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Abstract 

 

Optical and Electro-Optical Phenomena in Transition Metal Oxide Thin 

Film Heterostructures 

 

John Elliott Ortmann, Jr., PhD 

The University of Texas at Austin, 2019 

 

Supervisor:  Alexander A. Demkov 

 

Beginning in the mid-20th-Century and continuing to the present day, integrated 

circuit technology has advanced at a remarkable pace. Dedicated materials research has 

been at the heart of this advancement, with materials development preceding technological 

advancement at nearly every stage. As humanity barrels onward into the 21st-Century and 

our data and computational demands grow ever larger, new computing hardware designed 

to handle increasingly difficult computational challenges is quickly becoming necessary in 

order to continue the historical breakneck pace of advancement. Just as in the early days of 

the integrated circuit, materials advancement will likely be the key to developing the next 

generation of computing hardware. 

In this thesis, I investigate two materials systems well-suited for implementation in 

next-generation optical computing technologies: transition metal oxide quantum wells and 

Pockels-active BaTiO3 thin film heterostructures. Both materials systems are promising for 

use in a wide variety of optical and electro-optical devices central to integrated photonic 

technologies, including quantum cascade lasers, photodetectors, electro-optic modulators 

and switches. 
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For the case of transition metal oxide quantum wells, I focus on the famous 

SrTiO3/LaAlO3 materials system. I first investigate the structural and optical properties of 

arbitrarily thick, high-quality SrTiO3/LaAlO3 heterostructures grown on oxide substrates. 

Then, I demonstrate the monolithic integration of these heterostructures on silicon, 

bringing them one step closer to technological relevance. Finally, I present detailed 

simulations of the optical and electro-optical performance of integrated photonic devices 

based on SrTiO3/LaAlO3 heterostructures. 

In bulk form, the transition metal oxide BaTiO3 has some of the largest known 

Pockels coefficients. However, early work suggests the coefficients are reduced by roughly 

a factor of ten when fabricated as a thin film. Here, I demonstrate the first BaTiO3-based 

integrated devices showing bulk-like Pockels coefficients. Then, I iterate on the initial 

design of the devices in order to optimize them for ultra-low-power refractive index tuning. 

The resulting devices achieve refractive index tuning with power consumption many orders 

of magnitude less than previous reports. Taken together, the investigations in this thesis 

will hopefully open the door for the development of new kinds of optical and electro-

optical devices for use in integrated photonics technologies. 
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Chapter 1: Introduction 

1.1 MATERIALS DEVELOPMENT IN COMPUTING TECHNOLOGIES 

Beginning roughly with the advent of the integrated electronic circuit in the mid-

20th Century, computing has played an ever-increasing role in our daily lives. No longer is 

computational power a luxury afforded to few. Rather, it has become a necessity in nearly 

every aspect of modern society. From banking to shopping, entertainment to navigation, 

our infrastructure has come to rely on computation in a way that would have been nearly 

unfathomable just half a century ago. 

The journey of personal computers from luxury product to central societal feature 

would not have been possible without concentrated efforts in materials development. 

Semiconductors, most notably silicon (Si) and its native oxide SiO2, form the basis of 

conventional integrated electronics. Through the development of advanced materials 

growth and processing techniques, nearly defect-free Si/SiO2 interfaces can be formed [1], 

allowing for the rapid miniaturization of Si-based metal-oxide-semiconductor field-effect 

transistors (MOSFETs; Figure 1.1a). It is this miniaturization that has driven the rapid 

increase in computing power, speed and efficiency for decades (Figure 1.1b). 

However, as MOSFETs continued to shrink, SiO2 soon became problematic as a 

gate dielectric material due to unacceptable levels of leakage current through the extremely 

thin layers required for device scaling [2]. To solve this problem, further materials 

development was necessary. An ideal gate dielectric material is one that can simultaneously 

provide a relatively large value of capacitance and excellent electrical isolation through the 

minimization of leakage current. Because both capacitance and leakage scale inversely 

with the thickness of the gate, these two requirements would at first appear to conflict with 

one another. However, the gate capacitance C is controlled by both the dielectric layer 
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thickness t and the material’s dielectric constant κ according to 𝐶 ∝
𝜅

𝑡
. Therefore, gate 

dielectric layers can be kept relatively thick (thus reducing leakage current) and high 

capacitance can be simultaneously maintained through the development of so-called “high-

κ” materials, or, those with large dielectric constants. 

