locallybigTiO2grainshaveformed.

As observed for the finger, the pad also consisted of amixture of

Ti3AlandAl2O3 (Fig.A6b).However, thegrainstructureappeared

more homogeneous as compared to the finger.

Locally, small sharp features were visible at the sample

surface, as e.g., in Fig. A6b in the STEM image of the pad. EDX

measurements showed that these needle-like structures

consisted of TiO2. These features were also visible in the SEM

image in Fig. 4d, where they led to a bright contrast.
4. Discussion

The oxidation processes in TieAl materials were discussed

extensively in literature (e.g. [30e32]). It is known that due to

differences in the diffusion velocities of the involved ele-

ments, the growth of TiO2 is directed outwards of the sample.

In contrast, the growth direction of Al2O3 points inwards. The

distribution of Al2O3 and TiO2 in the samples after the

annealings at 600 �C corresponded with this theory. TiO2 was

only found outside of the initial region of the TiAl

https://doi.org/10.1016/j.jmrt.2022.04.027
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metallization, while Al2O3 wasmainly present at the interface

between the initial TiAl metallization and the AlNO cover

layer as well as inside the initial TiAl metallization. The for-

mation of Ti3Al after the annealing at 600 �C in air for 192 h

showed that the oxidation of Al was faster than that of Ti.

More Al was oxidized, leading to a Ti-rich TieAl phase.

Our investigations demonstrated that after annealing at

400 �C for 192h, theAlNOcover layer didnotdegrade at all. After

the annealing at 500 �C for 192 h, there was only a very minor

oxidation of the uppermost layer of theAlNO.However, already

after annealing for 24 h at 600 �C, the AlNO cover layer was

degraded. Al2O3 was formed, in which bubbles of N2 were

embedded. For all annealing durations at 600 �C, such an

Al2O3eN2 layer was found on top of the sample. In addition, the

cross sections revealed that the edges of the fingers acted as

starting points for the diffusion of O inside the finger. After

annealing for 24 h at 600 �C, a small amount of Al2O3 was found

near to the edges. With increasing annealing time, this amount

increasedaswell. It isassumedthat thereasonfor thisoxidation

was the reduced thickness of theprotection layer at the inclined

edges of the finger. At these positions, the cover layer thickness

was only a few nm in contrast to the 40 nm thick AlNO layer on

top of the fingers and pads. This thin layer obviously did not

sufficiently act as a diffusion barrier. The comparison of the

behavior of the pads and IDT fingers also demonstrated the

increased degradation of the fingers as compared to the pads.

The pads contained less oxides as compared to the fingers, and

also the roughnessand thicknessweresmaller, ascanbeseen in

the overview images in Figs. A3eA6.

For all annealings, an almost similar loop-like structure of

the AlNO layer was observed at the edges of the fingers. Cross

sections of fingers in the as-prepared state showed small

structures at the sides of the fingers, which were extended

perpendicular to the substrate, as can be seen in Fig. 7. EDX

measurements revealed that they consisted of Al2O3. As

described above, the structuring was done using the lift-off

technique, which means that at first the lift-off mask was

structured on the substrate. Then, the AlNO barrier layer was

deposited via magnetron sputtering. Since the sputtering led

to a wide distribution of directions of the deposited particles,

also a part of the side edges of the lift-off mask was covered.

The decreased thickness of the AlNO barrier layer in the
Fig. 7 e TEM image of an IDT finger in the as-prepared state.
center of the fingers as compared to their edges visible in the

overview STEM images was also a consequence of the depo-

sition via sputtering, which led to a reduced amount of ma-

terial deposited close to the edges of the lift-off mask. The

subsequent metallic layers were prepared via e-beam depo-

sition, which was more directed, so that no deposition of the

sides of the lift-off mask occurred. After the removal of the

lift-off mask, a small rest of material remained there.

The distance between the Al2O3-“edge” visible in Fig. 7 and

the finger itself fitted well with the distance between the loop-

like structures and the fingers in the STEM images. Therefore,

it is assumed that this residual caused the loop-structures.

