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Surface acoustic waves (SAWs) offer a unique degree of freedom to manipulate 
charge carriers in a 2 dimensional electron system (2DES). The local lattice deformation 
couples to electrons (and/or holes) via the piezoelectric or deformation potential, 
providing a tunable and moveable potential well to trap and shuttle charge carriers on 
demand. This thesis demonstrates the feasibility of this approach to complex-oxide 
systems, which offer a wealth of physical phenomena such as correlated insulator states, 
superconductivity, and magnetism. The field of “Quantum Acoustics” is considered as 
one of the most promising hybrid quantum technologies for future quantum 
information processing. Here, a first important step towards implementing quantum 
acoustics in complex oxide systems is described, by demonstrating robust 
acoustoelectric currents/voltages in a LaAlO3/SrTiO3 (LAO/STO) 2DES resulting 
from electromechanical coupling of SAWs, generated in STO to the 2DES. With the 
unique combination of properties of the LAO/STO 2DES, which is hard to find in 
other material systems, our work contributes to building up the fundamentals of 
“Complex oxide Acousto-electronics”. In addition, it is important to note that many 
intriguing properties of LAO/STO 2DES emerge when it is exposed to various external 
stimuli, e.g. very large electric field, magnetic field, extremely low temperature or photon 
illumination. In this respect, modulating the band structure and the crystal properties 
by in-situ nanoscale mechanical oscillations, e.g. monochromatic SAW phonon modes, 
offers a completely new degree of freedom to tune the local properties of complex oxide 
interfaces. It may lead to the emergence of novel interesting features and provide new 
insights into the physics of the LAO/STO 2DES. 

The work is done by several different methods as explained in detail in the 
various chapters in this thesis. After the concept of the thesis is briefly introduced in 
Chapter 1, the technical details of the experimental procedures, including sample 
fabrication and measurements, are described in Chapter 2. In Chapter 3, 
acoustoelectric coupling between SAWs and the LAO/STO 2DES is presented. SAWs 
are generated using electrostriction in STO, induced by a dc electric field, and the 
experiments are performed at room temperature and 150 K, comparatively. An 
alternative approach to Chapter 3 is presented in Chapter 4, where SAW based 
electron transport is presented  at the LAO/STO 2DES covered by a Pb(Zr0.52Ti0.48)O3 
(PZT) layer. PZT is a well-known very strong piezoelectric material, which is added as 
the LAO/STO heterostructure itself is not piezoelectric, while piezoelectricity is crucial 
for SAW based applications. We analysed the effects of the PZT overlayer on the 
electronic properties of the LAO/STO 2DES, such as sheet resistance, charge carrier 
density and mobility. Even though we carefully optimized the deposition conditions to 
minimize detrimental effects on these properties, we found that the deposition of PZT 
on top of LAO/STO affects the fragile 2DES. It turns out that the mere presence of 
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PZT, and not its deposition process, leads to interlayer oxygen diffusion and oxygen 
vacancy filling causing carrier freeze out in the 2DES. This may be expected to hold 
more generally for other (piezoelectric) oxides, and poses a challenge for developing 
SAW-based quantum acoustic devices that utilize the attractive properties of the 
LAO/STO 2DES. 

Chapter 5 presents the retention mechanism of electric polarization in STO 
single crystalline substrates, investigated by means of SAWs. In the conventional 
approach using interdigitated transducers (IDTs) fed with rf signals, SAWs are not 
generated on STO as it is not a piezoelectric material due to its centrosymmetric lattice. 
When a sufficiently large dc electric field is applied, however, anions (O2-) and cations 
(Sr2+, Ti4+) are displaced and a polarization is induced. This can be considered as “local 
induced piezoelectricity”, and this way SAWs can be generated using dc-biased IDTs. 
After the dc-bias is removed, one would expect the polarization of the crystal to 
disappear, leading to suppression of SAWs. However, we report transient SAW signals 
that persist for over 30 hours in naturally non-piezoelectric STO after the dc-field is 
removed. We attribute this to the contribution of oxygen vacancy migration to the 
polarization, which apparently gives rise to substantial induced piezoelectricity that can 
couple strongly to SAWs. Remarkably, we found that the polarization memory in STO 
is rapidly lost when the sample was exposed to visible light. By measuring the SAW 
transmission under light illumination at different wavelengths and powers, we identified 
photoconductivity and/or acceleration of oxygen vacancy migration by photon-induced 
splitting of bound vacancy pairs as main mechanisms behind this photoresponsive 
memory effect. Although we do not claim any piezoelectricity or ferroelectricity in STO 
(the transient polarization is of different origin as stated above), we believe our results 
provide interesting insights regarding the possibility of using STO in device applications 
that ordinarily require piezoelectric or ferroelectric materials.  

In Chapter 6 we demonstrate acoustoelectric coupling between SAWs and 
charge carriers in the LAO/STO 2DES, below the cubic-to-tetragonal phase transition 
temperature of STO (occurring at ~ 105 K) where SAWs are abruptly suppressed 
(Chapter 3). This is achieved by bonding the LAO/STO heterostructure on a single 
crystalline LiNbO3 substrate, known for its very strong piezoelectric properties, in a flip-
chip configuration by using a thermocompression bonding. In this process we aimed to 
avoid the degradation of the 2DES that resulted from the deposition of a piezoelectric 
layer on top of LAO/STO (Chapter 4), and to measure the acoustoelectric effect at 
cryogenic temperatures, where the interface may become superconducting.  
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Chapter 7 summarizes important conclusions and provides recommendations 
for further improvements and potential applications.    
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Surface acoustic waves (SAWs, NL: akoestische oppervlaktegolven) bieden een 
unieke vrijheidsgraad om ladingsdragers te manipuleren in een tweedimensionaal 
elektronensysteem (2DES). De lokale roostervervorming koppelt zich aan elektronen 
(en/of gaten) via de piëzo-elektrische of vervormingspotentiaal, waardoor een 
afstembare en verplaatsbare potentiaalput wordt verschaft om ladingsdragers op te 
vangen en naar believen mee te nemen. Dit proefschrift demonstreert de haalbaarheid 
van deze benadering voor complexe-oxide systemen, die een schat aan fysische 
verschijnselen laten zien zoals gecorreleerde isolator toestanden, supergeleiding en 
magnetisme. Het gebied van "Quantum Acoustics" (NL: kwantumakoestiek) wordt 
beschouwd als een van de meest veelbelovende hybride quantumtechnologieën voor 
toekomstige quantuminformatieverwerking. Hier wordt een eerste belangrijke stap naar 
de implementatie van quantum acoustics in complexe-oxide systemen beschreven, door 
het aantonen van robuuste akoesto-elektrische stromen / spanningen in een 
LaAlO3/SrTiO3 (LAO/STO) 2DES, als resultaat van elektromechanische koppeling 
van SAWs, gegenereerd in STO, aan het 2DES. Met de unieke combinatie van 
eigenschappen van het LAO/STO 2DES, die moeilijk te vinden is in andere 
materiaalsystemen, draagt ons werk bij aan het opbouwen van de fundamenten van 
"Complex-oxide Acousto-electronics". Daarnaast is het belangrijk op te merken dat veel 
intrigerende eigenschappen van het LAO/STO 2DES naar voren komen wanneer het 
wordt blootgesteld aan verschillende externe stimuli, b.v. een zeer groot elektrisch veld, 
magnetisch veld, extreem lage temperatuur of belichten met fotonen. In dit opzicht, 
levert het moduleren van de bandstructuur en de kristaleigenschappen door in-situ 
mechanische oscillaties op nanoschaal, b.v. door monochromatische SAW-fononmodi, 
een geheel nieuwe mate van vrijheid om de lokale eigenschappen van de grensvlakken 
van complexe oxides af te stemmen. Het kan leiden tot de opkomst van nieuwe 
interessante kenmerken en nieuwe inzichten verschaffen in de fysica van het LAO/STO 
2DES. 

Het werk is uitgevoerd met behulp van verschillende methoden, zoals in detail 
uitgelegd in de verschillende hoofdstukken in dit proefschrift. Nadat het concept van 
het proefschrift kort is geïntroduceerd in Hoofdstuk 1, worden de technische details 
van de experimentele procedures, inclusief sample fabricage en metingen, beschreven 
in Hoofdstuk 2. In Hoofdstuk 3 wordt de akoesto-elektrische koppeling tussen SAWs 
en het LAO/STO 2DES gepresenteerd. SAWs worden gegenereerd door gebruik te 
maken van elektrostrictie in STO, geïnduceerd door een statisch elektrisch veld, en de 
experimenten worden uitgevoerd bij kamertemperatuur en 150 K. Een benadering 
verschillend van die in Hoofdstuk 3 wordt gepresenteerd in Hoofdstuk 4, waar SAW-
gebaseerd elektronentransport wordt gepresenteerd in het LAO/STO 2DES bedekt 
met een Pb(Zr0.52Ti0.48)O3 (PZT) -laag., PZT staat bekend als een zeer sterk piëzo-
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elektrisch materiaal, dat wordt toegevoegd omdat de LAO / STO-heterostructuur zelf 
niet piëzo-elektrisch is, terwijl piëzo-elektriciteit cruciaal is voor SAW-gebaseerde 
toepassingen. We analyseerden de effecten van de PZT-toplaag op de elektronische 
eigenschappen van het LAO/STO 2DES, zoals vierkantsweerstand, ladingsdichtheid 
en mobiliteit. Hoewel we de depositiecondities zorgvuldig hebben geoptimaliseerd om 
de nadelige effecten op deze eigenschappen te minimaliseren, hebben we ontdekt dat 
de depositie van PZT bovenop LAO/STO het fragiele 2DES beïnvloedt. Het blijkt dat 
de loutere aanwezigheid van PZT, en niet het depositieproces ervan, leidt tot 
zuurstofdiffusie tussen de lagen en het vullen van zuurstofvacatures, waardoor de 
ladingsdragers in het 2DES immobiel worden. Dit kan, naar verwachting, in het 
algemeen gelden voor andere (piëzo-elektrische) oxiden en vormt een uitdaging voor 
het ontwikkelen van op SAW gebaseerde kwantumakoestische devices die gebruik 
maken van de aantrekkelijke eigenschappen van het LAO/STO 2DES. 

Hoofdstuk 5 presenteert het retentiemechanisme van elektrische polarisatie in 
monokristallijne STO substraten, onderzocht door middel van SAWs. In de 
conventionele benadering gebruik makend van “interdigitated transducers” (IDTs) 
gevoed met rf-signalen, worden SAWs niet gegenereerd op STO. Dit omdat het geen 
piëzo-elektrisch materiaal is vanwege het centrosymmetrische rooster. Wanneer echter 
een voldoende groot statisch elektrisch veld wordt aangelegd, worden anionen (O2-) en 
kationen (Sr2+, Ti4+) verplaatst en wordt een polarisatie opgewekt. Dit kan worden 
beschouwd als "lokaal geïnduceerde piëzo-elektriciteit", en op deze manier kunnen 
SAWs worden gegenereerd met “DC-biased” IDTs. Nadat de dc-bias is verwijderd, zou 
men verwachten dat de polarisatie van het kristal zou verdwijnen, wat zou leiden tot 
onderdrukking van SAWs. We rapporteren echter (tijdelijke) SAW-signalen die meer 
dan 30 uur aanhouden in van nature niet-piëzo-elektrisch STO nadat het dc-veld is 
verwijderd. We schrijven dit toe aan de bijdrage van de vacaturemigratie aan de 
polarisatie, wat blijkbaar leidt tot een substantiële geïnduceerde piëzo-elektriciteit die 
sterk kan worden gekoppeld aan SAWs. Opmerkelijk is dat we vonden dat het 
polarisatiegeheugen in STO snel verloren gaat wanneer het sample wordt blootgesteld 
aan zichtbaar licht. Door de SAW-transmissie onder belichting bij verschillende 
golflengten en vermogens te meten, identificeerden we fotogeleidbaarheid en / of 
versnelling van de migratie van zuurstofvacatures door foton-geïnduceerde splitsing van 
gebonden vacatureparen als belangrijkste mechanismen achter dit fotoresponsieve 
geheugeneffect. Hoewel we geen piëzo-elektriciteit of ferro-elektriciteit in STO claimen 
(de voorbijgaande polarisatie is van verschillende oorsprong zoals hierboven vermeld), 
geloven we dat onze resultaten interessante inzichten opleveren over de mogelijkheid 
om STO te gebruiken in toepassingen waarvoor normaal gesproken piëzo-elektrische 
of ferro-elektrische materialen nodig zijn. 
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In Hoofdstuk 6 demonstreren we de akoesto-elektrische koppeling tussen 
SAWs en ladingsdragers in het LAO/STO 2DES, beneden de 
faseovergangstemperatuur (kubisch naar tetragonaal rooster) van STO (die optreedt bij 
~ 105 K) waar SAWs abrupt worden onderdrukt (Hoofdstuk 3). Dit wordt bereikt 
door de LAO/STO-heterostructuur te verlijmen op een monokristallijn LiNbO3-
substraat, bekend om de zeer sterke piëzo-elektrische eigenschappen, in een flip-chip-
configuratie met behulp van een thermocompressie-binding. In dit proces wilden we de 
degradatie van het 2DES vermijden, die eerder het gevolg was van de depositie van een 
piëzo-elektrische laag bovenop LAO/STO (Hoofdstuk 4), en het akoesto-elektrische 
effect meten bij cryogene temperaturen, waar het grensvlak supergeleidend kan worden. 

Hoofdstuk 7 geeft een samenvatting van belangrijke conclusies en geeft 
aanbevelingen voor verdere verbeteringen en mogelijke toepassingen. 
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1.1 Motivation 

In solid-state physics, research aims to further understand matter in its solid 
form, for example by conducting experiments and analysis on its response to applied 
external stimuli. The most commonly used “manipulations” are induced by magnetic 
fields, optical illumination, or electric fields, and this may result in fundamental 
excitations in the solids. For instance, interactions between light and matter are widely 
studied and exploited, where the state of an electron is controlled or probed via 
excitation by photon illumination1,2. This way, a variety of useful information may be 
obtained about solid samples and furthermore, it is used in opto-electronics for e.g. 
signal processing and communication technologies3. Such control of the electronic state 
of matter established “opto-electronics” as a sub-research field of electronics4,5. An 
analogy to photon-electron interactions can be made by switching from photons to 
phonons, and by analysing the phonon-electron interactions in the solid. Phonons are 
a different type of fundamental excitations in solids: they are the energy quanta of lattice 
vibrations6. Heat and sound are carried by phonons and their coupling mechanisms to 
electronic systems is studied in the field of “acousto-electronics”7,8.In photonics, we 
consider electromagnetic waves (EMWs) which propagate at the speed of light, on the 
other hand sound waves propagate in solids at a speed that is approximately 105 times 
slower9. Such a considerable difference makes the utilization of sound waves a very 
useful element for particular applications, most commonly for RF-electronics, to be 
used in RF-filters and delay-lines10. These require conversion of RF signals into acoustic 
signals and vice versa, for which piezoelectric materials are used. Such acoustic devices 
have been used in telecommunication technologies for the last 50 years and there is still 
an ongoing demand and development in this field.  

After the importance and usefulness of sound waves had been proven for 
electronics research and industry, a new direction appeared for research on (quantum) 
acoustoelectric devices in the last few decades11–14. Here, fundamental entities in solid 
matter such as spin states, charge carriers and magnetic domains, etc., can be controlled 
and/or manipulated by sound waves. This brought a possibility to manipulate the 
matter not only by the aforementioned external effects, but also by monochromatic 
excitations of phonons in the crystal lattice. These phonons can be excited by 
propagating surface acoustic waves (SAWs) or bulk acoustic waves (BAWs) in the 
material under study. Here in this thesis, we focus only on SAWs.  

SAWs are mechanical deformations of matter which propagate along the surface, where 
their energy is highly confined to about one wavelength below the surface. Therefore, 
SAW-based modulations are considered to have higher impact on low-dimensional 
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structures such as graphene or single-layer MoS2 which are deposited on a substrate,  or 
interfacial 2-dimensional electron systems (2DESs) that are present in, for example, 
semiconductor GaAs/AlGaAs and complex-oxide LaAlO3/SrTiO3 (LAO/STO) 
heterostructures15–18. 

Complex-oxide interfaces are attractive examples of low-dimensional 
structures. Particularly, the 2DES at the interface of the LAO/STO heterostructure 
possesses extraordinary features, many of which are not observed in their bulk form or 
in other low-dimensional structures. Interesting phenomena are obtained by exposing 
the interface to the various external stimuli mentioned above. For example, electric field 
(by top or bottom gating) tunable carrier concentration of the interface was observed, 
which provided a way to fabricate field-effect devices out of LAO/STO 2DESs19. In 
low-temperature experiments, a ferromagnetic interface and high charge carrier mobility 
was measured20,21. Below 200 mK, it was found that this particular interface becomes 
superconducting22.  

The extraordinary properties of the LAO/STO 2DES that occur when it is 
exposed to various (extreme) conditions is the main motivation behind this work, where 
we aim to expose the LAO/STO 2DES to SAW-phonons for the first time, in order to 
control the interfacial properties. We expect that the manipulation of the complex 
oxides by SAWs may lead to the emergence of surprising new features at their interfaces.  