 

Figure 1.1: (a) Schematic of a MOSFET device showing the source, drain, and gate 

electrodes (pink), gate dielectric layer (yellow) and semiconductor substrate 

(blue). A conductive channel can be electrically formed between the source 

and drain regions and allows the device to be switched between “off” and 

“on” states. Here, I have shown the substrate as p-type doped and the source 

and drain regions as n-type doped, but the opposite configuration is also 

possible. (b) Plot of the operating frequency (blue) and number of transistors 

(red) per microprocessor as a function of year. 

As a result of the shortcomings of SiO2 as a gate dielectric material, intense 

materials research and development efforts were launched focusing on the discovery and 

development of new high-κ dielectrics [3], [4]. Of particular interest were those materials 

which could be integrated with Si substrates for use in industrial complementary metal-

oxide-semiconductor (CMOS) processes [5], [6]. These materials research efforts came to 

fruition when Intel launched a new 45 nm technology node in 2007 in which a new 

material, hafnium dioxide (HfO2), was used as a gate dielectric [7], [8]. Ultimately, HfO2-

based devices outperformed traditional SiO2-based devices [9], [10], once again 
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demonstrating the fundamental importance of materials development in the advancement 

of computing technologies. 

Today, further scaling of integrated circuits is becoming increasingly challenging 

using conventional methodologies [11], [12]. As a result, many alternative paths toward 

faster and more efficient computing technologies are being explored, including optical 

[13], [14], quantum [15], [16], and neuromorphic [17] computing. Not surprisingly, nearly 

all alternative computing technologies currently being explored first require dedicated 

materials research efforts before they can hope to become commercially viable. 

Although many paths have been explored and many breakthroughs have occurred 

throughout the relatively short history of the microelectronics industry, all development 

has had one thing in common: materials development precedes technological development. 

Therefore, as we enter a time of uncertainty, with the end of Moore’s Law in sight [18], 

[19] and copper interconnects reaching their fundamental limits [20], materials 

development is more important than ever to continue driving computing technologies 

forward. In this thesis, I explore the development of a specific type of promising materials: 

transition metal oxide (TMO) thin films. These explorations follow not only a path of 

intellectual curiosity, but also seek to relate the novel phenomena observed in TMO thin 

films and heterostructures to their practical potential for use in next-generation computing 

hardware. At the end, I provide a roadmap for bridging the gap between materials 

development and technological development and offer specific examples in which TMO 

thin films and thin film heterostructures may find use in novel technologies. 

1.2 TRANSITION METAL OXIDES AND THEIR THIN FILM HETEROSTRUCTURES 

Transition metals are a class of metallic elements corresponding approximately to 

those found in Groups 3 through 12 of the periodic table (Figure 1.2). These elements are 
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characterized by a partially filled d shell and, in contrast to most other elements in the 

periodic table, can often display several stable valence states. In practice, the lanthanide 

and actinide metals are also typically considered transition metals, although these elements 

have a fully occupied d shell and a partially filled f shell. 

 

Figure 1.2: Periodic table of the elements, showing the d-shell transition metals (blue), 

lanthanides (red) and actinides (green). Oxides of these elements will be the 

primary focus of this thesis. 

Transition metal oxides (TMOs) are formed through the bonding of one or more 

transition metals with oxygen. The phenomenon of variable valence in transition metals 

allows for the formation of a huge array of different TMOs with a wide variety of different 

electronic configurations. In the bonding process, the s electrons of the transition metal or 

metals are transferred to oxygen, leaving the partially occupied outer d shell (or, in the case 

of the lanthanides and actinides, f shell) of the transition metals as the highest occupied 

electronic states. It is these highly correlated outer electrons that determine the properties 
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of the TMO. In this context, “highly correlated” means the behavior of a given electron 

depends sensitively on its interactions with other electrons within the system. 

The nontrivial correlation effects between the outer electrons of TMOs result in a 

plethora of interesting electronic, magnetic, structural, and optical phenomena in these 

materials [21]. Behaviors such as metal-insulator transitions [22], superconductivity [23]–

[25], multiferroicity [26], [27], ultra-fast structural phase transitions [28], and large optical 

nonlinearities [29], to name a few, have all been observed in TMOs. 