After the lift-off procedure, the AlNO cover layer was depos-

ited on the sample. Due to the sputtering, an AlNO layer was

also deposited on both sides of the edge, leading to the loop

structure. Therefore, in addition, in the region between the

finger and the loop in the annealed samples, it appeared that

the cover layer consisted of an upper and a lower part (see

Fig. 5a-d), i.e., the AlNO barrier and cover layer, while outside

of the loop, only the AlNO cover layer was present.
5. Conclusions

This paper presents a detailed TEM investigation of TiAl based

IDT electrode structures and contact pads for use in surface

acoustic wave devices after performing long-time annealings

in air between 400 and 600 �C.
The results revealed that after annealing at 400 and 500 �C

for 192 h, no degradation of the electrodes or the contact pads

occurred. The annealing temperature of 400 �C was to low to

realize a homogeneousmicrostructure by interdiffusion of the

Ti/Al multilayers. A layered architecture consisting of Ti3Al

and TiAl2 was formed. The interdiffusion was improved after

annealing at 500 �C. However, there was still a multilayer

structure with TiAl and TiAl2.

After the heat treatment at 600 �C in air for 24 h, there was

hardly any degradation. However, after annealing for 48 h, the

formation of Al2O3 within the finger and TiO2 on top of the

metallizationwasdetected.With increasingannealing time, the

oxidation of Al mainly within the initial metallic layer and the

formation of TiO2 on top of the finger strongly increased. For all

annealing durations, the degradation of themetallization of the

finger was stronger as compared to the contact pad. These re-

sults proved that the edges of the fingers, where the cover layer

has a reduced thickness due to the deposition from top, served

as starting points for oxygen diffusion into the sample.

In summary, we can conclude that the TiAl based SAW sen-

sors are promising cost efficient alternatives to noble-metal

based devices for long-term application up to at least 500 �C
and short- and medium-term application up to 600 �C. Prior to
application, a pre-annealingof the devices at 600 �C inHVhas to

beperformedtorealizeafullinterdiffusionoftheTiandAllayers.
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Appendix A. Overview STEM images

Figures A.1 and A.2 summarize overview STEM images of the

IDT fingers and pads of the samples annealed at 400 �C and

500 �C in air for 192 h.
00 �C: (a) cross section of a finger electrode, (b) cross section

contrast, the lower image shows predominant grain
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Figure A.2 e STEM images of the sample annealed for 192 h at 500 �C: (a) cross section of a finger electrode, (b) cross section

of the contact pad. The top image shows predominant element contrast, the lower image shows predominant grain

contrast.

j o u r n a l o f ma t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 9 8 9e1 0 0 2 997

https://doi.org/10.1016/j.jmrt.2022.04.027
https://doi.org/10.1016/j.jmrt.2022.04.027


j o u r n a l o f ma t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 9 8 9e1 0 0 2998
Figures A.3eA.6 summarize overview STEM images of the

IDT fingers and pads of the samples annealed at 600 �C in air

for the annealing times between 24 h and 192 h.
Figure A.3 e STEM images of the sample annealed for 24 h at 600 �C: (a) cross section of a finger electrode, (b) cross section of

the contact pad. The top image shows predominant element contrast, the lower image shows predominant grain contrast.
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Figure A.4 e STEM images of the sample annealed for 48 h at 600 �C: (a) cross section of a finger electrode, (b) cross section of

the contact pad. The top image shows predominant element contrast, the lower image shows predominant grain contrast.
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Figure A.5 e STEM images of the sample annealed for 96 h at 600 �C: (a) cross section of a finger electrode, (b) cross section of

the contact pad. The top image shows predominant element contrast, the lower image shows predominant grain contrast.
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Figure A.6 e STEM images of the sample annealed for 192 h at 600 �C: (a) cross section of a finger electrode, (b) cross section

of the contact pad. The top image shows predominant element contrast, the lower image shows predominant grain

contrast.
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