1.2 Scope and Outline  

The research, as described in this thesis, is dedicated to the control of charge 
carriers at the LAO/STO 2DES by SAWs. This is realised by transporting interfacial 
free electrons and measuring the induced acoustoelectric current or voltage signals at 
various temperatures. Given the non-piezoelectric nature of STO, the generation of 
SAWs is a challenge. To a large extent, the scope of the thesis converges towards finding 
the most suitable method to introduce piezoelectricity, by adding different materials or 
by electrostriction, and the non-destructive implementation thereof to the LAO/STO 
2DES. It turned out to be especially challenging to generate powerful and continuous 
SAWs at low temperatures, where all the exotic features of the 2DES emerge. From this 
perspective, we build up the thesis as follows: 

Chapter 2 describes the acoustic charge transport device that is at the basis of 
most experiments in this work, by introducing the different elements of the device and 
explaining their functions. The fabrication process is explained step by step, from 
substrate preparation to thin-film growth and patterning. Finally, device characterisation 
methods and acoustic charge transport experiments are explained. 
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Chapter 3 presents electrostrictive transduction of SAWs on STO substrates 
for SAW-assisted transport of the free electrons in the LAO/STO 2DES, which is 
measured as acoustoelectric current both at room temperature and at 150 K. While this 
method allows for acoustoelectric transport studies without additional fabrication steps 
that might deteriorate the 2DES, SAW generation is suppressed below the crystal-phase 
transition in STO at ∼105 K. 

Chapter 4 is regarded as an “alternative” approach to Chapter 3. Instead of 
electrostrictive transduction of SAWs, a strong piezoelectric thin film, 
Pb(Zr0.52Ti0.48)O3, is deposited on top of the LAO/STO 2DES for the same acoustic 
charge transport purpose. SAWs are successfully excited, but the interfacial conductivity 
of the LAO/STO degraded, particularly at low temperatures, due to the deposition of 
the PZT thin film on top.  

In Chapter 5, the retention process of induced electric polarisation in bare 
STO substrates is studied by means of SAW transmission. Polarisation is induced by 
applying a dc bias, which is also used to generate SAWs electrostrictively. Surprisingly, 
we observed a long retention time in STO at 150 K, over 30 hours. We experimentally 
showed that, the retention disappeared in only a few seconds under the illumination of 
light.  

Chapter 6 shows another alternative for the implementation of the LAO/STO 
system to a strong piezoelectric material. In this case, an STO substrate with LAO film 
deposited on top (and patterned into a Hall bar) is bonded to a LiNbO3 substrate in a 
flip-chip configuration. The electron transport at the LAO/STO interface is measured 
via SAWs propagating on the LiNbO3 substrate at room temperature and also at 77 K, 
which is below the STO phase-transition temperature. 

Chapter 7 reflects on the main findings and experimental details as given in 
this thesis. Suggestions are proposed on possible routes for future research in the field 
of complex-oxides acousto-electronics.  
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Device design, fabrication and 
measurements 

 

 

 

 

 

This chapter contains parts of the Bachelor’s theses of Daniel Doller and Milou van 
Nederveen, as cited below; 

- Surface acoustic waves in PZT/LAO/STO heterostructure,  
Daniel Doller, BSc Thesis, University of Twente, June 18, 2018. 
 

- The Acoustoelectric Effect at the  LaAlO3/SrTiO3 interface, 
Milou van Nederveen, BSc Thesis, University of Twente, August 20, 2019. 

 



Chapter 2 

 
20 

ABSTRACT 

This chapter provides a broad description of the essential device concept and 
measurement methods in order to control free charges with surface acoustic waves.  
The main goal of the thesis is to adapt this concept, to the LAO/STO 2DES. First, all 
the elements of the device are introduced and the fabrication process of the device is 
explained step by step, including the techniques being used. Second, particular effort is 
put on nano-imprint lithography, as one of the research goals of this work is to 
investigate if this can be employed for interdigital transducer fabrication on STO 
substrates. Finally, a detailed explanation of electrical characterization methods and 
acoustoelectric charge transport measurements are given.  
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2.1 A device for acoustic charge transport  

An acoustic charge transport (ACT) device can be realized by combining three 
main elements; interdigital transducers (IDTs) (red), a piezoelectric material (purple) 
and an electron bath (green) as depicted in Figure 2.1. The IDTs convert an electric 
signal into a mechanical wave, thanks to the inverse piezoelectric effect, such that SAWs 
can be generated. Therefore, incorporating a piezoelectric medium is crucial, and one 
option is to place IDTs on top of it. A second IDT, which is aligned with the first one 
and located a certain distance away from it, is used to receive the excited SAWs and 
measure the SAW transmission. Such a configuration is known as a “delay-line” and is 
commonly used in RF electronics, e.g. as a bandpass filter. Interdigitated fingers are 
specifically used to deform the underlying piezoelectric material with a certain 
periodicity when an electric field is applied between the fingers, which eventually defines 
the wavelength of the excited SAWs. When an RF signal is applied to the IDTs, e.g. in 
the MHz frequency range, the periodic deformation oscillates back and forth, at an 
ultrahigh speed. Such a process produces strain waves, including SAWs which are highly 
confined to the surface of the material and propagate along the surface over appreciable 
distances (several hundreds of μm up to several mm).  

 

 

 

 

 

 

 

Figure 2.1.  An acoustic charge transport device. The purple element represents the piezoelectric 
medium. The green Hall bar, with 8 electrodes, represents the free-electron bath, and two 
identical interdigitated electrodes (in red) represent the IDTs that excite or detect SAWs. As the 
SAWs propagate from one IDT to the other, interaction with free electrons may lead to acoustic 
charge transport. 

As the electron bath is placed in between the IDTs, both positive and negative 
charges can be transported  along with the SAWs. This is a remarkable property of 
SAW-based charge transport, as compared to ordinary charge transport in 
semiconductor devices where electrons and holes are transported in opposite directions 
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under application of a dc electric field. SAWs interact with electrons and holes via a 
potential modulation of the conduction and valance bands of a semiconductor, 
respectively, and are able to transport them in the same direction, which is the direction 
of SAW propagation. This feature underlines the versatility of SAW-based electronic 
devices, in particular for exciton transport in optoelectronics applications23,24.   

The electron bath is designed as a Hall bar structure with a narrow channel 
which contains 4 probing arms on the each side in order to carry out acoustic transport 
measurements as well as Hall-effect measurements on the same device, if necessary. The 
channel width is designed to be equal to or smaller than the aperture of the IDT, which 
enables a strong modulation of the channel by the SAW beam and simplifies the 
alignment of the IDTs to the Hall bar channel during lithography. The channel length 
is decided according to the chip size and the purpose of the experiments. Different 
channel lengths can be used, depending on the SAW intensity and crystallinity of the 
material(s) in which the SAWs propagate. If SAWs are generated on a highly c-axis 
oriented single-crystalline and strongly piezoelectric substrate, then these SAWs can 
propagate over mm distances without much attenuation. LiNbO3 is an example of such 
a substrate material. If the SAW propagation medium is inferior, it is recommended to 
place the functional material in a shorter delay-line channel, such that the SAWs can 
interact with the electrons sufficiently before they die out completely. 

The aforementioned details of the design of an acoustic charge transport device 
can be applied to various material systems. In case the substrate material, (shown in 
Figure 2.1 in purple) that hosts the electronic system under study is not intrinsically 
piezoelectric, a solution is required to introduce piezoelectricity into the system. For 
example, a suitable piezoelectric material can be deposited on top of the substrate before 
the IDTs are fabricated. How to overcome such difficulties is a major challenge, that is 
going to be discussed in detail in the following chapters of this thesis. Our main effort 
in this thesis is to demonstrate the realization of such an ACT device that allows for 
transporting charge carriers at the interface of a LAO/STO heterostructure using 
SAWs. In the following sections of this chapter, details on the fabrication procedure, 
electrical characterization methods and finally, ACT measurements are explained. 

2.2 Device fabrication 

In this section, a complete device fabrication process is explained. It starts with 
a step-by-step substrate preparation process. Then the depositions and patterning 
processes of  LAO and PZT thin films are explained. IDT fabrication methods are 
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explained in a separate subsection, and the possibility of using nano-imprint lithography 
for this purpose is discussed.   

2.2.1 Sample preparation  

In this thesis acoustic charge-transport devices are fabricated on single-
crystalline (001)-oriented STO substrates, which are purchased from CrysTec GmbH. 
The following procedure is applied before the start of every device fabrication process 
discussed in this thesis. Naturally, STO surfaces are composed of a mixture of SrO and 
TiO2 terminations, and a 2DES can only form if the substrate surface is TiO2 
terminated. Therefore, the fabrication process always starts with termination of the 
STO substrate surface at a TiO2 layer. Initially the substrate is kept in DI water for 30 
minutes in order to hydroxylate the SrO layer, which then is dissolved in BHF solution 
such that TiO2 remains as top layer. In the next step, the substrate is annealed in an 
oxygen atmosphere at 950 ◦C for 90 min., which is done to define an atomically flat 
substrate surface. Afterwards, the substrate is slowly cooled down to room temperature. 
As a the final step, the substrate surface is characterized by atomic force microscopy 
(AFM) in order to observe a homogeneous flat surface, which is desirable for 2DES 
formation (see Figure 2.2).  

 

 

 

 

 

 

Figure 2.2.  Various AFM results from different substrate treatment processes. (a) Annealed 
substrate without etching in BHF solution. (b) Over-annealed substrate surface after etching. (c) 
Desired formation of surface terraces after following the correct preparation steps. 

2.2.2 Pulsed laser deposition and patterning of complex-oxides 

Following the emergence of novel materials with unique features, the 
development of new thin-film deposition techniques is required for obtaining them in 
a device-quality thin-film form, which can be used in order to advance current 
technologies and applications. Pulsed laser deposition (PLD) is one of these techniques, 

a b c 
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which is suitable  for the deposition of complex oxides, or more specifically perovskite 
oxides.  

In this thesis, LAO and PZT materials are deposited in thin-film form by using 
PLD. Two separate PLD chambers are used for deposition of each material to prevent 
cross-contamination. First, the deposition of LAO thin films, together with a patterning 
process for LAO is going to be explained. These steps are required in order to obtain a 
2DES in the shape of a Hall bar at the interface of an LAO/STO heterostructure. This 
process is applied in Chapter 3, 4 and 6. After that, the PZT thin-film deposition 
process, involving partial etching of the PZT layer, is going to be discussed, which is 
applied in Chapter 4.  

Deposition and patterning of LAO thin films  

After the substrate treatment process is completed and an atomically flat 
substrate surface is confirmed by AFM scans, as seen in Figure 2.2(c), an LAO layer is 
deposited. Deposition and patterning processes are applied sequentially. A 
representative illustration of the pulsed laser deposition (PLD) system that is used for 
LAO thin-film deposition, is shown in Figure 2.3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.  Schematic representation of PLD-RHEED chamber used for LAO depositions. 
The layer-by-layer growth process is monitored with an in-situ RHEED technique.   
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This process has been previously optimized and explained elsewhere25. Initially, 
a sacrificial amorphous AlOx layer is deposited in the same deposition chamber on a 
TiO2 terminated STO substrate at room temperature. This layer is employed as a 
thermally stable, durable hard mask, which can be dissolved either in Fujifilm OPD 
4262 developer, or in NaOH solutions. After AlOx deposition, a standard 
photolithography process is applied in a cleanroom environment and alignment marks 
are created in the AlOx layer. After the lithography process the sample is placed back 
into the deposition chamber for amorphous (a-)LAO layer deposition without 
removing the photoresist and AlOx. A 100-nm-thick a-LAO layer is deposited at room 
temperature, and lithographically defined alignment marks become visible under an 
optical microscope, and the remaining resist is lifted-off in acetone. The Hall-bar 
structure is defined in the AlOx layer by applying an additional lithography step in a 
cleanroom environment and this process is followed by photoresist removal in acetone. 
This step is highly critical, as it is followed by a high-temperature deposition process, in 
which any remaining photoresist may evaporate and the deposition chamber might get 
contaminated.  

 

 

 

 

 

 

 

 

 

Figure 2.4. RHEED analysis of 10 u.c. LAO deposition on an STO substrate. (a) Oscillations 
show the number of deposited and completed layers. Every oscillation represents the growth of 
1 u.c. For this particular experiment, 10 u.c. of LAO was grown in total. (b) The white dot 
represents the RHEED spot recorded on an arbitrary surface inside the deposition chamber at 
room temperature. (c) RHEED image of an STO substrate surface at 850 °C, showing 
diffraction spots besides the specular spot. (d) RHEED image of an STO substrate surface after 
a 10 u.c. thick LAO film was deposited at 850 °C. 
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The sample is glued on a heater element using silver paste and heated to 150 
°C in ambient conditions. After that, the heater is mounted inside the PLD chamber, 
which is pumped down to 1 × 10-7 mbar. The deposition temperature and  O2 pressure 
during the process are optimized to be 850 °C and 1 × 10-4 mbar, respectively. An 
epitaxial LAO thin film is deposited from a 1-inch single-crystalline LAO target. Within 
~180 pulses (this value can differ), a 10-unit-cell-thick LAO film is grown. The number 
of unit cells is monitored by in-situ reflection high-energy electron diffraction 
(RHEED) as shown in Figure 2.4. Each oscillation in Figure 2.4(a) represents the 
growth of a single unit cell. In Figure 2.4 (b), (c) and (d) spots due to reflection of the 
e-beam from an arbitrary amorphous surface, from a crystalline STO substrate surface 
and from 10 u.c. grown LAO layer deposited surface are shown, respectively. 
Diffraction spots indicate the periodic crystal structure of the STO substrate and the 
growing LAO film. After the deposition process is complete, the substrate was left to 
cool down at a rate of 10 °C/min in an O2 pressure of around 1.7 × 10-3 mbar. 

Deposition and patterning of PZT thin films  

PZT thin films are deposited in a separate and relatively simple deposition 
chamber. In this report, PZT films are always grown after the LAO layers had been 
deposited and over the entire sample. A 1-inch PZT target with Zr/Ti ratio 52/48, 
corresponding to the optimum for high piezoelectricity, is used for deposition. 
Optimized deposition parameters for PZT thin films are used in Chapter 4 for the all 
deposition processes. PZT thin films are deposited at 600 °C substrate temperature with 
the laser energy density is set to be 2.5 Jcm-2. During the process, the O2 pressure is 
adjusted to 10-1 mbar. After the deposition, films are cooled down to room temperature 
in a 1 bar oxygen atmosphere and at a cool down rate of 10 °C/minute. In Figure 2.5(a) 
and (b) XRD analysis of a 1 µm thick PZT film is shown. This is a typical XRD analysis 
result obtained for our optimized PZT deposition process on STO substrates. The 
XRD peaks and the associated rocking curves show a high c-axis orientation of the PZT 
film, which confirms the compatibility of our films for SAW-based charge transport 
devices. The thickness of the films is controlled by the deposition time. After the 
deposition of a PZT layer, the sample was further processed inside the clean room as 
follows. First, the contact pads of the Hall-bar structure are defined by additional 
photolithography, then openings are etched down to the STO substrate by Ar+ ion 
milling. In the final step, the etched area is filled by Cr/Au and the remaining photoresist 
is washed off in acetone. 

 



Chapter 2 

 
27 

 

 

 

 

 

 

 

Figure 2.5. XRD analysis for a 1 µm thick PZT film deposited on 10 u.c. of LAO grown on an 
STO substrate. Since the LAO layer is very thin, we do not see any corresponding XRD peaks. 
(a) 2theta-Omega° scan from 20 to 80 °. (b) Rocking curve of the PZT(002) peak. 

As shown in Figure 2.6, only the edges of the gold layer are in contact with the 
2DES. Such a “1-D contact” can only be achieved if the gold layer is deposited by 
sputtering instead of e-beam deposition, because e-beam evaporation is a highly 
directional deposition process which does not cover the side walls. On the other hand, 
sputtered Au atoms have a tendency to cover the entire surface inside the deposition 
chamber. 

 

 

 

 

 

 

 

Figure 2.6. Cross-sectional illustration of the contact pad region of a finalized ACT device. The 
colored shapes do not represent realistic thicknesses of the individual layers. Note that, in a real 
device, a very thin Cr layer is deposited before the Au layer in order to provide strong adhesion 
between the Au layer and the STO substrate. Here, it is not shown. 

In this work, we employed PZT for its well-known piezoelectric properties, 
while having similar lattice parameters to LAO and STO. However, it is still argued that 
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a small lattice mismatch between the LAO/STO and PZT may cause additional stress 
in the 2DES, which might prevent functioning of the device as wanted. Due to that, 
and for further reasons which will be discussed in Chapter 4, we keep this step open for 
alternative piezoelectric layers. 

2.2.3 Interdigital transducers 

SAWs can be generated via an interdigital transducer (IDT), which converts an 
oscillating electric signal into mechanical waves. Such a process can only take place 
efficiently if the IDTs are deposited on a piezoelectric thin film or substrate. An IDT 
exists out of two arrays of fingers, as shown in Figure 2.7 in various configurations. 
Applying an ac electric signal to these arrays, leads to an oscillating electric field between 
the arrays (see Figure 2.7(c)). This field causes the fingers of one array to move in the 
opposite direction as compared to the other array and eventually, the oscillating 
mechanical deformation of the material results in strain waves, including SAWs: a 
travelling and oscillating mechanical deformation. The amplitude of the wave increases 
with the amount of fingers, as each set of fingers applies a deformation that 
constructively increases the amplitude at the resonance frequency of the SAW.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7.  Single-finger (SF) and double-finger (DF) IDT design examples are shown in (a) 
and (b) , respectively. (c) Cross-sectional illustration of a SF IDT on a piezoelectric substrate 
exposed to an electric field. (Adapted from Ref.26). 