When fabricated in the form of thin films, TMOs display an even wider array of 

electronic, magnetic, structural and optical properties, many of which have no bulk 

analogues [30], [31]. This is because thin films offer extra degrees of freedom in tuning 

materials properties due to their reduced dimensionality and the potential to form thin film 

heterostructures by stacking several distinct materials. The fabrication of thin film 

heterostructures can often artificially alter or break crystalline symmetry [32]–[35], leading 

to the observation of emergent phenomena not present in bulk materials. TMO thin films 

heterostructures have shown phenomena as diverse and unexpected as interfacial 

superconductivity between two insulators [36]–[39], interfacial magnetism between 

materials that are non-magnetic in bulk form [38]–[43], and strong polarization 

enhancement through the layering of nominally non-ferroelectric materials with traditional 

ferroelectrics [44]. It is this wealth of diverse phenomena that make TMO thin film 

heterostructures fascinating both from the point of view of fundamental physics and for the 

development of novel technology. 

1.3 THE WORK IN THIS THESIS 

In this thesis, I investigate a particular class of TMO materials with a characteristic 

chemical formula, ABO3, where A and B are both metallic elements with at least one 
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coming from the transition metals. Such TMOs are part of a materials family known as the 

perovskites. In addition to a common chemical formula, many ABO3-type perovskites share 

a common crystal structure (Fig. 1.3a). This common crystal structure allows for epitaxial 

integration between different TMO perovskites with typically small mismatches in lattice 

parameters (Fig. 1.3b) and facilitates the fabrication of a multitude of possible TMO 

perovskite thin film heterostructures. 

 

Figure 1.3: (a) Cubic crystal structure of 

ABO3 perovskites. Green spheres represent 

A-site cations, blue spheres represent B-site 

cations and red spheres represent oxygen. 

Schematic made using VESTA software 

[45] (b) Lattice parameters of several 

common ABO3 perovskite materials. 

Lattice constants referenced from [46] and 

[47]. 

Most of the work in this thesis 

focuses on two distinct perovskite device 

structures: TMO quantum wells (QWs) and 

TMO heterostructures displaying the 

Pockels effect, a nonlinear optical effect 

resulting in the change of a material’s 

refractive index under the application of an 

electric field. Both QWs and Pockels-active materials have a wide range of potential 

technological applications, including electro-optic modulators and switches [48]–[51], 

lasers [52] and other light sources [53], photodetectors [54], [55], optical memories [56], 

and neuromorphic computing [57]. 
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The rest of this thesis is organized as follows. Chapter 2 provides an overview of 

the primary experimental techniques used to carry out this research. Here, I focus on the 

fundamental techniques found at every stage of this research and leave the explanations of 

more specialized methods to the relevant chapters in which they first appear. Chapter 3 

details systematic structural investigations of TMO QW heterostructures grown epitaxially 

on oxide substrates. Chapter 4 discusses the optical properties of the TMO QW 

heterostructures structurally characterized in Chapter 3. In Chapter 5, I describe the 

monolithic integration of the TMO QW heterostructures from Chapters 3 and 4 on Si. The 

integration of these structures on Si is an important milestone toward their use in practical 

technologies. Chapter 6 presents simulation efforts pertaining to the incorporation of TMO 

QWs into integrated photonics technologies and discusses the potential electro-optic 

operation of such devices. Chapter 7 details the experimental testing of integrated photonic 

devices based on the Pockels effect in BaTiO3 (BTO). Finally, Chapter 8 summarizes the 

work in this thesis, provides an outlook for TMO-based integrated devices and hardware, 

and presents a roadmap for bridging the gap between materials development and 

technological development. 
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Chapter 2: Experimental Methods 

In this chapter, I discuss the primary experimental techniques used for the 

fabrication and characterization of TMO thin film heterostructures throughout this thesis. 

This is not an exhaustive list of the methodologies employed in the undertaking of this 

research. However, these techniques are used at virtually every stage of this research and 

therefore form the foundation of the experimental work. Where more specialized methods 

are used, they will be noted and discussed in the relevant chapter. 

2.1 MOLECULAR BEAM EPITAXY 

Molecular beam epitaxy (MBE) has been described as the “gold standard” 

experimental technique for the fabrication of thin films and thin film heterostructures [1]. 

Originally developed for the precise deposition of crystalline semiconductors [2], 

traditional MBE is conducted by evaporating or sublimating metallic or semiconducting 

elements or compounds under ultra-high vacuum (UHV) conditions. Because the mean-

free path of the evaporated materials is much longer in UHV than the source-to-sample 

distance within an MBE chamber, the evaporated materials form an atomic or molecular 

“beam” that impinges on the surface of a (typically crystalline) substrate (Figure 2.1), 

ideally resulting in epitaxial growth of the deposited material. The substrate is often kept 

at an elevated temperature in order to facilitate solid-state reactions between the evaporated 

material and the substrate. The slow growth rates and high-purity environment of an MBE 

chamber allow for layer-by-layer growth of thin films and offer precise control over 

stoichiometric and geometric features of the films or heterostructures, including the 

potential to realize atomically-sharp interfaces. 
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Figure 2.1: Generalized schematic of 

an oxide MBE chamber for the 

growth of ABO3-type perovskites. 

Metallic sources for A and B species 

are shown in green and blue, 

respectively, and an oxygen source is 

shown in red. The RHEED gun (light 

pink) and phosphor RHEED screen 

(light green) are also shown with the 

electron beam (pink) incident on the 

substrate (yellow). 

For the growth of oxide thin 

films, traditional MBE can be 

modified through the addition of an 

oxidant source to form oxide MBE [1], [3], [4]. The oxidant source is often chosen to be 

molecular oxygen [5]–[12], although purified ozone [13]–[16] and oxygen plasma [17]–

[21] sources have also been developed to aid in the oxidation of difficult-to-oxidize 

materials such as bismuth, lead, and copper. The principle of oxide MBE is nearly identical 

to traditional semiconductor MBE, with a few important caveats. First, the pressure 

induced in the MBE chamber by the oxidizing species must be kept reasonably low such 

as to ensure the maintenance of a long mean-free path within the MBE chamber. The 

scattering of the oxidizing species from the substrate will result in an elevation of 

background pressure within the MBE. This background pressure should ideally be kept 

below 1 × 10-5 Torr, although the exact threshold pressure will depend somewhat on MBE 

geometry [1]. As a second and related consideration, supplemental vacuum pumping is 

typically required in oxide MBE systems as compared to traditional MBE systems in order 

to handle the additional gas flow from the oxidant. Finally, care must be maintained when 

operating the reflection high-energy electron diffraction (RHEED) gun in the presence of 
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an oxidizing species as the filament can burn out in environments other than UHV. 

RHEED will be described in more detail in the following section. 

In the Materials Physics Laboratory at the University of Texas, our oxide MBE 

system (Figure 2.2) features ten metal sources, molecular oxygen and oxygen plasma 

oxidation sources, and both molecular nitrogen and nitrogen plasma sources for the growth 

of nitrides. Of the ten metal sources, six are evaporated using effusion cells while the other 

four are evaporated via an electron beam evaporator. Effusion cells (Figure 2.3) operate 

using resistive heating elements wrapped around a crucible containing the source metal. 

The heating of the source crucible results in evaporation of the source metal with the 

evaporation rate controlled via the temperature to which the crucible is heated. For metals 

with high melting points, effusion cell evaporation is often not feasible and electron beam 

evaporation is used instead in which a beam of accelerated electrons is focused into a 

crucible containing a source metal. The electrons deposit their energy into the source metal 

and subsequently heat it, resulting in its evaporation. Examples of metal commonly used 

in the electron beam evaporator in our lab include cobalt, niobium and platinum. 
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Figure 2.2: Photographs of the MBE in the Materials Physics Laboratory at the 

University of Texas at Austin on which much of the materials synthesis 

work in this thesis was performed. The locations of the constituent 

components of the MBE system have been noted in the images. 

Tight control of sample stoichiometry is necessary for the fabrication of high-

quality TMO thin films and thin film heterostructures. For the case of ABO3 perovskites, 

the greatest stoichiometric consideration is given to the A:B cation ratio [22], [23], which 

should ideally be 1:1. This ratio is controlled by the relative evaporation rates of the A and 

B metallic sources, necessitating a method for measuring these evaporation rates. In our 

system, measurement of atomic fluxes is accomplished via a quartz crystal monitor (QCM). 

The QCM uses a quartz resonator operated at high frequency to measure the thickness of a 

deposited material. By averaging the QCM’s thickness measurements over time, one can 

derive the deposition rate of a given metal and thereby exercise control over the 
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stoichiometry of a target growth 

compound. The deposition rates in our 

oxide MBE are typically calibrated to 

coincide with approximately one 

monolayer (ML) per minute. 