Piezoelectric 
substrate 
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As depicted in Figure 2.7(a) and (b), IDTs are designed in SF or DF 
configurations, respectively (other IDT configurations which are not studied in this 
thesis, are excluded). The resonance frequency of the device is based on the periodicity 
of the IDT fingers and the SAW velocity, according to the following expressions:   

 

𝑓𝑓1 = 𝜗𝜗SAW
𝜆𝜆

,  

𝜆𝜆 = 4𝑙𝑙SF,  

𝜆𝜆 = 8𝑙𝑙DF,  

 

by means of which the expected resonance frequencies of the devices can be calculated. 
Here, 𝑙𝑙SF and 𝑙𝑙DF represent the finger width of an IDT for SF and DF designs, 
respectively. 𝜗𝜗SAW is the characteristic SAW (sound) velocity of the materials and 𝜆𝜆 is 
the SAW wavelength. In our devices, finger spacing is designed to be equal to the finger 
width (see Figure 2.7).  

IDTs can be fabricated by employing various lithography techniques. In 
micron-scaled IDT fabrications, for which the resonance frequency is limited to a few 
hundreds of MHz (in most of the cases), optical lithography is sufficient and widely 
used. In this thesis, all devices are fabricated by a standard optical lithography process, 
and a 2.5 µm feature size is achieved as the minimum reproducible finger width on our 
5 x 5 mm2 STO substrates. Electrodes are deposited using e-beam evaporation, and our 
optimized standard material stack is 5 nm Cr (adhesion layer)/100 nm Al/5 nm Cr ( 
encapsulation layer). There are other lithography techniques with nano-scale IDT 
patterning capability, i.e. e-beam lithography and nano-imprint lithography, which allow 
to excite GHz SAWs. In the following section, the possibility of using the nano-imprint 
lithography (NIL) technique is discussed for fabrication of nano-scale IDTs on STO 
substrates. 

Nano-imprint lithography 

GHz SAWs require nano-scale IDT fingers, as expressed in Eqs. (2.1) and (2.2), 
which can only be acquired by special lithography techniques. E-beam lithography is 
one of the most used nano-lithography techniques. However, dielectric substrates (and 
thin films) such as STO are challenging to use due to the electron charging effect upon 
electron-beam irradiation, which prevents high-resolution patterning. Although there 

(2.1) 

(2.2) 

(2.3) 
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are particular approaches that have been developed so far to overcome this dielectric 
charging issue, a powerful alternative exists with fast, reproducible and reliable 
processing features, namely nano-imprint lithography (NIL). It relies on a simple 
stamping approach with a pre-designed template. After the template is prepared, it is 
patterned on a robust quartz block by e-beam lithography and then it can be used for 
stamping on any type of material (regardless of the surface conductivity), provided that 
the surface is sufficiently flat. In our work we tried to  implement the NIL process on 
STO substrates. A basic process flow for NIL is illustrated in Figure 2.8. Here, we used 
a UV-based NIL technique, which is optimized and explained in detail elsewhere26.  

 

 

 

  

 

 

 

 

Figure 2.8.  UV-based NIL process flow, from left to right. (Adapted from Ref.27) 

Initially, UV-curable imprint material is spin coated on the substrate, and the 
stamp is attached to the surface. As the stamp is placed, imprint material fills the cavities 
and after it is cured under UV light the feature of the stamp is transferred into the 
imprint material. Then, the stamp is detached from the substrate surface, while the 
substrate is held back by the vacuum chuck where it is initially mounted. A proper 
detachment process can be done only if the substrate size is larger than the stamp size. 
Standard NIL processes as well as the tool we used in our laboratory (Impro 55 from 
Molecular Imprints Inc.) are designed for large-area samples. The stamps we use in our 
laboratory have dimensions of 13 x 13 mm2 and 15 x 15 mm2 , suitable for processing 
on 4-inch wafers. On the other hand, the largest STO substrate that could be purchased 
on the market is limited to 20 x 20 mm2 with low homogeneity, low reliability and very 
high price. High-quality STO substrates are standardized for 5 x 5 mm2 surface area, 
which is much smaller than the available stamp size we have and which does not allow 
proper NIL processing.  Therefore we decided to adapt our process for small STO 
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substrates and produced our own imprint stamp with smaller dimensions (~3 x 3 mm2) 
than the STO substrate surface area, as shown in Figure 2.9.  

 

 

 

 

 

Figure 2.9.  Three images showing the 3 x 3 mm2 NIL stamp. (a) The stamp after fabrication, 
inside a 1 inch wafer box. (b) Optical microscope image of the stamp. (c) SEM image of the 
stamp. Black regions are etched and grey regions are flat surface. Imprint resist should fill the 
black regions when the stamp is attached to the substrate surface. 

The homemade stamp has SF IDTs, with 100 and 125 nm finger widths, which 
can generate SAWs with 400 and 500 nm wavelength. By using this stamp, successful 
imprinting was achieved on top of the STO substrate and the process is finalized by 
etching, metallization and lift-off. Finalized IDTs on STO substrate are shown in the 
optical and SEM images in Figure 2.10(a), (b) and (c). 

 

 

 

 

Figure 2.10.  Images show the IDTs on a 5 x 5 mm2 STO substrate after the fabrication process 
is complete. (a) Optical image of SF IDT with 100 nm finger width. SAW wavelength is 400 nm. 
(b) SEM inspection of the IDT fingers shown in (a). Finger width is 100 nm. (c) SEM image of 
a NIL-processed IDT with 125 nm finger width. 

The expected resonance frequency for these IDTs is on the order of ~10 GHz, 
considering the SAW velocity in SrTiO3  (𝜗𝜗SAW≈4000 ms-1 ).  

Although the NIL processing successfully obtained on STO substrate, IDTs used in the 
rest of the thesis are fabricated by optical lithography, due to reproducibility issues of 
NIL.  

c a b 
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Chapter 2 

 
32 

2.3 Electrical measurements 

After the ACT device has been fabricated, the conductivity of the functional 
material, which is the LAO/STO interface in our case, and the SAW transmission 
between the IDT pair is tested as initial characterization steps. Once the device quality 
is confirmed, then ACT experiments are started. These measurements will be explained 
in the following sections of this chapter. 

2.3.1 Electrical Characterization of 2DES 

The LAO/STO interface conductivity is characterized by Hall-effect 
measurements after every deposition run. As is discussed in Chapter 4, we characterised 
the LAO/STO interface also after a PZT thin film is deposited on top, in order to 
analyse the effect of additional layer deposition on the interfacial conductivity. This has 
been done either by a Van der Pauw method or by a standard Hall-effect measurement 
on the Hall bar. In addition to the Hall bar, 0.5 mm2 squares are also defined next to 
the actual charge transport devices on the chip, in order to be able to perform the Van 
der Pauw measurement more precisely, since the shape of the device is crucial for such 
characterization. 

Interfacial conductivity is characterized by measuring the temperature 
dependent resistance, and calculating the carrier density and mobility. The measurement 
schematic for the Van der Pauw method is given in Figure 2.11. The resistance is simply 
measured by applying a dc current and reading the voltage. The square sample is wire-
bonded at the corners. The contact resistance needs to be low, and this is checked 
before the measurement. Each corner is connected to a terminal, numbered one to four.  

 

 

 

 

 

 

 

 

Figure 2.11.  Van der Pauw measurement diagram. 
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The sample is subsequently loaded into a physical properties measurement 
system (PPMS) that controls the temperature and applied magnetic field to the sample. 
The temperature range for our measurement is 2-300 K. For sheet-resistance 
measurements the procedure is as follows: applying constant current through terminal 
one and two, measuring voltage across four and three, then applying the same current 
to terminals two and three and measuring the voltage across one and four. This gives 
us two resistances RA = V43/I12 and RB = V14/I23. These two resistances are related to 
the sheet resistance that can be obtained from the Van der Pauw equation e(-RA/RS) + e(-

RB/RS) = 1, which can be solved numerically using a simple algorithm. This is done for 
temperatures between 300 K and 2 K, with steps of 1 K. The sheet resistance can be 
then plotted as a function of temperature. The second part of the Van der Pauw 
measurement is the Hall-voltage reading. A magnetic field perpendicular to the surface 
of the sample is applied, with field strength varying between -9 T and +9 T. Then, 
current I13 is applied from terminal one to three and V24 is measured both for positive 
and negative magnetic field. The terminals are then reversed, I42 is applied and likewise 
V13 is measured. The sum of VC + VE indicates the carrier charge, where VC = V24P - 
V24N and VE = V13P - V13N. If positive, the majority carriers are p-type and similarly a 
negative sum indicates n-type carriers. Our samples are n-type, i.e. the majority carriers 
are electrons. The sheet carrier density ns is determined as: 

  

𝑛𝑛𝑠𝑠 = �(4∙10
−8)𝐼𝐼𝐼𝐼

𝑞𝑞(𝑉𝑉𝐶𝐶+𝑉𝑉𝐸𝐸)
�,  

 

where I is the applied current, B the strength of the magnetic field in Gauss (9 Tesla is 
90000 Gauss), and q is the electron charge. Bulk density is n = ns=d, d being the layer 
thickness, but in case of a 2DES only the sheet properties are relevant, because the 
interface is unlike the bulk. Lastly, the carrier mobility µ is given by: 

 

𝜇𝜇 = 1
𝑞𝑞𝑛𝑛𝑠𝑠𝑅𝑅𝑠𝑠

 .  

 

The ns and Rs are already known from above.  

(2.4) 

(2.5) 
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2.3.2 Vector network analysis of SAW delay lines 

IDTs are used to excite and receive surface acoustic waves, which are a result 
of induced strain by the electric potential at the transmitting IDT or vice versa at the 
receiving IDT. With an IDT couple as shown in Figure 2.12, the efficiency of the IDTs 
as well as the transmission of SAWs can be measured using scattering parameters, S-
parameters for short. S-parameter measurements treat the circuit as a black box 
containing any number of interconnected components, where the overall behaviour is 
linear. The network can be characterized by a square matrix containing complex values, 
the S-parameters. Such a matrix describes the response of the signals applied to the 
input ports. In our case, we consider electrical signals in terms of power in the results 
and figures throughout the thesis. Any signal applied to the IDTs will travel through a 
coax cable and eventually must be transferred to the IDTs, therefore it goes through 
impedance discontinuities causing part of the wave to reflect back. Conservation of 
energy implies that all electrical power applied to the IDT will be converted into SAWs 
or reflected back. The reflected power can be measured and the proportion of this 
power is represented by reflection parameters, Snn, or in the case of a two-port 
measurement, S11 and S22. The remainder of the power must be converted into 
mechanical waves that travel through the substrate. The transmission of these waves is 
not perfectly lossless, and power is lost due to scattering of the SAWs with thermally 
active phonons and discontinuities within the piezoelectric medium (impurities and 
defects). Another power loss occurs when the wave reaches the receiving IDT; 
mechanical energy must be turned into electrical energy with an associated power loss 
(IDT efficiency). The returning signal makes it to the receiving port and the power can 
be measured. These are transmission parameters, Smn, in case of a two-port 
measurement S12 and S21. The following eqs.: 

 

𝑏𝑏1 = 𝑆𝑆11𝑎𝑎1 + 𝑆𝑆21𝑎𝑎2, 
𝑏𝑏2 = 𝑆𝑆22𝑎𝑎2 + 𝑆𝑆12𝑎𝑎1, 

 

describe a linear system that corresponds to our measurement setup in Figure 2.12. We 
are mostly interested in the transmission parameters S12 and S21 in a certain frequency 
range. For our devices, in the range 100 MHz to 2 GHz, transmission peaks usually can 
be seen at various frequencies. It must be determined, if these peaks are indeed related 
to SAW transmission or some other source of signal, like a bulk acoustic mode or an 

(2.6) 
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outside source (e.g. Wi-Fi). There are several ways to confirm the SAW nature of the 
corresponding transmission peak. 

 

 

 

 

 

 

 

 

Figure 2.12.  Schematic of  a delay-line device with IDTs. The bottom schematic shows how 
the S-parameters are treated in a 2-port VNA measurement.  

The first check is if the frequency corresponds to a design frequency of the 
IDT, or an integer multiple of this frequency as higher harmonics can be excited in 
some cases. Next, there should be a corresponding shift in the frequency of the 
transmission peak when the SAW wavelength, λ, is changed. This is done by having 
several IDTs on the same substrate with different wavelengths. Lastly, a peak in the 
transmission spectrum should have a corresponding dip in the reflection spectrum. If 
the frequency corresponds to the IDT’s resonance frequency, electrical power is being 
converted into mechanical waves, therefore, it is not reflected towards the generator 
and a dip in the reflection spectrum can be seen. Actual S-parameter measurements are 
done using a Vector Network Analyzer (VNA) with a 2-ports option. The VNA 
connects its source to port one, terminates port two and measures the ratios b1/a1, b2/a1 
and a2/a1, subsequently it connects its source to port two, terminates port one and 
measures ratios b1/a2, b2/a2 and a1/a2. With some simple calculations, the s-parameters 
are determined as a function of frequency (note that this is all done by the VNA 
internally). Lastly, one more technique is occasionally used to process the measured 
data, namely, time gating. During the measurements, the IDTs act as antennas as well 
as SAW generator/receivers. When the SAW signals are weak, we need to suppress the 
electromagnetic-crosstalk relative to the received SAW signal. We know that 
electromagnetic waves travel at the speed of light, and that the SAW signal must travel 
though the substrate at the speed of sound. So for a given signal, the SAWs will be 
much slower than the electromagnetic equivalent. Time gating gives us an option to 
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choose a time window for the accepted signals. The initial measurement is transferred 
from the frequency domain to the time domain by Inverse Fast Fourier Transform, 
where we apply the gate window. The data are then transformed back to the frequency 
domain, and the SAW signal should be separated from other signals. As mentioned, this 
is very useful for weak SAW signals, for example for the PZT-covered substrates it was 
almost always necessary to use time gating, in contrast to lithium niobate where the 
uniform crystalline substrate and also very high K2 (electromechanical coupling 
coefficient) ensures near-lossless SAW behaviour. Unfortunately, some of the other 
sources of unwanted signals will be still present, like bulk acoustic modes. Therefore, 
we need to use the previously mentioned methods for unambiguous confirmation. 

2.3.3 Acoustoelectric transport measurements 

Acoustoelectric transport takes place in the LAO/STO 2DES, where the free 
electrons are present that may interact with (the electric potential accompanying the) 
surface acoustic waves. An example schematic of the device is given in Figure 2.1. When 
SAWs propagate over the 2DES (in most cases described in this work the 2DES is 
situated just below the surface that hosts the SAWs), acoustoelectric interactions occur, 
which results in electron transport that can be measured either as a voltage (open circuit) 
or current (closed circuit) signal. For carrying out such measurements, a dedicated 
cryogenic measurement system is required with high-frequency components and low-
noise measurement capability. In our experiments, an Oxford-Heliox Helium-3 cryostat 
is used for acoustoelectric transport experiments. The setup is equipped with two high-
frequency lines (up to 18 GHz), and 48 dc lines, only 8 of which were used in our 
measurements. One of the main problems for carrying out such measurements is the 
cross-talk between high-frequency and dc lines, which cannot be avoided entirely. The 
device is made out of two circuits that are electrically insulated from each other, one is 
an RF circuit connected to the IDTs to generate and detect SAWs, the second one is a 
DC measurement circuit, where the lines are only used to read out a voltage or current 
signal as a result of electron transport. The wire-bonds of these circuits are necessarily 
in close proximity of each other, which unavoidably produces some cross-talk. 

It must be noted that, in this thesis, acoustoelectric current or voltage signals 
are measured only at the LAO/STO interfaces. Therefore, any electrical link between 
IDTs and the LAO/STO interface could cause undesired signals when RF signal is 
applied to the IDTs. In order to prevent such unexpected effects as much as possible, 
a special PCB has been designed that was used for all acoustoelectric transport 
experiments. The PCB is designed to have an opening where the substrate will be placed 
such that it is attached to a copper block that will be cooled during low-temperature 
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measurements. The device is glued onto the copper through the opening in the PCB by 
silver paint in order to provide a good thermal contact. After the chip is placed on the 
sample holder, wire bonding is done. It is crucial to pay extra attention to the wiring 
configuration and, if possible, the length of the wires must be reduced and the distance 
between wires must be increased as much as possible in order to prevent cross-talk 
between the electrical lines. Bonds must be tested after the wire bonding is complete, 
using a sensitive resistance measurement unit. The resistance measured between two 
lines that are part of a different circuit (RF or dc) must be above 30 MΩ in order to 
carry out safe experiments. Similar tests must be repeated after the sample is mounted 
on the measurement setup and wires are connected to external equipment. It is highly 
critical to have the same ground used on the chip and the remainder of the setup to 
prevent ground loops. Once the sample has been mounted and these electrical checks 
have been made properly, the setup is pumped down to 10-5 mbar. After these initial 
conditions are provided, room-temperature tests are carried out, such as SAW 
generation and detection on the IDTs, and simple I-V measurements on the LAO/STO 
interface, in order to make sure that sample mounting is complete and proper. 

 The lowest possible temperature of our cryogenic setup is ~300 mK. However, 
due to several limitations related to the intrinsic features of the samples, which are 
discussed in detail throughout this thesis, we were restricted to perform experiments at 
much higher temperatures. Most of the experiments have 77 K as a lower temperature 
limit, which could be reached by simply dipping a can holding the device under test into 
a standard liquid-nitrogen dewar. Other details of individual experiments carried out for 
various applications are discussed in detail in the corresponding chapters.  