Figure 2.3: Photograph of an effusion 

cell used for metal source evaporation in 

MBE. The coiled resistive heating 

element can be seen inside the effusion 

cell opening. Note the crucible is absent 

in this photograph. 

For epitaxial deposition, the thickness corresponding to one ML of a given metal 

depends on the two-dimensional atomic density of the substrate material. Specifically, the 

typical one-to-one correspondence between deposited atoms and the surface atoms of the 

substrate necessitate the deposited material and the substrate to have the same two-

dimensional atomic density. Because the two-dimensional atomic density n2D is given by  

𝑛2𝐷 =
𝜌𝑁𝐴𝑡

𝑀
, (2.1) 

where ρ is the density of the deposited metal, NA is Avogadro’s number, t is the ML 

thickness and M is the deposited metal’s atomic weight, n2D depends on the metallic species 

being evaporated. By using the two-dimensional density of the substrate material as an 

input, the ML thickness of a given deposited metal can be calculated using Equation (2.1). 

For the growth of ABO3 perovskites, ensuring evaporation rates are tuned such that one 

ML of both A and B species are deposited over equal times will result in the formation of 

a stoichiometric film (assuming equal sticking coefficients between A and B metallic 

species). 
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2.2 REFLECTION HIGH-ENERGY ELECTRON DIFFRACTION 

While QCM measurements provide a convenient means for calibrating metallic 

evaporation rates before thin film growth begins, in practice, it is helpful to also have a 

method for monitoring the progress of film growth in real time. Although many methods 

have been developed for the real-time monitoring of thin film growth [24]–[27], perhaps 

none are as widely used as RHEED [28]. RHEED is a surface-sensitive electron diffraction 

technique that can be used to monitor the morphology and crystalline symmetry of the thin 

film surface during growth. High-energy electrons (typically between 10 and 30 keV) are 

accelerated toward the sample surface at a glancing angle. After diffracting from the 

sample surface, the electrons impinge on a phosphor screen and the resulting pattern can 

be imaged using a camera (Figure 2.1). The surface sensitivity of RHEED stems in large 

part from the glancing angle of incidence of the electron beam. 

To a good approximation, the surface diffraction of electrons can be described using 

the kinematic theory of diffraction [28]. That is, the transfer of energy from the imaging 

electron beam to the sample surface is assumed to be negligible, allowing us to invoke the 

conservation of momentum and energy between the incoming electron beam and the 

outgoing electron beam that is incident on the phosphor screen. Although in reality there 

is some inelastic scattering of electrons from the sample surface, these electrons can be 

filtered out from the final RHEED pattern in principle [29] and can be generally ignored in 

the analysis of the resulting RHEED pattern. Only electrons satisfying the diffraction 

condition 

𝑘′⃗⃗  ⃗ − 𝑘0⃗⃗⃗⃗ = 𝐺 (2.2) 

interfere constructively with one another after interacting with the sample surface, where 

𝑘′⃗⃗  ⃗, 𝑘0⃗⃗⃗⃗ , and 𝐺  are the incoming electron wave vector, outgoing electron wave vector and 

sample reciprocal lattice vector, respectively. Therefore, for a fixed incoming electron 
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wave vector, we see that only specific, high-symmetry directions of the sample surface 

(corresponding to reciprocal lattice vectors) result in constructive interference and a 

corresponding high-intensity RHEED pattern. These high-symmetry directions correspond 

to intersections of the sample’s reciprocal lattice vectors with the Ewald sphere, as 

described in detail in [28] and [30]. 

 

Figure 2.4: The RHEED patterns characteristic of a polycrystalline film (a), showing 

circular patterns of electron intensity, and a crystalline film (b), showing 

clear diffraction streaks. For an amorphous film, the RHEED image is 

without pattern and shows simply a strong background intensity. 

By studying the RHEED pattern from a film, one can learn many things, both 

quantitative and qualitative, about the film’s surface. For one thing, one can determine 

whether the surface is crystalline, polycrystalline or amorphous (Figure 2.4), as each of 

these morphologies results in specific RHEED characteristics. Furthermore, one can 

measure the in-plane lattice parameters of a crystalline film’s surface by measuring the 

distance between streaks in the RHEED pattern. This method has been used to measure the 

structural relaxation of TMO thin films in real time during film growth [31]. Although a 

formula for the RHEED streak spacing can be derived as a function of crystalline lattice 

parameters, unknown geometric quantities (e.g., angle of incidence) in a real RHEED 

system can make such calculations impractical. However, by comparing the streak spacing 
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of a sample with a known lattice constant to the streak spacing in a film, one can extract 

the lattice constant of the film without reference to the RHEED system’s uncertain 

geometric quantities [12]. 