2.4 Summary 

The acoustoelectric charge transport device that is used in this work and its 
working principle are introduced in a general manner, to provide the reader with 
sufficient knowledge to understand further implementations of the concept on different 
material systems. In the later sections of this chapter, our approach to realize acoustic 
charge transport devices comprising the LAO/STO 2DES was explained. The PLD 
technique for LAO and PZT film depositions and the NIL technique for IDT 
fabrication were explained. Electrical measurements were explained in a way to inform 
the reader about typical difficulties which may pop up in the laboratory during the 
measurements. Thus, this chapter can be viewed as a concise handbook for future 
researchers who would like to pursue a similar goal. 
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ABSTRACT 

The two-dimensional electron system (2DES) formed at the interface of LaAlO3 (LAO) 
and SrTiO3 (STO), both band insulators in bulk, exhibits properties not easily attainable 
in conventional electronic materials. The extreme shallowness of the 2DES, only a few 
nanometre below the surface, opens up unique possibilities such as tunnelling 
spectroscopy, local electronic sensing, and in-situ patterning by manipulating the surface 
properties. It is particularly tempting to manipulate the charge carriers with surface 
acoustic wave (SAW) phonons, which are confined to the surface. However, the 
absence of intrinsic piezoelectricity in both LAO and STO complicates the electric 
generation of SAWs, as well as the induction of an acoustoelectric current. Here, we 
present robust acoustoelectric coupling between SAWs and the LAO/STO 2DES by 
using electrostriction in STO, induced by a dc electric field. Electromechanical coupling 
to the carriers is provided by phonon-induced modulation of the 2DES potential well, 
leading to SAW-induced carrier transport. The ability to control charge carriers with 
SAWs brings the versatile LAO/STO 2DES into reach of quantum acoustics, opening 
possibilities to study the interplay of nanoscale mechanical waves and the rich physics 
exhibited by nonpiezoelectric complex oxides, including superconductivity, magnetism, 
and correlated insulator states.  
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3.1 Introduction 

Surface acoustic waves (SAWs) are periodic surface deformations in the form 
of acoustic waves travelling along the surface of a solid, typically localised on the order 
of a wavelength near the surface10. A common way of generating SAWs is by applying 
an RF-signal to an interdigital transducer (IDT) on a piezoelectric material28,29. When 
travelling in a piezoelectric material, SAWs are accompanied by a piezoelectric potential 
wave. Free charge carriers may interact with this moving piezoelectric field, and get 
dragged along, generating a current. This is known as the acoustoelectric (AE) effect30,31, 
and has been observed in different semiconductors16,32–34 by electrical and optical 
detection methods35. Particularly, the 2DES at the AlGaAs/GaAs interface has been 
explored for acousto(opto)electronics, owing to the intrinsic piezoelectricity, high 
carrier mobility and direct bandgap23. In order to electrically generate SAWs and 
manipulate charge carriers with a travelling piezoelectric potential wave in a 
nonpiezoelectric semiconductor, such as silicon, it is necessary to incorporate a thin film 
of a piezoelectric material, such as ZnO or AlN, underneath the IDTs and close to the 
free carriers17,36,37. Graphene and transition metal dichalcogenides (TMDs), such as 
MoS2 and WSe2, have been deposited on strongly piezoelectric substrates, such as 
LiNbO3, to carry out AE experiments in 2DESs18,38–40. Mechanical control of charge 
carriers by SAWs has not been demonstrated at complex-oxide interfaces, in spite of 
their attractive electronic properties. The LAO/STO 2DES offers a particularly 
interesting platform for studying acoustoelectric charge transport. A carrier mobility 
exceeding 10,000 cm2V-1s-1 at cryogenic temperatures20, magnetic effects21 and 
superconductivity22 at very low temperatures were reported. Implementing AE control 
of charges at the LAO/STO interface is a challenge, however, because neither LAO 
nor STO are piezoelectric. Deposition of a piezoelectric thin film on top of LAO/STO 
could, in principle, solve the problem. However, this approach introduces another 
challenge, as the 2DES could be degraded when it is exposed to deposition of an 
additional top layer. 

Piezoelectricity refers to electric polarisation due to uniform strain, and arises 
in crystals that lack inversion symmetry41. At room temperature, single-crystal STO is a 
centrosymmetric, cubic dielectric that does not exhibit piezoelectricity, due to the 
central position of the Ti4+ cation in the lattice42, see Figure 3.1(a). However, the desired 
coupling between a RF electric field and a lattice deformation, necessary for the 
generation and detection of SAWs with IDTs, may be achieved either by 
flexoelectricity43, i.e. electric polarisation resulting from a strain gradient; or by 
electrostriction44, i.e. lattice deformation under application of an electric field. By 
applying a dc electric field to STO, the Ti4+ cation is displaced and the cubic symmetry 
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is broken45, see Figure 3.1(b). Such a distortion of the lattice (electrostriction) generates 
electric dipoles, and consequently a polarisation in the crystal is produced46,47. By using 
dc-field-induced piezoelectricity it has been shown that it is possible to generate and 
detect SAWs with IDTs on STO48. Here, we make use of this dc-field-induced 
piezoelectric effect to demonstrate SAW-driven acoustoelectric transport at the 
LAO/STO interface. The associated coupling between SAWs and charge carriers may 
be, in principle, extended into the quantum regime, for example via quantization of the 
acoustoelectric current or coupling quantized SAW phonon modes to electronic 
quantum states. 
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3.2 Experimental procedure 

3.2.1 Device fabrication 

The device fabrication process started with substrate preparation followed by 
LAO thin film deposition and patterning, as explained in Chapter 2 in detail. After that 
IDTs were deposited. The nominally identical IDTs are designed in a delay-line 
configuration, and both IDTs can be used for generating and detecting SAWs. The IDT 
structures were defined by applying an additional optical lithography step. A stack 
consisting of 6 nm Cr (sticking layer)/100 nm Al/10 nm Cr (encapsulation layer) was 
deposited by e-beam evaporation and the residual layers were removed by lift-off in 
acetone. The device layout is shown in Figure 3.1(c). 

 

  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. (a) Illustration of the centrosymmetric STO crystal in absence of an electric field. 
(b) Schematic representation of a structural deformation and corresponding electric dipole 
formation in the STO unit cell by a dc electric field. The Sr2+ cations (orange) reside on the 
corners of the unit cell, with respect to which the Ti4+ cation (purple) is displaced from the centre 
and the centrosymmetric formation is distorted. O2- anions are shown in green surround the Ti4+ 
cation. Dashed red lines show the oxygen octahedra formation and are guide to eye. (c) Optical 
microscope image of the acoustic charge transport device. Numbered pads show the probing 
electrodes of the conducting channel, formed at the LAO/STO interface. Unless otherwise 
indicated, contacts  1 and 4 were used for IAE and VAE measurements. Measurement schematics 
are given in red and green for IAE and VAE measurements, respectively. The full channel length 
is 300 µm and the channel width is 10 µm. Probing electrodes are equally separated by 100 µm. 
The distance between each IDT and the conducting channel is also 100 µm.  
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3.2.2 Electrical measurements 

Electrical characterisation of the interfacial 2DES at the LAO/STO interface 
was carried out as a function of temperature using a Physical Property Measurement 
System (PPMS, Quantum Design Inc.). The sheet resistance of the 2DES was measured 
from room temperature down to 2 K using a 4-point probe technique. Hall effect 
measurements were carried out at various temperatures using magnetic field sweeps up 
to 9T in order to calculate the carrier mobility and the carrier density of our sample 
(Figure 3.2).  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.2. Electrical characteristics of the 2DES at the LAO/STO interface as a function of 
temperature. The red curve shows the sheet resistance of the 2DES. Carrier density (black curve) 
and mobility (blue curve) of the device were calculated by Hall-effect measurements.   

All the SAW measurements were carried out in the dark and in high vacuum, 
at 10-5 mbar. The SAW transmission was measured by using a 2-port VNA. In the 2-
port network system, the input IDT was driven by one of the ports and the transmitted 
signal was detected at the other port. IDT1 and IDT2 were designed in the single-finger 
(SF) configuration, with 2.5 µm finger width and spacing, generating SAWs with a 
wavelength of 10 µm. Transmission measurements, yielding the S-parameters S12 and 
S21, were done with 0 dBm input power. DC bias voltages were applied with an external 
dc voltage source, connected to the RF signal line with a bias-tee. Current and voltage 
measurements were carried out with QT-designed instrumentation modules. For 
current measurements, module M1b was used at the 1G amplification factor and for 
voltage measurements, module M2d was used at the fixed 100× dc-gain. RF signals 
were applied using an Agilent e8257D PSG analogue signal generator through two 
identical high-frequency (up to 18 GHz) transmission lines for both IDTs. Similar to 
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the SAW transmission measurements, a dc bias was applied to the input IDT together 
with the RF signal using a bias-tee for SAW generation. In the IAE and VAE figures, 20 
times data smoothing was applied to each measurement curve, by using the Savitzky-
Golay method. 

3.3 Results and discussions 

The SAW transmission between IDT1 and IDT2 was characterised by means 
of S-parameter analysis, and the corresponding AE current was measured at room 
temperature and at 150 K, in vacuum and in the dark, see Figure 3.3. In accordance 
with previous work49, upon cooling the system below 150 K, we observed first a gradual 
and then an abrupt suppression of the electrostrictive generation of SAWs at ~105 K, 
most likely related to the structural phase transition of STO from cubic to tetragonal. 
Therefore, in the following we do not consider temperatures lower than 150 K, at which 
both SAW transmission and AE current show a broad maximum. In order to enable 
similar experiments at lower temperatures, one could make use of additional 
piezoelectric materials to generate SAWs instead of relying on electrostriction in STO, 
this is however out of the scope of the present work, but will be discussed in the 
following chapters. From the Hall measurements, we extract a charge carrier mobility 
varying from 1.92 cm2V-1s-1 at room temperature to 16.91 cm2V-1s-1 at 150 K (Figure 
3.2). 

For the vector network analysis a dc bias voltage was applied to the IDTs in 
addition to the ac voltage. The dc bias was increased in 10 V steps, starting from 0 V 
up to 50 V, above which we observed dielectric breakdown of the device. As shown in 
Figure 3.3(a) (red curve), when a 50 V dc bias and 0 dBm RF input power were applied 
to IDT1 at room temperature, a weak SAW transmission signal is observed at ~438 
MHz, corresponding to the expected SAW resonance frequency. This shows that some 
conversion of the mechanical deformation to an electric signal is achieved at IDT2 
without electrostriction induced by a dc voltage applied to IDT2. We ascribe this to the 
flexoelectric effect caused by the strain gradient at the STO surface. The SAW 
transmission increased strongly after a dc bias was also applied to IDT2, providing 
electrostriction at both the sending and the receiving IDT (Figure 3.3(a)).   
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Figure 3.3. (a) Room-temperature SAW transmission at various dc bias voltages applied to 
IDT1 and IDT2, respectively. (b) SAW transmission measurements at 150 K at various dc bias 
voltages. (c) Room-temperature measurements of the acoustoelectric current, IAE. The top 
(bottom) panel shows IAE generated by IDT1 (IDT2), under application of 12 dBm RF input 
power and, 40 V and 0 V dc bias to IDT1 (IDT2) and IDT2 (IDT1), respectively. (d) IAE at 150 
K for different input IDTs as a function of RF-input power between contacts 1 and 4 (300 µm), 
dc bias of 40 V on the input IDT.  

The same measurements were repeated at 150 K, see Figure 3.3(b). Although 
the transmission background level was the same at 150 K, the SAW transmission was 
much larger than at room temperature. This is consistent with previous reports44,46, and 
was ascribed to the quadratic dependence of the electrostriction-induced piezoelectric 
strain coefficient on the dielectric permittivity46. The strong temperature dependence of 
the latter50 in STO leads to a much higher conversion efficiency of RF power into SAWs 
at the IDTs at lower temperature. In part, the higher SAW transmission signal also could 
be related to the reduced interaction of the thermally excited phonons with the acoustic 
waves in the crystal at lower temperatures, known as the Landau-Rumer mechanism51, 
resulting in reduced SAW attenuation during transit between input and output IDT. 
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Additionally, we note that the SAW resonance frequency shifts to higher frequency at 
lower temperature. We attribute this observation to the temperature dependence of the 
phonon frequencies in STO, and the associated increase in sound velocity44,46,49. 

The interaction mechanism between SAWs and electrons in the LAO/STO 
2DES was investigated by studying the acoustoelectric current, IAE, and voltage, VAE. 
When SAWs propagate through the 2DES, the crystal is deformed by the associated 
strain wave, breaking the cubic symmetry of the STO crystal accordingly (Figure 3.1(b)). 
The electric dipole resulting from the symmetry breaking produces an electric field, 
which couples to the free charges in the 2DES. As mentioned in the introduction, 
propagating SAWs can produce acoustic charge transport by dragging electrons with 
this electric field. Upon effectively shorting the conducting channel with a current 
measurement unit, as shown in Figure 3.1(c) in red, we can detect a dc AE current. 
Under open circuit conditions, a dc voltage builds up instead, to the point where the 
back-flow of charges compensates the carrier drag by the SAWs. In Figure 3.3(c), room-
temperature AE current measurements are shown. Initially, IDT1 was excited with no 
dc bias applied, such that the generation of SAWs is negligible. We did not observe any 
IAE at (or near) the resonance frequency of ~438 MHz, as expected. Subsequently, a 40 
V dc bias was applied to IDT1, and a clear IAE peak of a few pA appeared at ~438 MHz. 
The very low IAE is ascribed to the low 2DES carrier mobility at room temperature. To 
verify whether the signal stems from the AE effect, we switched the input from IDT1 
to IDT2. When SAWs propagate in the opposite direction, the sign of IAE must also 
change as the electrons are now transported in the opposite direction. Indeed, Figure 
3.3(c) shows this sign reversal. 

 
 
 
 

 
 
 
 
 
 
 

Figure 3.4. Relation between the IAE and RF input power. A linear dependency of IAE was 
observed as function of SAW input power, consistent with observations for other material 
systems38,52.  
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At 150 K, both the SAW transmission and 2DES carrier mobility are higher 
than at room temperature, which should enhance the AE current34. This is confirmed 
in Figure 3.3(d), where IAE is about an order of magnitude larger at 150 K than at room 
temperature. Similar to room-temperature IAE measurements, we generated SAWs from 
both IDTs, and the sign of the current changed when the SAW propagation direction 
was reversed. Moreover, we find that IAE linearly scales with RF input power in the same 
way for both IDTs (Figure 3.4), in accordance with theory52. As a larger input power 
excites SAWs with increased amplitude, this results in stronger electric fields 
accompanying the SAWs, and thus a stronger interaction with the charges in the 2DES. 
A final, essential observation in Figure 3.3, is that the shift in the SAW resonance 
frequency from ~438 MHz to ~445 MHz when cooling down, is accompanied by the 
same shift in the frequency at which IAE is generated.  

Further characterization of IAE versus dc bias was performed to exclude 
spurious effects as shown in Figure 3.5. 

 

 

 

 

 

 

 

 

Figure 3.5. Acoustoelectric current, IAE, as function of dc bias at 150 K. The dc bias at IDT1 
was varied as shown in the legend, while a 12 dBm RF-input power was continuously applied. 
No dc bias was applied at IDT2. Inset: dependence of ∆IAE (peak values referenced to the red 
curve) on dc bias at 444 MHz. Connecting lines are a guide to the eye. 

We show the dependence of IAE on the dc bias applied to the input IDT, at 150 K. As 
discussed above, on STO substrates, SAWs can only be excited electrically via 
electrostriction, by applying a dc bias to the IDT together with the RF signal. Therefore, 
IAE is expected to be dc bias dependent. Initially, a 0 V dc bias was applied to the input 
IDT. In this configuration, no IAE was measured. We observe that as the dc voltage is 
increased, IAE increases as shown in the inset of Figure 3.5. 
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The acoustoelectric voltage was also measured at 150 K. The measurement 
schematic is given in Figure 3.1(c), in green. In Figure 3.6(a), VAE is presented as a 
function of frequency and RF input power. Similarly to IAE, VAE also scales with the RF 
input power, and its polarity is inverted when the input IDT is exchanged. Figure 3.6(b) 
shows the dependence of VAE on the channel length. Larger values of VAE were 
measured for increasing distance between the contacts, in accordance with Ohm’s law 
and the condition that the back-flow of charges must equal the acoustoelectric current 
for an open circuit. As a control experiment, we also measured VAE between contacts 
2 and 6 at the same distance from IDT1, but on opposite sides of the Hall bar. As 
shown in Figure 3.6(b) (green curve), no VAE was measured, as expected when the 
voltage is of acoustoelectric origin, and not due to spurious effects. 

 

 

 
 
 
 
 
 
 
 
 

 
Figure 3.6  (a) VAE measured between contacts 1 and 4 at 150 K as a function of RF-input 
power and SAW propagation direction. A 40 V dc bias was applied to the input IDT and VAE 
was measured at 0 dBm, 8 dBm and 12 dBm RF-input power, respectively. (b) VAE as a function 
of conducting channel length, distances are according to the contacts used (numbers in brackets, 
referring to Figure 3.1(c)). The green curve shows the measurement for which the SAW 
propagation direction is perpendicular to the electrical probing orientation. All measurements 
were carried out at 150 K by using IDT1 under 40 V dc bias and 12 dBm RF-input power.  

The results shown above establish acoustoelectric coupling between SAWs 
generated in STO and charge carriers residing at the LAO/STO 2DES, enabling the 
generation of currents on the order of 10 pA in a 10-µm-wide channel and voltages on 
the order of 1 µV over distances of a few hundred µm. While the generation and 
detection of SAWs in STO using IDTs relies on electrostriction, the acoustoelectric 
coupling in the conducting channel manifests itself in absence of any external bias 
potentials. This shows that the mechanical waves must produce a significant potential 
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modulation and associated electric field at the LAO/STO interface, resulting in the 
observed drag of electrons, which is clearly absent in undoped STO. Quantitative 
analysis of the thus obtained acoustoelectric current is difficult, because the traditionally 
used models use bulk material parameters that are not a priori applicable here, while the 
acoustoelectric coupling constant of the LAO/STO interface is unknown. In principle, 
the latter could be determined experimentally, by measuring the sound velocity with or 
without depletion of carriers from the 2DES, which would require devices that enable 
near complete depletion of the channel. Here, we give an order-of-magnitude estimate 
of this parameter from an acoustoelectric transport model34 that has been applied to 
other 2DESs, e.g. in GaAs-based structures. 

3.3.1 Estimate of Keff
2 from the acoustoelectric current model 

The acoustoelectric current, IAE, can be modelled with a simple relaxation model 
for the acoustoelectric effect as follows34: 

 𝐼𝐼AE = −𝜇𝜇
𝑃𝑃SAW
𝑣𝑣SAW

Γ. 
(3.1) 

 
Here, 𝑣𝑣SAW is the SAW velocity, 𝜇𝜇 is the 2DES mobility, Γ is the attenuation coefficient, 
and 𝑃𝑃SAW is the power of the SAWs. The attenuation coefficient Γ is given by: 
 

 
Γ = 𝐾𝐾eff2

π
𝜆𝜆SAW

�
𝜎𝜎2D 𝜎𝜎m⁄

1 + (𝜎𝜎2D 𝜎𝜎m⁄ )2�, 
 (3.2) 

 
where 𝐾𝐾eff2  is the acoustoelectric coupling coefficient of the 2DES, 𝜆𝜆SAW is the SAW 
wavelength, 𝜎𝜎2D is the 2DES sheet conductivity, and 𝜎𝜎m = 𝑣𝑣SAW𝜀𝜀0(𝜀𝜀STO + 𝜀𝜀LAO) is 
the characteristic conductivity of the 2DES when SAWs propagate through the 2DES, 
which is determined by the dielectric constants of STO and LAO50,53,54 . Since all 
parameters except 𝐾𝐾eff2  are either known or can be extracted from measurements, we use 
the measured values of IAE to obtain estimates of 𝐾𝐾eff2  at 150 K and at room temperature. 
𝑃𝑃SAW can be estimated from the known RF input power 𝑃𝑃input and the measured SAW 
transmission. The insertion loss L is given by: 

 𝐿𝐿 = 𝐿𝐿IDT1𝐿𝐿IDT2𝐿𝐿transit, (3.3) 

 
where Ltransit is the loss due to attenuation of the SAWs as they travel between the IDTs, 
and LIDT1, LIDT2 are the losses due to the electromechanical transduction at IDT1 and 
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IDT2, respectively. In an ideal device structure, the power losses due to conversion of the 
RF signal into mechanical waves and vice versa are the same, such that we assume 
𝐿𝐿IDT1 = 𝐿𝐿IDT2 = 𝐿𝐿IDT. Additionally, we assume that the loss during transit depends 
exponentially on the distance between the IDTs: 

 𝐿𝐿transit = 𝑒𝑒−𝜒𝜒𝜒𝜒, (3.4) 
 
where 𝑑𝑑 is the total distance between the input and the output IDTs and 𝜒𝜒 is the 
attenuation factor. Then, the insertion loss is given by:  

 𝐿𝐿 = (𝐿𝐿IDT)2𝑒𝑒−𝜒𝜒𝜒𝜒 . (3.5) 
We estimate that 𝑃𝑃SAW at the site of the Hall bar is given by; 

                               𝑃𝑃SAW = 𝑃𝑃input𝐿𝐿IDT𝑒𝑒
−𝜒𝜒𝜒𝜒2 = 𝑃𝑃input√𝐿𝐿, 

(3.6) 

 
where we account for the power loss at the generator IDT and take the transit loss at a 
point halfway between IDTs. The insertion loss L was extracted from the experimental 
data as -40 dB = 20log(L) at 150 K and -60 dB = 20log(L)  at room temperature, yielding  
𝐿𝐿 = 0.1 and 0.0316, respectively (Figure 3.3(a,b)). In case of 12 dBm input power, 𝑃𝑃SAW 
was hereby estimated as 1.6 × 10-4 W and 5 × 10-5 W at 150 K and room temperature, 
respectively. Taking into account the ratio between the aperture of the IDT and the width 
of the Hall-bar channel, which is 10 µm to 100 µm, we multiplied 𝑃𝑃SAW by 0.1. After the 
Γ is substituted into Eq. (3.1) and by using experimentally measured  IAE  values at room 
temperature and at 150 K as 2.5 × 10-12 A and, 2.3 × 10-11 A, we calculated the 𝐾𝐾eff2  as 
2.87 × 10-5 and 1.76 × 10-5 for the LAO/STO heterostructure, respectively (Table 3.1). 

3.3.2 Corrections to IAE 

Since the input impedance of the I/V converter which we used in our 
experiments is comparable to that of the Hall-bar channel, a correction to the measured 
acoustoelectric current is necessary. The input impedance of the I/V converter is 102 
kΩ55 and the 2-point Hall-bar resistance between contact pads 1 and 4 which was used 
for IAE measurements  are 1.2 MΩ and 250 kΩ at room temperature and at 150 K, 
respectively. Processing these values showed that, we measured 92% of the real IAE at 
room temperature and 71% at 150 K. After the corrections, IAE at 150 K and at room 
temperature are 3.24 × 10-11 A and 2.72 × 10-12 A, respectively. Thus the 𝐾𝐾eff2  values for 
the LAO/STO heterostructure were also corrected, resulting in 2.48 x 10-5 and  3.12 x 
10-5, respectively. 
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Table 3.1 Measured and literature values used in the model for calculating IAE and  𝐾𝐾eff2 . 

Quantity Unit T = 300 K T = 150 K 
µ (measured) cm-2V-1s-1 1.92 16.91 
L (measured) dimensionless 0.0316 0.1 

PSAW (calculated) W 5 × 10-4 1.6 × 10-3 

Channel width / IDT 
aperture 

dimensionless 0.1 0.1 

σ2D (measured) Ω-1 1.07 × 10-4 4.51 × 10-4 

εSTO50,53,56 dimensionless 330 770 
εLAO53,54 dimensionless 25 25 
𝑣𝑣SAW49 m s-1 4.38 × 103 4.43 × 103 

ε0 C V-1m-1 8.85 × 10-12 8.85 × 10-12 

σm Ω-1 1.38 × 10-5 3.12 × 10-5 

λSAW m 1 × 10-5 1 × 10-5 

IAE  (measured) A 2.5 × 10-12 2.3 × 10-11 

IAE  (corrected) A 2.72 × 10-12 3.24 × 10-11 

𝐾𝐾eff2  (calculated) m-1 2.87 × 10-5 1.76 × 10-5 

𝐾𝐾eff2  (corrected) m-1 3.12 × 10-5 2.48 × 10-5 

 
Considering the non-piezoelectric nature of the LAO/STO interface, having an 

acoustoelectric coupling coefficient , 𝐾𝐾eff2 , on the order of 10-5, which is about a ten 
times smaller compared to that of (weakly) piezoelectric GaAs, but sufficient to drag 
charge carriers along with the SAWs, confirms that LAO/STO 2DES can be employed 
to realise SAW-assisted quantum electronic devices and networks. Manipulating the 
LAO/STO 2DES by SAW phonons instead of conventional electrical or magnetic 
control methods offers an additional degree of freedom, and provides a promising route 
to develop fundamental insights and broaden the application horizon. For example, 
studies of the interplay of nanoscale mechanical waves and superconductivity, 
magnetism, and correlated insulator states could be undertaken. Our approach of 
manipulating charge carriers with SAWs may also be considered to be employed in 
other, non-piezoelectric complex oxide systems.  
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3.4 Conclusions 

In conclusion, our results establish that SAWs can induce currents and voltages 
in the 2DES at the LAO/STO interface. The signals are enhanced by boosting the 
mobility of the 2DES, or by generating stronger SAWs. The latter option may not require 
high(er) dc bias voltages on the IDTs; instead, modification of the IDTs may help to 
increase SAW transmission by preventing internal reflections inside the IDT, or backward 
reflections of the transmitted signals from the receiver IDT. For narrower conduction 
channels and/or quantum point contacts, single-electron acoustoelectric devices may be 
realised. Our results clearly show that acoustoelectric devices, in which SAWs control 
charge transport at LAO/STO interfaces, are within reach. 
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ABSTRACT 

Surface acoustic waves (SAWs) are capable tools for providing mechanical control over 
the electronic properties of functional materials. Coupling SAWs with the 
LaAlO3/SrTiO3 (LAO/STO) conducting interface is particularly interesting as this 
interface exhibits extraordinary features, such as high mobility at low temperature, 
ferromagnetism, and superconductivity below 200 mK. For SAW generation, 
piezoelectricity is indispensable and due to lack of that in the LAO/STO system, a 200 
nm thick Pb(Zr0.52Ti0.48)O3 (PZT) film was grown on top of LAO. SAW excitation and 
propagation was demonstrated on a PZT/LAO/STO multilayer structure. We further 
employed SAWs in order to transport free electrons confined to the LAO/STO 
interface, detected as an acoustoelectric voltage at room temperature. Electrical 
characterization of the interface was carried out by Van der Pauw measurements. We 
found that having a PZT layer on top of LAO/STO considerably degraded the 
interfacial conductivity. The degradation became more pronounced at low 
temperatures. We attribute these effects to the filling of oxygen vacancies due to 
interlayer oxygen migration, combined with carrier freeze-out at low temperatures.   
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4.1 Introduction 

Charge transport by surface acoustic waves (SAWs) in new classes of low-
dimensional materials has been extensively studied in the last few decades, in order to 
gain new perspectives and broaden the application areas in electronic devices and new 
technologies18,39,40,52,57, e.g. involving hybrid quantum systems24,58. SAWs are a form of 
periodic lattice deformations that propagate over the surface of a solid10. As they 
interact with a piezoelectric medium, an electric potential is produced, thanks to the 
inverse piezoelectric effect, and the SAWs are accompanied by this potential31. As a 
result, free carriers are trapped within a “SAW-train” and transported alongside, thus 
generating an acoustoelectric current/voltage30. So far, this approach has achieved a 
considerable interest in the field of (quantum) acoustics and has been demonstrated in 
various low dimensional materials and heterostructures such as graphene, transition 
metal dichalcogenides (TMDs) and semiconductor 2D electron systems (2DESs), due 
to the close proximity of charges to the surface16,34,38,40,59. The generation of SAWs in a 
medium using RF electronic signals relies on piezoelectric transduction, typically using 
inter-digital transducers (IDTs). Most of the time, if the material under study is not 
intrinsically piezoelectric, the functional material is either deposited on a strong 
piezoelectric substrate or a layer of a suitable piezoelectric material is deposited on 
top17,34,36,40. However, such an approach might require fine tuning of the deposition 
parameters in order to prevent any degradation of the electronic properties of the 
materials.  

Our particular interest concerns the coupling of SAWs with mobile carriers at 
the LaAlO3/SrTiO3 (LAO/STO) interface. This interface possesses extraordinary 
properties such as high charge carrier mobility at low temperatures20, ferromagnetism21 
and superconductivity below 200 mK22. A minimum of 4 unit cells (u.c.) of LAO is 
deposited on STO, as a primary condition to form a two-dimensional electron system 
(2DES)60 confined to the STO side of the interface. Modulation of these features, 
sourced by the interfacial electron-lattice interactions resulting from SAW phonons 
could play a critical role in the emergence of new physical phenomena or in providing 
a better understanding of known phenomena. However, the non-piezoelectric nature 
of the LAO/STO system is a major limitation. Some claims of induced piezoelectricity 
at the interface of LAO/STO due to lattice-mismatch mediated strain can be found in 
the literature61. According to our efforts, however, any such piezoelectricity, if present, 
does not allow for SAW generation. Instead, we deposited Pb(Zr0.52Ti0.48)O3 (PZT), a 
strong piezoelectric perovskite-oxide material, on top of an LAO/STO heterostructure. 
In order to minimize any previously mentioned possible degradation, which might 
affect the LAO/STO interfacial properties while depositing PZT, the process 
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parameters were finely tuned. After these optimizations, the most suitable layer 
combinations were chosen and acoustic charge transport devices were fabricated 
comprising PZT/LAO/STO multilayer structures. IDTs for SAW generation and 
detection were fabricated on top of the PZT layer. Before the PZT deposition, the LAO 
layer was patterned into a Hall-bar with 8 probing arms, in order to carry out 
acoustoelectric charge transport measurements as well as Hall-effect measurements. We 
determined the temperature dependent carrier mobility, carrier density, and sheet 
resistance after PZT deposition as a function of different LAO thicknesses. Our results 
show a clear effect of the PZT layer on the interfacial electronic properties, which 
becomes highly pronounced at lower temperatures. Nonetheless, we demonstrate SAW 
driven electron transport at room temperature, detected as a dc voltage, which is 
analogous to an acoustic battery. 

4.2 Experimental procedure 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. (a) Cross-sectional illustration of a PZT/LAO/STO acoustic charge transport 
device. Signal and ground electrodes of the IDTs are shown as small black and grey squares on 
top of the PZT layer, respectively. b) Optical microscope image (top-view) of the device. IDTs 
are shown in yellow on both sides of the hall-bar structure (orange on a greenish background). 
Note that in this figure, a double finger IDT design is shown, while the measurements in this 
work were done by using a (otherwise similar) single finger IDT design. 

Devices were fabricated out of PZT/LAO/STO multilayer structures, as 
shown in Figure 4.1(a). Fabrication of PZT and LAO layers and measurement methods 
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were explained in Chapter 2. A 10 u.c. thick LAO layer was grown on a TiO2-terminated 
(100) single crystalline STO substrate, by pulsed laser deposition (PLD) and a 2DES 
was formed at the interface. The deposition was done within ~180 laser pulses from a 
1-inch single-crystalline LAO target at 850 °C substrate temperature, under 1 × 10-4 
mbar O2 pressure. Then the substrate was left to cool down at a rate of 10 °C/min in 
an O2 pressure of about 1.7 × 10-3 mbar. After the deposition, the LAO layer was 
patterned in the shape of a Hall-bar, by applying a dedicated patterning process25. 
Subsequently, a 200 nm thick PZT film was deposited in a different PLD chamber over 
the entire sample, to be used as a piezoelectric layer which is required for SAW 
excitation. PZT films were deposited at 600°C substrate temperature, at 2.5 J/cm2 laser 
energy density, and under 10-1 mbar O2 pressure. After the deposition, films were cooled 
to room temperature in a 1 bar oxygen atmosphere and at a cool down rate of 10 
°C/minute. IDTs were used in order to generate and detect SAWs. They were fabricated 
in a delay-line configuration, by standard photolithography and e-beam evaporation on 
top of the PZT film. In Figure 4.1(b), an optical microscope image of the device is 
shown. IDT electrodes were designed in the single-finger (SF) configuration with 2,5 
µm finger width and 10 µm periodicity, which also determines the wavelength of our 
SAWs. The IDTs were made out of a Cr/Al/Cr (5 nm/100 nm/5 nm) stack and 
separated equally, by 100 µm, from both sides of the Hall-bar structure, which was 
designed to have a width of 10 µm and a length of 300 µm. The numbered Hall-bar 
arms/pads are separated equally from each other. They are employed to measure SAW 
driven electron transport through the microchannel, either as dc current (short-circuited 
condition) or dc voltage (open condition). 

4.3 Results and discussions 

In Figure 4.2(a), the SAW transmission characteristics of a PZT/LAO/STO 
structure are shown. The time gating function of the vector network analyser (VNA) 
was used in order to filter out electromagnetic (EM) signals that are transmitted between 
IDTs at much higher speed. Note that time gating also suppresses certain interference 
effects resulting from reflected SAWs. The excited peak at 426 MHz is the 1st harmonic 
SAW signal, and the next excited peak at 1.2 GHz is the 3rd harmonic of the related 
SAW mode. Figure 4.2(b), (c) and (d) show non-gated transmission, gated transmission 
and reflection signals of the 3rd harmonic in a narrower frequency range, respectively. 
In Figure 4.2(b), SAW transmission is observed with double peaks and a strong dip, 
which resembles the transmission characteristics of a common type of SAW resonator62. 
This is due to the large number of fingers in the IDT, resulting in significant internal 
back reflection of SAWs, which shows up as a sharp dip in the transmission. This could 
be overcome by decreasing the number of fingers used in the IDT design. However, as 
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the number of fingers decreases, the signal quality becomes worse in terms of intensity 
and bandwidth63. There are particular solutions that already exist, however since for our 
present purposes minimizing reflections is not important, this will not be discussed any 
further in this report. In Figure 4.2(c), the time gated signal of the same SAW 
transmission is shown.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2. (a) S12 characteristics of the device. Peaks show the time gated SAW transmission 
of the 1st and 3rd harmonic SAW modes through a PZT/LAO/STO multilayer structure, for a 
10 µm SAW wavelength. (b) S12 characteristics of the 3rd harmonic signal measured without time 
gating. (c) Time gated 3rd harmonic SAW transmission signal shown in a narrow frequency range. 
(d) S11 (reflection) characteristics of 3rd harmonic SAWs.   

After the transmission of SAWs had been confirmed, acoustoelectric transport 
was measured as a dc voltage by connecting a sensitive voltmeter to different contact 
pads on the Hall-bar channel. The experiments were carried out at room temperature, 
in the dark and in vacuum. A 12 dBm RF input sine wave was applied to the source 
IDT during the transport experiments, and the frequency span was specified in a narrow 
window around the 3rd harmonic SAWs excited at 1.2 GHz. First, IDT1 was used as a 
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SAW source and a voltmeter was connected to pads 2 and 6 as indicated in Figure 4.3(a). 
Because these pads are on opposite sides of the Hall-bar, i.e. perpendicular to the 
direction of SAW propagation, no potential difference was built-up in the specified 
direction, as expected. In the following measurement, the voltmeter was connected to 
two pads separated along the direction of SAW propagation, and SAWs were sourced 
from IDT1. As electrons are pushed towards IDT2, a finite potential difference 
developed, and this was measured by probing the Hall-bar channel in between pads 2 
and 3. At the resonance frequency, we measured a dc voltage of about 0.5 nV. When 
the source IDT was switched to IDT2, the signal changed sign but appeared exactly at 
the same frequency, due to the SAW propagation and electron transport in the opposite 
direction (see Figure 4.3(c)).  