2.3 X-RAY DIFFRACTION 

X-Ray diffraction (XRD) is a ubiquitous and powerful technique for the 

characterization of solids. In particular, XRD can provide information on a plethora of 

properties of crystalline solids, including crystalline thin films, such as in- and out-of-plane 

lattice constants, crystalline quality, film thickness, and preferred crystalline orientations 

[32], [33]. It is an important complementary technique to RHEED, as it provides 

information on the volume of the system under study rather than only on the system’s 

surface. 

As its name implies, a specific diffraction condition is at the heart of XRD. That 

condition, named “Bragg’s Law” after the surname of the father-son duo who discovered 

it in the early 20th Century [34], simply and elegantly relates the wavelength 𝜆 and 

incidence angle θ of incoming X-rays to the distance between atomic planes in a periodic 

crystal d according to  

2𝑑 sin 𝜃 = 𝑛𝜆, (2.3) 

where n is an integer called the diffraction order. The lattice plane distance d is commonly 

referred to as the lattice parameter. 

While it is convenient to describe RHEED in terms of the thin film’s reciprocal 

lattice, the description of Bragg’s Law can easily be given in real space. The key realization 

from Bragg and Bragg is that the difference in the path lengths between X-rays that reflect 

from different depths within a crystal must equal an integer number of wavelengths in order 

for constructive interference to occur. Geometrically, one can see (Figure 2.5) that the 
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difference in the path lengths between parallel beams is given by the left-hand side of the 

diffraction condition in Equation (2.3). The right-hand side, meanwhile, enforces the 

condition of this path length difference being equal to an integer number of wavelengths. 

 

Figure 2.5: Atomic-scale 

schematic showing the path 

length difference between X-rays 

reflected from successive atomic 

planes of a crystalline lattice. 

The total path length difference, 

represented by the light red lines, 

can be seen to equal 2𝑑 sin 𝜃, in 

agreement with Equation (2.3). 

The formulation of Bragg’s Law in terms of incidence angle implies the use of a 

certain experimental geometry in which the X-ray source is rotated. Such an experimental 

apparatus is called an X-ray diffractometer. In practice, both the X-ray source and detector 

are often rotated simultaneously in order to map out a series of incidence angles. This is 

the procedure for a so-called θ-2θ scan. A characteristic spectrum resulting from a θ-2θ 

scan features several distinct, sharp peaks corresponding to reflections from different 

lattice planes (Figure 2.6). From the incidence angles at which these peaks occur, Equation 

(2.3) can be used to calculate the corresponding lattice parameters. 
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Figure 2.6: Out-of-plane XRD spectrum of an 80 nm BaTiO3 (BTO) film on a Si 

substrate. Four BTO peaks and one peak from the Si substrate can be seen. 

In addition to θ-2θ scans, several other experimental geometries are also possible. 

These include so-called 𝜙-2θχ scans, in which the detector and X-ray source are rotated in 

the plane of the thin film [33]. In analogy with θ-2θ scans, such a measurement provides 

information on the in-plane lattice parameters. Especially in the case of thin films, the in-

plane lattice parameters may be notably different from the out-of-plane parameters and 

may furthermore be a function of substrate choice, film thickness, and stoichiometry. 

Additionally, so-called 𝜔 scans are commonly employed (also known as “rocking curves”). 

These scans are performed by fixing the positions of the X-ray source and detector and 

rocking the angle of the sample slightly. A rocking curve measurement provides 

information on the uniformity and crystalline quality of the sample, as slight 

misorientations between crystalline domains will broaden the rocking curve. While this is 

not an exhaustive list of possible XRD measurements, the measurements listed here 
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provide the basis for the bulk of the XRD measurements presented in this thesis. For a nice 

overview of XRD techniques for thin film characterization, see [33]. 