 

 

 

 

 

 

 

 

 

Figure 4.3. (a) Acoustoelectric voltage across two contact pads separated perpendicular to the 
SAW propagation direction. For this particular measurement, contact pads 2 and 6 were used 
(Figure 1(b)) with a separation distance of 10 µm, i.e. the width of the Hall-bar. (b) 
Acoustoelectric voltage across contact pads 2 and 3, with a separation of 100 µm. IDT1 was 
used as SAW input. (c) Same as (b), but with IDT2 used as SAW input. 

The results obtained in Figure 4.2 and Figure 4.3 confirm the acoustoelectric 
coupling between LAO/STO interfacial electrons and the SAWs that propagate over 
the PZT/LAO/STO multilayer structure. The amplitude of the acoustoelectric voltage 
may be increased at low temperatures, where the carrier mobility is expected to become 
higher and thermal vibrations are reduced. This follows from a simple relaxation 
model34 according to the expression  𝑉𝑉AE 𝑅𝑅2𝐷𝐷𝐷𝐷𝐷𝐷⁄ = −𝜇𝜇 (𝑃𝑃SAW 𝑣𝑣SAW)⁄ Γ , where 𝑣𝑣SAW 
is the SAW velocity, 𝜇𝜇 is the LAO/STO interface mobility, Γ is the attenuation 
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coefficient, and 𝑃𝑃SAW is the power of the SAWs. Due to the proportionality between 
𝑉𝑉AE and 𝜇𝜇, the acoustoelectric voltage may be expected to increase by increasing the 
2DES mobility.  In our measurements, we found that the bare LAO/STO interface 
mobility reaches up to ~600 cm2V-1s-1 at ~10 K, whereas it is only ~2 cm2V-1s-1, at room 
temperature as shown in Figure 4.4(b) (orange circles). When an additional PZT film 
was grown on top of the LAO layer, however, the sheet resistance and mobility values 
show an abrupt change at about 50 K, (Figure 4.4(a) and (b)), while the carrier density 
is suppressed considerably (Figure 4.4(c)). The results obtained in these figures show 
that the PZT layer is responsible for degradation of the electronic properties of the 
LAO/STO interface. Oxygen vacancies, which are a main source of conductivity at the 
interface, might be filled through an interlayer oxygen migration process64 after PZT is 
grown on top.  

In order to investigate and minimize this effect, we decided to use the LAO 
layer as an oxygen diffusion barrier, and by increasing the LAO film thickness we aimed 
to keep the LAO/STO interface further away from the PZT layer.  Unpatterned LAO 
films with 10, 20 and 40 u.c. thicknesses were grown on STO substrates and 200 nm 
thick PZT films were deposited on top of all three samples, except for a reference LAO 
(10 u.c.)/STO sample. The temperature dependence of Rs (sheet resistance), 𝜇𝜇 (carrier 
mobility) and ns (sheet carrier density) of the interface are determined by a Van der Pauw 
method, and presented in Figure 4.4(a), (b) and (c), respectively. In Figure 4.4(a), the 
effect of the PZT layer on the sheet resistance is clearly visible as the samples with PZT 
are compared with the reference sample. When the interface was separated further from 
the PZT layer by increasing the thickness of the LAO film, the room temperature 
resistance of the interface became much larger. At ~50 K, a sharp upturn of Rs was 
observed for every sample, except for the reference sample. At much lower 
temperatures, samples with 20 and 40 u.c. thick LAO became completely insulating, 
inhibiting any electronic transport measurements, while the resistance variation 
saturated for the sample with 10 u.c. thick LAO. Consistent behavior was also obtained 
for the interface mobility, as shown in Figure 4.4(b). At 50 K, the interface mobility 
showed a broad maximum for the samples with PZT top layers. 
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Figure 4.4. 200 nm thick PZT films were deposited on LAO/STO samples with 10, 20 and 40 
u.c. thick LAO layers. The corresponding data points are shown with squares, triangles and stars, 
respectively, in (a), (b) and (c). A separate sample with a 10 u.c. LAO layer was also prepared as 
a reference, the corresponding data points are shown with circles in the same figures for 
comparison. Films are unpatterned and the surface area is 5 x 5 mm2. (a) Sheet resistance, (b) 
carrier mobility and (c) carrier density of the LAO/STO interface as a function of temperature. 
(d) Effect of PZT deposition conditions, without depositing PZT, on carrier density and mobility 
of the reference sample with a 10 u.c. LAO layer as a function of temperature. Dark and light 
blue (pink) symbols/lines show the carrier density (mobility) before and after the sample was 
exposed. 

The results shown in Figure 4.4(a) and (b) are clearly not in good agreement 
with our initial goal. Separating the interface further from the PZT layer, by increasing 
the thickness of the LAO film, did not prevent the effects due to oxygen diffusion. On 
the contrary, an unexpected increase in the resistance occurred65,66. In Figure 4.4(c), the 
strong suppression of the carrier density after PZT thin film deposition is very dominant 
and is also independent of the separation between the PZT film and the LAO/STO 



Chapter 4 

 
64 

interface. This might indicate that the increase of the LAO layer thickness is not 
sufficient to prevent oxygen diffusion.  

For further investigations, another set of measurements was carried out on a 
separate sample. A 10 u.c. LAO film was deposited as a reference sample, without PZT 
deposition on top, and characterized with the same Van der Pauw method (Figure 
4.4(d), data points represented by circles). After that, the sample was exposed to the 
PZT film deposition conditions (high deposition temperature, and high oxygen pressure 
for 1 hour), but the PZT deposition was prevented by protecting the sample surface 
using a mechanical shutter. The same characterization procedure was repeated (see 
Figure 4.4(d), data points represented by triangles). As is evident from Figure 4.4(d), the 
effect on the interfacial carrier density and mobility measured before and after the 
process is almost negligible in a wide temperature range. Therefore, we conclude that 
the deposition process, even though it is carried out under relatively high oxygen 
pressure (10-1 mbar), does not cause a noticeable degradation in our devices. On the 
other hand, the effect is visible only when a PZT film is on top of LAO/STO. Besides 
the interlayer oxygen diffusion mentioned above, this also might be related with the 
spontaneous polarization of PZT. Depending on the polarization direction, charge 
carriers at the LAO/STO interface may be depleted67,68. In addition, disorder in the 
spontaneous polarization due to domain formation could lead to potential fluctuations 
and, therefore, increased scattering of carriers. 

The degradation at the LAO/STO interface after deposition of PZT can be 
linked with previous work done by Huijben et al., where they explained a similar effect 
in a different material system by interfacial oxygen vacancy filling through an oxygen 
exchange process between the layers in the multilayer structure64. This would explain 
why we did not observe any effect in Figure 4.4(d), while a strong degradation was 
measured for samples with a PZT layer on top. It is also claimed in the same work that 
such an exchange process could give rise to an increased mobility, as the oxygen 
vacancies are known to be scattering centers. However, our results show the opposite 
behavior. As seen in Figure 4.4(b), below 100 K the interfacial mobility values show a 
dramatic decrease. This behavior is well explained by a carrier freeze-out phenomenon, 
proposed by Liu et al. Since the number of carriers is highly reduced after the oxygen 
vacancy filling, the band due to oxygen vacancies narrows and separates from the 
conduction band, such that the remaining carriers are trapped at a certain temperature 
and hence the interface suddenly becomes highly insulating69. An additional explanation 
can be given according to two separate studies by Bell et al. and Herranz et al. Both 
studies showed an upturn in the sheet resistance and a considerable decrease in the 
mobility at around the same temperature, as the number of LAO layers exceeded ~10 
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u.c.65,66 . Since the LAO thickness in our samples was increased up to 40 u.c., which is 
outside of the usual range for obtaining a uniform 2DEG at the LAO/STO interface, 
our results could also be (partly) explained in a similar way.  

4.4 Conclusions 

Although our results clearly demonstrate acoustoelectric coupling between 
SAWs and charge carriers at the LAO/STO interface, it is found that deposition of 
PZT on top of LAO/STO is unfavourable. We measured a surprising transition of the 
interfacial conductivity into the insulating regime below 100 K. This could be explained 
by charge carrier freeze-out after the interfacial oxygen vacancies are filled during (or 
after) the deposition of PZT, due to interlayer oxygen diffusion. To allow for 
acoustoelectric transport at low temperature, a possible solution could be the deposition 
of a PZT thin film only underneath the IDTs. This way, the 2DES region may be 
protected, while the PZT will still provide the piezoelectric platform required to excite 
SAWs. However, fabrication of such a device may be quite challenging since it involves 
the development of an appropriate patterning technique that does not degrade the 
LAO/STO interface, which is not within the scope of this work. However, we propose 
that the development of a damage-free fabrication process for such a device, can 
ultimately avoid the aforementioned problems. 
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ABSTRACT 

Transient electric polarization in single crystalline SrTiO3 (STO) substrates was studied 
by measuring the transmission of surface acoustic waves (SAWs). We applied a large dc 
electric field (8 x 106 Vm-1) to interdigital transducers (IDTs) on STO substrates in order 
to induce local piezoelectricity, which is required to generate and transmit SAWs. The 
resulting electric polarization and the retention thereof were analysed as function of 
time after the applied electric field was removed, by measuring transient SAW signals. 
The retained polarization turned out to provide strong electromechanical coupling, 
comparable to that resulting from the dc-field-induced piezoelectricity. SAW signals 
were observed for more than 30 hours (in absence of an external dc electric field), which 
is evidence for a long-lasting retention of electric polarization. Remarkably, this 
polarization was found to be rapidly suppressed as the sample was exposed to visible 
light. By measuring the transient SAW transmission under illumination with light at 
different wavelengths, we identified photoconductivity and/or acceleration of oxygen 
vacancy migration by photon-induced splitting of bound vacancy pairs as main 
mechanisms behind this photoresponsive memory effect.   
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5.1 Introduction 

Among the innumerous intriguing features of SrTiO3 (STO), one of the most 
debated ones is ferroelectricity70. The crystal structure of STO is very similar to that of 
native ferroelectrics such as Pb(ZrxTi1−x)O3 (PZT) and BaTiO3 (BTO), however STO 
is a cubic and hence centro-symmetric crystal, while the aforementioned ferroelectric 
materials are tetragonal, orthorhombic, or rhombohedral (depending on composition 
and thin film properties)71,72. Hence, spontaneous polarization is observed in PZT and 
BTO, whereas this is not the case for native STO at room temperature. Below ~105 
K73,74 STO experiences a structural phase transition from cubic to tetragonal, such that 
the inversion symmetry is broken and spontaneous polarization is induced. At much 
lower temperatures another phase transition occurs where the ferroelectric phase is 
suppressed due to quantum fluctuations75. Therefore, STO is known as an incipient 
ferroelectric material. Nevertheless, under certain conditions, room temperature 
ferroelectricity has been demonstrated in STO by inducing strain in the lattice, i.e. by 
doping or growing in thin film form on lattice mismatched substrates70,76–84. There are 
other effects, involving the spatial separation of charged defects under influence of an 
external electric field, that can also lead to long-lasting, ferroelectric-like, polarization in 
STO85,86. In particular, oxygen vacancies, which are unavoidably present in STO, may 
play a role in such effects. 

In this chapter, we report on a ferroelectric-like, photoresponsive electric 
polarization memory effect in STO single crystals at room temperature and at 150 K. 
We use surface acoustic wave (SAW) generation in STO as a sensitive probe for residual 
polarization in the near surface region. We note in passing that these investigations 
originated from our work on acoustoelectric coupling between SAWs and electrons 
confined in LaAlO3/STO two-dimensional electron systems15, which was discussed in 
Chapter 3. SAW generation requires piezoelectricity, which can be induced in STO by 
applying an external dc electric field87,88: Due to the ionic nature of STO, comprising 
Sr2+, Ti4+ cations and O2- anions, an electric field displaces these charges in opposite 
directions and thus, the lattice inversion symmetry is broken and a polarization is 
induced86. This approach has been used to excite surface acoustic waves (SAWs) on 
STO substrates44,46,48. We detect the retention of this polarization after the dc bias is 
removed, by measuring transient SAW signals. Remarkably, the SAW signal intensity 
directly after removing the dc bias is comparable to that with the dc bias still applied, 
which shows that the retained polarization in STO provides robust electromechanical 
coupling. 
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We employ SAW devices comprising two inter-digital transducers (IDTs) in 
the delay line configuration on single crystalline STO substrates. A dc voltage is applied 
to the IDTs to create a polarization in STO and hence “program” the memory, which 
is subsequently read out by measuring the SAW transmission upon applying an rf-signal. 
When an rf-signal is applied to a metallic inter-digital transducer (IDT) deposited on a 
piezoelectric (or ferroelectric) substrate or thin film, the inverse piezoelectric effect 
induces a dynamic strain field that propagates (mainly as Rayleigh waves) at the sound 
velocity and can be detected by a second IDT via the piezoelectric effect, converting 
the strain wave back into an electrical signal. By the help of this process, our particular 
aim is to understand the retention and relaxation process of polarization in STO after 
the dc electric field is removed, using the effect of light illumination on a polarized STO 
substrate, at photon wavelengths of 375 nm, 405 nm and 600 nm. We find that the 
retention time depends strongly on the wavelength and optical power used. Based on 
these findings, we conclude that the transient electric polarization in STO is mainly due 
to oxygen vacancy migration, and is thus not ferroelectric in nature. 

5.2 Experimental procedure 

Measurements were carried out on a device as shown in Figure 5.1(a), in the 
dark and in high vacuum, using a 4-probe low temperature probe station. Two of the 
four probes were configured as rf lines and connected to IDTs through a vector 
network analyzer (VNA). The remaining two probes were used to mount and electrically 
connect an LED. IDT1 and IDT2 were connected to a VNA through a bias tee, which 
divides rf and dc lines via an internal capacitor, enabling biasing the rf signal via an 
external dc source while protecting the rf signal generator (VNA). The IDTs are 
designed in the double finger configuration with 20 µm periodicity, and fabricated as a 
Cr/Al/Cr multilayer stack with a total thickness of 100 nm. The two IDTs in a delay 
line device are 500 µm apart and deposited directly on top of the single crystalline STO 
substrate by e-beam evaporation.  When a dc voltage is applied to an IDT, the ionic 
lattice beneath the IDT is deformed as depicted in Figure 5.1(b), due to the 
displacement of Sr2+, Ti4+ cations and O2- anions towards negatively and positively 
charged IDT fingers, respectively. The lattice deformation and its associated 
polarization is increased by applying higher voltages. The breakdown voltage varies 
from device to device and is 40-50 V for short experiments (several minutes), while 
extended/repeated biasing could lead to breakdown at lower voltages as well. Therefore, 
we adopted a safe maximum bias voltage of 20 V for both IDTs, which corresponds to 
a maximum electric field of 8·106 Vm-1, ensuring reproducibility of a large number of 
measurements on the same device. In order to generate SAWs, a 0 dBm rf signal is 
always applied together with the dc bias voltage. 
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5.3 Results and discussions 

We first measured SAW generation and detection on an STO substrate under 
application of 20 V dc-bias. After that we analyzed the time-evolution of SAW signals 
when the dc-bias was switched off and the sample was left for relaxation. Measurements 
were performed in the dark and were compared to experiments in which we exposed 
the sample to light with different wavelengths during the relaxation process. All 
measurements were done both at room temperature and at 150 K. In order to avoid 
any effects due to the crystal phase transition at 105 K, we kept the STO sample 
temperature well above this value.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. SAW transmission on a non-piezoelectric STO substrate. (a) Schematic 
representation of a SAW device on an STO substrate and the measurement set-up. RF input 
signals were biased via external dc voltage sources in order to induce local piezoelectricity 
beneath the IDTs. (b) Cross sectional view of a strained STO substrate (grey) under application 
of a dc bias to the IDT (black). White arrows represent the electric field lines, which dislocate 
cations (purple and dark yellow) and anions (green) in the lattice, breaking the inversion 
symmetry, as shown schematically. (c) Relaxation of the strained STO, under light exposure 
using an LED emitting photons with a wavelength of 375 nm, 405 nm or  600 nm. (d) Room 
temperature transmission of 3rd harmonic SAWs on STO, when 20 V dc bias was applied to 
IDT1 and IDT2 (red), and measured as soon as the dc bias was switched off for both IDTs 
(blue). (e) 3rd harmonic SAWs measured at 150 K under the same conditions.  
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As shown in Figure 5.1(d) (red curve), when a 20 V dc bias was applied to both 
IDTs at the same time, SAW transmission was measured at 657 MHz corresponding to 
the 3rd harmonic resonance frequency of the device. As the bias was switched off, the 
SAW transmission amplitude decreased strongly (blue) but remained finite, which 
shows that a finite polarization is retained in the STO. This memory effect becomes 
much more pronounced at 150 K, as seen in Figure 5.1(e). Under application of 20 V 
dc bias on both IDTs, SAW transmission is again observed at 150 K, with an increased 
intensity as compared to the room temperature experiment, due to (i) the increased 
dielectric constant and thus higher electrostriction and (ii) reduced phonon scattering 
during SAW transmission44,50,51,56. In addition, the resonance frequency of the device 
shifted to 665 MHz at 150 K, due to the increase in sound velocity of the medium at 
lower temperatures49. The highly pronounced SAW transmission signal remaining after 
the dc bias was switched off shows that the induced polarization in the crystal structure 
of STO (Figure 5.1(b)) is retained: as the rf signal is continuously applied, SAWs are 
generated even in absence of a dc bias, as in conventional piezoelectric or ferroelectric 
materials.  