2.4 TRANSMISSION ELECTRON MICROSCOPY 

Transmission electron microscopy (TEM) is an experimental technique for locally 

imaging the atomic structure of a material. Just as XRD offers a nice complement to 

RHEED measurements, TEM offers a nice complement to XRD measurements. That is 

because TEM is a local technique, offering a detailed view of a small portion of the sample 

under study, while XRD is a global technique that averages over a large portion of the 

sample (roughly, the X-ray spot size on the sample times the sample thickness). Especially 

in the study of crystalline thin films, local measurements such as TEM can provide 

extremely valuable information on the local, nm-scale properties of matter. 

A transmission electron microscope (I will also abbreviate the microscope itself as 

“TEM”; the context in which the acronym is used should provide clarity) uses high-energy 

electrons (typically 100 to 400 keV) to image the local atomic structure of a sample under 

study [35]. At such high energies, electrons have a de Broglie wavelength of approximately 

4 pm, significantly smaller than an atom’s diameter [35]. This small wavelength allows for 

excellent spatial resolution of TEM as compared to optical microscopy. In reality, the 

theoretical wavelength-limited resolution of TEM is not reached due to deficiencies in 

electron lenses. Nevertheless, the resolution of TEM still significantly outperforms many 

other imaging techniques and TEM has therefore become an indispensable part of thin film 

research. 

TEM works by transmitting a beam of high-energy electrons through a thin sample 

and collecting the scattered electrons using a (typically circular) detector (Figure 2.7). The 

detector collects scattered electrons over some finite solid angle dΩ corresponding to an 
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electron scattering cross-section d𝜎 dΩ⁄ . As the beam of focused, high-energy electrons is 

scanned across the sample, the intensity of the scattered electron beam changes, 

corresponding to local changes of the sample’s atomic structure. From this change of 

scattered intensity, an atomic-scale image of the sample can be reconstructed. 

 

Figure 2.7: Schematic of the 

experimental geometry of TEM. 

An incident electron beam (red) is 

accelerated toward a thin sample 

(blue). Some of the beam travels 

directly through the sample while 

some of the beam is scattered 

(forwards and backwards). Some of 

the forward scattered electrons are 

collected by a circular detector 

(green) encompassing a solid angle 

dΩ. 

Assuming an elastic 

Coulomb interaction between the 

imaging electron beam and the sample, the differential elastic cross section can be 

computed as 

d𝜎𝑒𝑙
dΩ

∝
𝑍2

(sin2 𝜃 2⁄ + 𝛼)
2 , (2.4) 

where Z is the atomic number of the interacting atom in the sample, θ is the scattering angle 

of the electron beam and α is a screening factor that takes into account the outer electrons 

of the interacting atom in the sample [36]. The proportionality constants in Equation (2.4) 

are related to the electron beam energy and the fundamental constants of the electron. An 

important consequence of Equation (2.4) is that the intensity of the elastically scattered 

electron beam is proportional to the square of the atomic number of the scatterer Z. As a 
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result, TEM can distinguish between lighter and heavier atoms present in a sample (Figure 

2.8). This makes TEM an especially powerful technique for the study of TMO thin film 

heterostructures where multiple materials with different constituent atoms are layered in a 

(hopefully) well-defined sequence. 

 

Figure 2.8: TEM image of a SrTiO3/LaAlO3 (STO/LAO) heterostructure. The LAO 

region is brighter due to the higher atomic number of La as compared to Sr 

(ZLa = 57, ZSr = 38). 
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Chapter 3: Structural Properties of Ultra-Thick SrTiO3/LaAlO3 

Quantum Well Heterostructures 

3.1 INTRODUCTION TO THE SRTIO3/LAALO3 MATERIALS SYSTEM1 

In Section 1.2 of this thesis, I briefly discussed the wide range of emergent states 

that have been observed in TMO thin film heterostructures. Perhaps nowhere is the 

phenomenon of emergence in TMO thin film heterostructures more neatly embodied than 

in the SrTiO3/LaAlO3 (STO/LAO) system. STO and LAO are both band insulating 

materials with band gaps of approximately 3.3 eV and 5.6 eV, respectively [1], [2]. 

However, in 2004, Ohtomo and Hwang reported the surprising observation of a high-

mobility two-dimensional electron gas at the interface of these two insulating materials [3]. 

Since that landmark discovery, hundreds, if not thousands, of reports have been published 

in an attempt to elucidate the underlying mechanisms responsible for this surprising 

phenomenon (a few examples are given by [4]–[12]). 