In the following, the relaxation time or, in other words, the electric polarization 
memory of the polarized STO was analyzed under zero dc bias, in the dark and in high 
vacuum. Upon polarizing a dielectric like STO in an electric field, strain and 
deformation results as ions are displaced from their equilibrium positions. After 
switching off the electric field, the material returns to its initial, unpolarized state, in 
which case we expect the SAW generation and transmission to disappear. However, our 
results show a very different behavior. 

In Figure 5.2, the SAW transmission on an STO substrate is shown as a 
function of time after switching off the applied dc electric field, at room temperature 
and 150 K. The red curves in Figure 5.2(a) and (c) are copies of the blue curves of Figure 
5.1(d) and (e), other measurements in these figures represent the evolution of the SAW 
transmission in time, under a continuously applied rf input signal. As shown in Figure 
5.2(b), SAW transmission above the noise level could be detected for about 10 hours at 
room temperature, and for more than 30 hours at 150 K, as seen in Figure 5.2(d). After 
30 hours at 150 K, a clear SAW transmission signal was still present, and complete 
disappearance of this signal may be expected to take much longer. This demonstrates a 
long lasting, strong polarization in the crystal after the dc bias was switched off, which 
is uncommon in ordinary dielectrics. 

Figure 5.3 shows the SAW transmission as a function of time measured during 
polarization decay stimulated by illumination with light, using LEDs with various output 
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wavelengths and optical powers (see appendix at the end of the chapter for details about 
LED characteristics). The LEDs were mounted (one at a time) inside the measurement 
chamber but were thermally isolated from the cooling stage onto which the SAW device 
was mounted. The temperature of the LED was thus kept constant at room 
temperature. In Figures 5.3(a), (b) and (c), the effects of light exposure on SAW 
transmission are shown for illumination wavelengths of 375 nm, 405 nm and 600 nm, 
respectively, under various optical output powers. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2. Electric field induced polarization memory of STO at room temperature and 150 
K. (a) Evolution of SAW transmission signal as a function of time at room temperature after the 
dc bias is switched off on both IDTs. (b) Peak values of the transmission signals of Figure 5.2(a), 
as a function of time. (c) Evolution of SAW transmission signal as a function of time at 150 K 
after the dc bias is switched off on both IDTs. (d) Peak values of the transmission signals of 
Figure 5.2(c), as a function of time. 

A comparison of the results obtained for different wavelengths is shown in 
Figure 5.3(d). Every data point represents the peak value of the SAW transmission 
signal. In Figure 5.3(a), the optical output power was tuned by changing the applied 
forward bias current to a 375 nm LED, which corresponds to a photon energy of 3.31 
eV, higher than the STO band gap of 3.2 eV89,90. Under these illumination conditions, 
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the depolarization is fast even at low output power of the LED (<<100 µW), therefore 
we operated the LED at very low bias currents for which no precise output power value 
is known (see Figure A5.1(a) in appendix, for details). Initially a 150 µA bias current was 
applied to the LED and the SAW transmission was recorded every 10 seconds. In the 
first 30 seconds, only a very small decrease in transmission was observed, and after that 
a rapid decay was measured. Over the next 50 seconds the SAW signal disappeared. As 
the applied bias current was increased to 250 µA, the transmission decay time decreased 
to 20 seconds, however a very similar decay profile was measured. Further increasing 
the bias current (and hence optical output power) results in faster decay of the SAW 
transmission. At ≈500 µA, the decay time is about equal to the minimum time required 
to measure the SAW transmission (≈1 second). As shown, in the first 2 seconds, a very 
small decay was measured, after which the signal disappeared in less than 1 second. In 
Figures 5.3(b) and (c), results are shown for similar experiments with 405 nm and 600 
nm LEDs, corresponding to 3.06 eV and 2.07 eV photon energy, both smaller than the 
band gap of STO. For the 405 nm LED, 20, 50, 100 and 125 µW optical output powers 
were used while the SAW transmission was measured. Rapid decay was observed as 
soon as the sample was exposed to light, resulting in complete suppression within 125 
seconds for the lowest output power.  

As the output power was increased sequentially, similar decay profiles were 
obtained in 50, 30 and 18 seconds, respectively. In Figure 5.3(c), transient SAW signals 
are shown for illumination with a 600 nm LED, using optical output powers of; 50 µW, 
100 µW, 125 µW and 250 µW. The obtained decay profile was again similar to that for 
illumination with the 405 nm LED (Figure 5.3(b)). The inset shows the same data on a 
logarithmic time scale. The quasi linear trend of the SAW signals versus time on a 
double log-scale  suggest a power-law decay consistent with thermal relaxation 
processes78,91. The same trend was also obtained for other LED wavelengths. For sub-
band-gap excitation (405 and 600 nm LEDs), the suppression of SAW signals occurs 
on a much longer time scale than for above-band-gap excitation (375 nm LED), for 
comparable optical output power of the LEDs. Similar decay curves are obtained for all 
measurements, with longer decay times observed for either a longer wavelength or lower 
optical output power. 
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Figure 5.3. Relaxation of SAW transmission in STO at 150 K under illumination with light with 
(a), 375 nm (b), 400 nm and (c), 600 nm wavelength at various optical output powers. The inset 
in (c) shows the decay curves on a logarithmic time scale. (d) SAW transmission under 
illumination with 375 nm (purple), 405 nm (blue), and 600 nm (yellow) LEDs. For comparison, 
100 µW optical output power was used for the 405 nm and 600 nm LEDs, while 500 µA forward 
bias was used for 375 nm LED. Note that this corresponds to a much smaller optical output 
power (100 µW is obtained at 5 mA forward bias on the 375 nm LED, see appendix for details). 

In Figure 5.3(d), a comparison is shown of the effects of LED illumination at 
different wavelengths on the SAW transmission decay time. A 100 µW optical output 
power was used for the 405 nm and 600 nm LEDs. The 375 nm LED was operated at 
500 µA forward bias, yielding a low optical output power <<100 µW (see appendix for 
details) but nevertheless a very fast decay of the SAW transmission, (just within the 
limits of our measurement setup). The comparison in Figure 5.3(d) clearly shows that 
the SAW transmission decays faster as the LED wavelength decreases and the photon 
energy increases.                                                   

We now discuss possible mechanisms that explain the observed effects. We 
attribute the loss of SAW transmission to the (stimulated) relaxation of residual electric 
polarization to the unpolarized ground state. There are two different mechanisms that 
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could be responsible for such a behavior according to previous reports. One is 
photoconductivity, which is a consequence of electron excitation to the conduction 
band from the valance band due to absorption of photons with an energy higher than 
the optical band gap90. The other is accelerated oxygen vacancy migration under 
illumination with visible light91. Migration of charged defects such as oxygen vacancies 
under application of an electric field contributes to the polarization of STO, where the 
timescale for saturation of the polarization should depend on the mobility of the oxygen 
vacancies and the applied field strength89. Depolarization after removal of the electric 
field is expected to occur on a much longer timescale, since the only driving forces for 
this depolarization are the much weaker residual electric field (which opposes the 
polarization) and the concentration gradient of oxygen vacancies. This is consistent with 
our observation of a slow decay of SAW signals in the dark, acting as a measure of 
polarization in STO, upon removal of the dc electric field (Figures 5.2(b) and (d)), whilst 
the signals appear immediately after applying a dc bias. 

STO is a band insulator with a band gap of 3.2 eV. When the sample is exposed 
to 375 nm light, which has 3.31 eV photon energy, free electrons are generated in the 
material (photoconductivity), which rapidly screen any residual polarization such that 
the SAW signal disappears. As the optical output power is increased, by increasing the 
forward bias current through the LED, more electrons are excited per unit time and the 
decay time of SAW transmission decreases accordingly. However, photoconductivity is 
not a valid explanation for the effects shown in Figures 5.3(b) and (c), as the photon 
energies (3.06 eV and 2.07 eV) used in these experiments are smaller than STO band 
gap. Excitation of electrons across the band gap is therefore not possible, only in-gap 
(defect) states could give rise to photon absorption and subsequently trigger 
depolarization92. As reported previously, oxygen vacancy migration is accelerated when 
STO is exposed to visible light, with a photon energy smaller than the band gap of 
STO93. It is known that oxygen vacancies in STO form bound pairs. Upon optical 
excitation of electrons residing in vacancy pair states (to localized anti-bonding orbitals 
or to the conduction band), the immobile pairs are destabilized and can split into two 
mobile unbound vacancies, which accelerates the relaxation towards the initial 
unpolarized state94,95. This process thus speeds up the complete relaxation of the crystal 
to the point where no SAWs are generated. 

Additional support for the discussion given above is provided by 
measurements of the photocurrent and 2 point probe resistance between the ground 
(G) and signal (S) pads of an IDT. Here, in every measurement 10 mV bias was applied 
to the device, which then generated ~ 29 pA background current in the dark. The 
measured photocurrent and resistance values, as well as the optical output powers of 
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the LEDs, are given in Table 5.1. Detailed information regarding the LED 
characteristics is provided in Figure 5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Photoconductivity in STO substrate under the illuminations of various wavelengths 
of LEDs. Light crossed symbols represent actual data points. Dark straight lines of the same 
color are linear fit. Measurement was done at 150 K as a function of time and all the data was 
smoothed 10 times by using the Savitzky-Golay method. (a) Optically induced dc current under 
375 nm LED illumination. (b) Evolution of 2-point probe resistance in time of the same 
measurement. (c) Optically induced dc current under 405 nm LED illumination. (d) Evolution 
of 2-point probe resistance in time of the same measurement. (e) Optically induced dc current 
under 600 nm LED illumination. (f) Evolution of 2-point probe resistance in time of the same 
measurement. 
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Table 5.1. Measured photocurrent and resistance values of an IDT at 10 mV dc bias voltage, 
under the illumination by different wavelength LEDs (correspond to Figure 5.4). The values 
represent the saturation current, measured after transient effects had vanished. Dark-current 
values were subtracted from the photocurrent. 

λ 
(nm) 

Optical power or bias current 
(µA for 375 nm, 

µW for 400 nm and 600 nm) 

Photocurrent (pA) Resistance 
(MΩ) 

375  150 
 250 
 500 

 21  
 21  
 31  

 200  
 200  
 170  

400  20 
 50 
 100 
 125 

 8  
 9  
 13  
 16  

 270  
 260  
 240  
 230  

600  5 
 10 
 125 
 250 

 0  
 0  
 0  
 0  

 350  
 350  
 350  
 350 

 
These results confirm that the photon-induced relaxation of polarization in the 

STO single crystal involves the generation of mobile charge carriers, resulting in a finite 
photocurrent. Due to the bandgap of STO, significant photoconductivity is only 
observed under illumination with UV light, i.e. for the 375 nm LED where we obtained 
up to a 31 pA photocurrent at optical power <<100 µW. For sub-band-gap excitation, 
e.g. using the 405 and 600 nm LEDs, the generated current is much smaller at optical 
power ≈100 µW. As the wavelength of the LEDs is increased, only charged vacancy 
migration, or electrons excited from in-gap states to the conduction band, can 
contribute to the photocurrent. 
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5.4 Conclusions 

We have used SAW generation and detection as a sensitive probe for transient 
polarization in STO single crystals after application of a dc electric field of 8·106 Vm-1. 
SAW transmission, which relies on induced piezoelectricity on STO and hence is a 
measure of electric polarization, was observed for over 30 hours after the removal of 
the dc electric field. This transient polarization turned out to be very susceptible to 
illumination with light, even for photon energies smaller than the band gap of STO. 
This strongly points to charged oxygen vacancies, and their accelerated migration by 
photon-induced splitting of bound vacancy pairs, as a source for transient electric 
polarization in STO. In addition, our approach regarding SAW transmission on 
intrinsically non-piezoelectric STO substrates and the associated photoresponsive 
memory effect are promising for using STO substrates in device applications that would 
ordinarily require piezoelectric or ferroelectric materials. In particular, the very long 
polarization memory (more than 30 hours) and fast response of the SAW signals to light 
( on the order of 1 second ) opens up unique possibilities to use similar devices in 
memory or optical sensor applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

 
80 

5.5 Appendix 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.1. Typical performance test of (a), 375 nm, (b), 405 nm and (c), 600 nm LEDs, 
purchased from Thorlabs. 
[https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2814]. 

  

https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2814
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Flip-chip bonding of  LaAlO3/SrTiO3 on 
LiNbO3 for acoustoelectric measurements 

 

 

 

 

 

 

This chapter is based on Master’s thesis of Luis Pedreira, as cited below; 

- Flip-chip bonding of LaAlO3/SrTiO3 on LiNbO3 for acoustoelectric 
applications, Luis Pedreira, MSc. Thesis, University of Twente,  
May 25, 2020. 
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ABSTRACT 

We present acoustoelectric coupling of surface acoustic waves (SAWs) on a LiNbO3 
(LNB) substrate to the charge carriers at the LaAlO3/SrTiO3  (LAO/STO) interface via 
flip-chip bonding. This work is an alternative approach to the processes discussed in 
Chapters 3 and 4 where it is shown that, (Chapter 3) at and below the crystal-phase-
transition temperature of STO (~105 K) electrostrictive generation of SAWs in STO is 
suppressed, and (Chapter 4) deposition of an additional piezoelectric layer 
(Pb(Zr0.52Ti0.48)O3 or in short PZT) deteriorates the properties of the 2DES at the 
LAO/STO interface. In this chapter we aim to overcome these issues. SAWs are 
generated on a single-crystal LNB substrate, which is chosen because of its very high 
electromechanical coupling coefficient, K2. The LAO/STO  heterostructure is bonded 
to the LNB substrate by a thermocompression-bonding process. The charge carriers at 
the LAO/STO interface are coupled to the SAWs in LNB and transported in the SAW 
propagation direction. We demonstrate acoustoelectric coupling both at 300 K and 77 
K, the latter being well below the STO phase-transition temperature. The experimental 
approach of the design and fabrication of the novel device is described section 6.2, 
followed by the presentation of the results and a critical discussion in section 6.3.  
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6.1 Introduction 

As science further progresses to overcome technological limits, 
nanotechnology becomes increasingly relevant as a research field owing to its ability of 
growing nanoscale materials in heterostructures. One of the main research directions in 
this field is conducted on two-dimensional electron systems (2DESs) where electrons 
can move freely in two dimensions, while being confined in the third. These systems 
have already been introduced in previous chapters. For example, a 2DES can form at 
the interface of semiconductors or complex-oxides16,20. These interfaces possess 
extraordinary features, and thus, there is a continuous interest and ongoing research 
activity on them. At the interface of complex oxides, in particular LAO/STO, a plethora 
of exotic properties lead to a wide range of interesting phenomena for nano-electronic 
applications, which have potential as building blocks for future-generations of 
electronic devices96. Among others, one of the most striking features is 
superconductivity below 200 mK22, which is an intriguing example of 2D-
superconductivity. Investigations of the coupling between SAWs and charge carriers in 
this regime (2D superconductivity) requires acoustoelectric devices that operate at 
(very) low temperature, which is the main focus of this chapter.  

SAWs are applied in several research fields and technological applications (e.g., 
acousto-fluidics, communication devices, quantum acoustics24). The coupling between 
SAWs and low-dimensional structures creates the ability of transporting electrons with 
acoustic waves and could underpin the development of hybrid electronics, in which 
electronic and mechanical (acoustic) states may couple and hence, allow for the 
manipulation of  information with different degrees of freedom. Acoustic charge 
transport (ACT) is an example of a coupled electronic/acoustic phenomenon. The 
motivation of this chapter has been explained in Chapter 3, where acoustoelectric 
coupling between SAWs and charge carriers residing at the LAO/STO interface was 
achieved using dc-field-induced piezoelectricity to generate SAWs in STO. However, 
below the crystal-phase-transition temperature of STO at ~105 K49, SAWs are abruptly 
suppressed. Consequently, the investigation of the acoustoelectric effect could not be 
performed at lower temperatures, particularly in the superconducting regime.  

The goal of this study is to overcome this limitation and confirm the generation of 
SAWs and acoustoelectric transport below 105 K. Hereby, the possibility of carrying 
out similar experiments in the superconducting regime could become viable. It was 
intended to achieve this by bonding the LAO/STO heterostructure, using a 
thermocompression bonding technique, on a single-crystalline LNB substrate, known 
for its very strong piezoelectric properties. A schematic cross-section of the device is 
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given in Figure 6.1. As SAWs propagate through the LNB substrate, the electric field 
that is produced via the piezoelectric effect extends above the substrate surface and 
penetrates into the 2DES region at the LAO/STO interface.  

 

 

 

 

 

 

Figure 6.1. Cross-sectional view of the hybrid flip-chip device. The dynamic electric field 
accompanying the SAW couples to the 2DES situated at a distance d above the LNB surface. 

SAWs are coupled to the interfacial free electrons and they are transported through a 
Hall-bar channel, that allows for acoustoelectric transport measurements (see Figure 
6.2)16,34. The width of the air-gap d between the substrate and the 2DES, is determined 
by the contacts thickness and is estimated to be between 150 and 200 nm after the 
bonding process. Therefore, it is expected that the air gap is sufficiently small to enable 
acoustoelectric coupling between the SAWs and the 2DES.  
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6.2 Experimental procedure 

In order to measure the acoustoelectric voltage and to electrically characterize 
the 2DES at the LAO/STO interface, the LAO was patterned in a Hall-bar geometry 
(see Figure 6.2). The dimensions of the Hall bar were determined by considering the 
size limits of the STO substrate (5 × 5 mm2). We aimed to fabricate a maximum number 
of devices in a single fabrication run. We managed to place four Hall-bar devices on an 
STO substrate. After the substrate is diced, four LAO/STO samples with dimensions 
of 2.35 × 2.35 mm2 are achieved as shown in Figure 6.2. Contact pads were designed to 
have 100 × 100 µm2 surface area, the Hall-bar channel was designed with a length of 
400 µm, and the channel width was chosen to be 80 µm. 

 

 

 

 

 

 

 

 

 

Figure 6.2. Design of the 5 × 5 mm2 STO subtrate, for the fabrication of four 2.35 × 2.35 mm2 

LAO/STO Hall-bar devices, each to be bonded on a LiNbO3 substrate. 

Subsequently, pairs of interdigital transducers (IDTs) in the delay-line 
configuration were fabricated on 128° Y-X oriented LNB substrates with dimensions 
of 5 × 5 mm2, to be used as SAW generation and detection devices onto which the 
diced STO pieces are bonded. IDTs are designed in a single-finger (SF) configuration 
with 20 pairs of fingers. The finger spacing is chosen to be 2.5 µm, yielding a SAW 
wavelength of 10 µm. By applying an RF signal to the input IDT (either IDT 1 or 2), 
SAWs are generated and emitted bi-directionally, with an approximate SAW velocity of 
3960 ms-1, which corresponds to a SAW resonant frequency of approximately 396 MHz. 
The aperture of the IDTs is designed for 100 µm, slightly wider than the Hall-bar 
channel (80 µm), to ensure most of the emitted SAWs reach to the 2DES, hence 
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providing a 20 µm wide compensation region for the alignment accuracy during flip-
chip bonding. To allow Au/Au bonding and to measure the acoustoelectric signals after 
bonding, an Au structure was fabricated on LNB, as shown in Figure 6.3 in yellow. Au 
pads on the LNB and LAO/STO sides are joined via thermocompression bonding in 
order to firmly attach the two samples and to provide electrical connection to the Hall-
bar channel. Contact pads for bonding on the LNB side are made slightly larger (150 × 
150 µm2) than the ones on the LAO/STO side to allow for some alignment 
compensation during the bonding process. A drawing of the device layout is shown in 
Figure 6.3. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. LNB subtrate with IDTs made out of aluminium shown in grey and the DC contact 
lines/pads made out of chromium/gold (Cr/Au) shown in yellow. Gold lines connect 2 square 
regions, the smaller squares are the Hall-bar contact pads, also used for sample bonding, and the 
bigger squares are intended for wire bonding. 

6.2.1 Thermocompression bonding 

Thermocompression bonding is one of the sample-bonding methods which is 
used for bonding metallic surfaces, to become strongly attached, through the application 
of heat and mechanical pressure. During this process, deformation and atomic 
interdiffusion between the two metallic surfaces occur, resulting in a uniform interface 
after cooling. It is important that both surfaces are flat and clean for a strong bond, 
since roughness and particles on the surface could prevent good contact.  
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In this work, Cr/Au contact pads were used on the surface of both substrates, 
and the bonding was performed using a Finetech lambda flip-chip bonding tool. The 
working principle of the bonding tool is as follows: First, the top sample (LAO/STO 
heterostructure) is placed upside down on the chuck of the tool and a mechanical arm 
picks it up. Then, the substrate (LNB) is placed on the chuck and both pieces are heated 
up to 300 °C. Then, the mechanical arm brings the top sample over the bottom sample 
and the position of the top sample is finely aligned by hand using an optical microscope 
via alignment marks on both samples.  Once the alignment is complete the conditions, 
given in Table 6.1, are applied. 

Table 6.1. Optimized thermocompression bonding  parameters. These parameters are for gold-
to-gold bonding, as the contacting surfaces are Au contact pads.  

Temperature Force Contact time Cooling time Metal thickness 
300 °C 20 N 70 s 90 s 100 nm 

 

 

 

 

 

 

 

Figure 6.4. (a) Drawing of the samples after the bonding process. (b) Optical image of the real 
samples during the alignment process right before the bonding process is started. (c) Optical 
image of the flip-chip-bonded sample, ready for measurements.  

The bonding process is monitored through a split-mirror microscope to ensure 
optimum alignment of the gold contacts. Since the samples have different coefficients 
of thermal expansion (CTE), mechanical stress is created which can cause components 
to break apart upon cooling down the sample during the actual measurements. To 
prevent that, an epoxy resin was used as a glue and underfilling material. It was injected 
between the components using a syringe for application and capillary action to achieve 
homogeneous filling of the air gap, and subsequently heated to 200 °C for 2 hours to 
cure it. The adhesive helps the stress caused by the CTE mismatch to be more uniformly 
distributed throughout the device and plays a crucial role to avoid bond failure at 
cryogenic temperatures, where the stress due to the dissimilar thermal expansion 

a b c 
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coefficients of the materials is exacerbated.  After the fabrication process, the device 
was mounted and wire-bonded to the PCB for SAW transmission and acoustoelectric 
transport measurements.  

6.3 Results and discussions 

The SAW propagation characteristics are analysed by measuring S12 for SAW 
devices on LNB with and without an LAO/STO chip bonded on top. In both cases, as 
shown in Figure 6.5, SAWs are strongly pronounced with similar peak values of S12. On 
the other hand, there is a considerable difference in the resonance frequencies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5. SAW transmission (a) before and (b) after the bonding processes on different LNB 
SAW devices. 

The difference in the frequencies is attributed to the use of different samples 
for these measurements. Although the process conditions for both samples are 
nominally the same, slightly different alignment of the IDTs with respect to the X-axis 
of the LNB substrate may be present. Due to the anisotropy of the sound velocity in 
single-crystalline LNB97, the SAW propagation velocity is shifted and thus the resonance 
frequency is changed.  Ideally, the same LNB SAW device has to be used before and 
after bonding for an unambiguous comparison study. Unfortunately, taking the device 
out of the cleanroom environment for performing the intermadiate step 
characterisation would unavoidably contaminate the sample surface and prevent 
bonding. Therefore, we carried out these tests on two different samples. The 
transmission spectrum after bonding shows more prominent sidelobes. This could be 
caused by the reflections of SAWs from the STO substrate edges and/or due to placing 
the substrate partially over the IDTs on the LNB substrate, as seen in Figure 6.4.  

In Figure 6.6, SAW transmission at 300 K and at 77 K are presented. As shown,  
SAWs are still being transmitted in the flip-chip device, at 77 K. This result confirms 
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the achievement of one of the main goals determined for this chapter, which is 
obtaining SAW transmission below the crystal-phase-transition temperature, ~ 105 K, 
of STO. It is evident from Figure 6.6 that the resonance frequency is shifted to higher 
frequencies at 77 K.  

 

 

 

 

 

 

 

 

Figure 6.6. Transmission measurements of a flip-chip-bonded device at different temperatures. 
(a) 300 K (b) 77 K. 

The SAW (sound) velocity 𝜗𝜗 is dependent on the elasticity 𝐶𝐶, and the mass 
density 𝜌𝜌, of the solid through which the SAWs travel. Both of these constants are 
temperature dependent and are expressed as98: 

 

𝜗𝜗 = �
𝐶𝐶
𝜌𝜌

 

 

Since the elasticity of LNB increases when temperature decreases99, the sound velocity 
of SAWs should also increase at lower temperatures (we assumed any temperature-
dependent effect, e.g. , thermal contraction, on the mass density to be relatively small), 
which explains the increase in resonance frequency at 77 K. The temperature decrease 
might affect the LNB substrate and epoxy resin differently because of their rather 
different elastic properties. The latter becomes much more rigid at low temperatures 
due to an increase in its tensile modulus100, which might constrain the SAW propagation 
and result in a reduction of the SAW transmission signal at 77 K.  

(6.1) 
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Figure 6.7. (a) SAW transmission after bonding at room temperature. (b) Acoustoelectric 
voltage versus frequency measurement performed at room temperature. The dc voltage was 
measured between contacts 1 and 4 of the Hall bar, with a 12 dBm RF power was applied to 
input IDT. (c) Same measurement as (b) with the opposite IDT used for SAW generation. 

Figure 6.7(a) shows the SAW transmission in the flip-chip device, and (b),(c) 
show acoustoelectric voltage (VAE) measurements of the flip-chip device at room 
temperature under the application of 12 dBm RF input power to IDT1 and IDT2, 
respectively. The DC voltage was measured between contact pads number 1 and 4 of 
the Hall bar, as indicated in Figure 6.3, using a high-impedance voltmeter. A detailed 
explanation of the acoustoelectric transport measaurements is provided in Chapter 2. 
At 396 MHz,  which corresponds to the S21 resonance frequency of the LNB SAW 
device, a VAE of 180 µV is measured. Side lobes around the peak frequency are also 
observed in the voltage measurement. In Figure 6.7 (c), the same acoustoelectric voltage 
measurement was done by using the opposite IDT as SAW generator. Since the SAW 
propagation direction is reversed,  the sign of the VAE is also reversed but the amplitude 
of the signal remained the same, as expected. 

 

 



Chapter 6 

 
93 

 

 

 

 

 

 

 

 

 

Figure 6.8. (a) Transmission S12 spectra of the flip-chip device at 77 K and (b) acoustoelectric 
voltage measurement as a function of frequency of the device at 77 K. 

In Figures 6.8(a) and (b), SAW transmission and corresponding VAE 
measurements at 77 K are presented, respectively. The measurement conditions are kept 
the same as for the room-temperature transport measurements. The explanation of the 
features in Figure 6.8(a) is analogous to those in Figure 6.6(b). When we compare the 
VAE signals at 300 K (Figure 6.7(b)) and at 77 K (Figure 6.8(b)) the feature at ~396 
MHz at room temperature is shifted to ~404 MHz at 77 K, which is attributed to a VAE 
signal, as the SAW resonance frequency is also the same at 77 K. On the other hand the 
amplitude of the VAE signal is also decreased drastically, similar to SAW transmission 
signal, when it is cooled to 77 K. As explained above, the epoxy resin becomes more 
rigid at low temperatures, which suppresses the SAW amplitude and thus the VAE signal 
is also reduced. There is another VAE peak at ~370 MHz at 77 K. Since there is no SAW 
transmission signal measured at the corresponding frequency in Figure 6.8(a), to draw 
an unambiguous conclusion for the second peak from this figure is a difficult task. 
However, the signal is only measured below the STO phase transition temperature and 
we did not encounter similar effects at 77 K on bare LNB samples (without LAO/STO 
bonded). Therefore, we tentatively attribute this signal to be STO-related, noting that 
SAWs were excited in previous experiments via electrostriction in STO at a similar 
frequency (near 370 MHz) close to the crystal-phase transition. This frequency is 
sufficiently far from the SAW resonance frequency in LNB (404 MHz) that 
constructuive interference of SAW eigenmodes in LNB does not take place, as is 
evident from the absence of a significant SAW transmission signal. Nevertheless the 
piezoelectric LNB lattice will contract and expand upon excitation with a 370 MHz RF 
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signal which coincides with the SAW resonance frequency in STO and may thus lead 
to constructive interference of SAW eigenmodes in STO, since the two systems are 
mechanically coupled via the bonding epoxy. It is not surprising that the transmitted 
power of such SAWs is negligible compared to SAWs excited at the resonance 
frequency of LNB. These SAWs could nevertheless generate a non-negligible VAE 
signal, as they are excited right at the interface that hosts the 2DES, while the SAWs 
that propagate at the LNB surface are a few hundred nm away from it. 

6.4 Conclusions 

Clear acoustoelectric voltage signals were measured both at 300 K and 77 K, 
which confirms SAW-induced charge transport in a flip-chip bonded device, below the 
crystal-phase-transition temperature of STO. A comparison of the SAW transmission 
before and after the bonding process did not show any prevention of the SAW 
transmission. The amplitude of the SAW transmission signal decreased substantially 
upon cooling down to 77 K, which was attributed to the epoxy resin that was used to 
improve adhesion between components. Here, we measured one order of magnitude 
higher acoustoelectric voltage signal than what we achieved in Chapter 3, which 
validates the compatibility of this approach for further processing. The confirmation of 
the explanation given for the second peak in the VAE measurement that appeared at 370 
MHz and at 77 K, must be made by measuring the interfacial properties (sheet 
resistance, mobility, carrier density) below 105 K under the RF signals applied to IDTs 
in the same frequency range. Additionally, the bonding process must be optimized 
further with the use of a more suitable epoxy material to prepare the sample for 
measurements at much lower temperatures. An alternative could be the use of wide 
range of temperature durable conductive adhesion layers instead of filling the air-gap by 
epoxy. Such materials can be deposited as an additional top layer on top of gold layers 
in order to improve bonding quality and provide bonding without creating any type of 
damage on the electrical characteristics of the device. 
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Since the discovery of a 2DES at the LAO/STO interface in 200420, remarkable 
effort has been conducted to acquire more information about the origin of this extra-
ordinary system. During this period, many more new functionalities of the interface, 
other than high-mobility at low temperatures, emerged. This thesis takes advantage of 
the high mobility interface, and demonstrates transport of the charge carriers confined 
at the LAO/STO interface, in an acoustic field induced by SAWs propagating through 
a piezoelectric material. The main difficulty in the realisation of this project was the lack 
of piezoelectricity in the LAO/STO system. Therefore, our initial effort was to 
functionalize the LAO/STO system with piezoelectricity. This could be done by three 
different methods in this particular material system; by electrostriction (Chapter 3), by 
deposition of another piezoelectric layer (Chapter 4) or by flip-chip bonding the sample 
on a strong piezoelectric substrate (Chapter 6). After the generation of SAWs and the 
coupling with the free electrons were shown by these three different approaches, some 
limitations have appeared. In Chapter 3, we observed that the crystal phase transition 
of STO at ~105 K, prevented SAW generation below that temperature. In Chapter 4, 
the LAO/STO interface conductivity was highly degraded due to the deposition of a 
PZT layer on top, which become more pronounced at low temperatures (below ~100 
K). In Chapter 6, SAW coupling to the interfacial electrons was observed down to 77 
K, far below the STO crystal phase transition temperature. Even though the results 
obtained in Chapter 6, could be considered as an important achievement, there is still 
ample room for further improvements. Below the recommendations are listed. 

Firstly, the acoustoelectric signal measured at 77 K, as shown in Figure 6.8(b), must 
be explained more thoroughly by conducting further experiments. For instance, similar 
measurements should be done in a large temperature range extending to much lower 
temperatures, such that a temperature dependent characteristic trend on acoustoelectric 
coupling can be obtained, which might explain the source of the peaks in the 
measurements. Additionally, the acoustoelectric origin of the signal must be checked by 
SAW transmission from the opposite IDT, as was also done at room temperature and 
in Chapter 3 and 4. A final recommendation is the validation of the results, by 
conducting the same experiments at the same conditions on new samples. It would also 
be beneficial to fabricate exactly the same flip-chip device either without depositing 
LAO on STO substrate or by keeping the LAO layer thickness below the critical 
thickness (4 u.c.) to induce interface conductivity. In this scenario, as there will be no 
electrons to transport, no acoustoelectric signal should be generated.  

Due to the limitations in our laboratory facilities resulting from the COVID-19 
pandemic, unlike in the Chapter 3 and 4, we were not able to conduct electrical 
characterisations for the LAO/STO interface, although Chapter 6 was planned to 
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include measurements and a comparison of the interfacial properties before and after 
the bonding process, in order to make sure that the process is not harmful for the 2DES. 
Given the measured AE signals both at room temperature and at 77 K, we assumed the 
process did not create any significant damage to the interface.  

As can be observed in all SAW transmission figures throughout the thesis, the 
transmission peaks contain strong reflection dips, which indicates that our IDT design 
used in this work is not perfect and some of the excited signals are reflected. It is highly 
recommended to improve the device design to minimize reflections of SAWs, which 
could be highly crucial in more complicated device applications where robustness of the 
signal is more critical. 

Chapter 5 can be regarded as a continuation of Chapter 3. As described earlier, 
when SAWs are excited on STO substrates, a local piezoelectricity is induced in the IDT 
region where large (50 V) dc-voltage is applied. This way the STO crystal (only the 
surface region due to the applied field direction) is polarised. By comparing our  result 
of an over 30 hours long retention time of the polarization and the literature, in which 
possible ferroelectricity in low dimensional STO single crystals is highly studied74,78,80–82 
, we think that our results could also be linked with ferroelectric behaviour. However, 
as highlighted in Chapter 5, the scope of the chapter was not on investigating 
ferroelectricity in STO. In order to investigate this further, we recommend P-E 
measurements on our samples under the same experimental conditions.  

Besides the experimental work that has been described in this thesis, there is still 
more that needs to be done for further understanding the effects of SAWs on the 
LAO/STO 2DES. Our work can be considered as a preliminary approach for the 
particular implementation of SAWs in complex-oxides. Our device was designed to 
show that when SAWs are present (near) on the LAO/STO 2DES, they couple with 
the electrons in the system. It must be noted that, when SAWs are present in a solid, 
they induce mechanical vibrations in a very controlled way at the specific SAW 
resonance frequency, with a narrow bandwidth, which can go up to GHz ranges. 
Inducing such monochromatic mechanical vibrations at very high frequencies should 
be considered as an important external manipulation tool in order to tune the functions 
of the LAO/STO 2DES. Thus the follow-up work should contain more structural and 
morphological investigations on the LAO/STO 2DES under SAW exposure. 
Moreover, it should not be limited only to LAO/STO heterostructures but can be 
extended and applied to more complex oxides. Finally, we highly encourage to find a 
possible way to make this device sufficiently functional at the temperature where 
LAO/STO becomes superconducting, such that the effect of SAW-phonons on 
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LAO/STO superconductivity can be studied. We propose that the device described in 
Chapter 6, using the flip-chip concept, has the highest potential to realise these 
recommended experiments. 
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