Besides an interest in fundamental physics, much of the literature on the STO/LAO 

system has focused on its use in next-generation electronic devices [13]–[16]. The high 

charge densities and extremely thin materials stacks that will be required for next-

generation transistors are challenges that oxides appear uniquely suited to solve. In 

particular, the STO/LAO interface has been reported to sustain a planar charge density an 

order of magnitude greater than that which is typically found in traditional Si-based 

transistors [3], [16]. 

But while the STO/LAO system shows great promise for electronics, the scientific 

community had overlooked another technologically useful feature of this famous materials 

system until quite recently. In 2015, Choi et al. measured a huge conduction band offset of 

                                                 
1 Material in this chapter based on J. E. Ortmann, A. B. Posadas, and A. A. Demkov, J. Appl. Phys., vol. 

124, no. 1, p. 015301, Jul. 2018 and J. E. Ortmann, N. Nookala, Q. He, L. Gao, C. Lin, A. B. Posadas, A. 

Y. Borisevich, M. A. Belkin, and A. A. Demkov, ACS Nano, vol. 12, no. 8, pp. 7682–7689, Aug. 2018. 
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2.34 eV between STO and LAO [17]. In other words, besides hosting a high-density, high-

mobility two-dimensional gas at the interface, the STO/LAO system can also be described 

as an exceptionally deep quantum well (Figure 3.1). Quantum wells (QWs) offer immense 

potential to engineer a plethora of electrical, optical, and electro-optical devices [18]–[25]. 

The study of novel, and possibly greatly improved, next-generation QW devices is 

therefore a subject of significant research interest. Such devices typically rely on the optical 

and/or electrical modulation of charge carriers between confined states for operation. 

Generally speaking, the operating energy range of a QW device (e.g., the output 

wavelength of a quantum cascade laser) is related to the band offset in the materials system, 

with a larger band offset implying a larger operating energy range. 

Figure 3.1: 

Generalized sample 

schematic (left) and 

corresponding band 

structure (right). Four 

electronic wave 

functions calculated 

with a Poisson-

Schrödinger solver are 

plotted in the band 

profile. 

For many years, GaAs/AlGaAs has been the materials system of choice for QW 

devices due to the high quality with which these materials can be fabricated by MBE [26]. 

However, the maximum conduction band offset in this system is significantly less than 

1 eV [27], seriously limiting the operating energy range of devices constructed from the 

GaAs/AlGaAs materials system. With the advent of and recent progress in oxide MBE, the 

STO/LAO system seems to be a prime contender for use in next-generation QW devices 

with an extended operating energy range relative to traditional GaAs-based QW devices. 
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However, before such devices can hope to compete with traditional QW devices, it is first 

critical to perfect the growth of high-quality STO/LAO QW heterostructures. 

Many fundamental issues render the growth of STO/LAO QW heterostructures 

particularly challenging. Significant structural distortions have consistently been reported 

at the STO/LAO interfaces, complicating the growth of thick heterostructures [28]. 

Because many QW devices require relatively thick heterostructures for their construction 

[21], [23], the problem of growth must be overcome before the STO/LAO system can 

become useful in QW devices. In this chapter, I detail my structural characterizations of 

arbitrarily thick STO/LAO QW heterostructures and present evidence for thickness-

independent material quality of STO/LAO heterostructures fabricated with MBE, in 

contrast to previous reports of the STO/LAO system. 

3.2 SURFACE CHARACTERIZATION 

The maintenance of a consistent, high-quality crystalline surface is critical for the 

successful epitaxial fabrication of TMO heterostructures. When employing a layer-by-

layer growth method such as MBE, what is currently the “surface” at any given point during 

sample growth quickly becomes the “substrate” as additional material is deposited. When 

depositing TMOs on a rough or disordered surface, the resulting film would also be 

expected to be rough or disordered. Such disorder can become compounded over time, 

leading to the thickness-dependent degradation of crystalline quality [28]. 

 As described in Section 2.2, RHEED offers a convenient method for monitoring 

surface quality in situ. During the deposition of STO/LAO QW heterostructures (described 

in detail in [29]), RHEED was employed to observe the surface at various stages throughout 

growth (Figure 3.2) [29]. Qualitatively, a relatively smooth, crystalline surface was 
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observed regardless of heterostructure thickness. No thickness-dependent degradation of 

crystalline quality was apparent by observing the RHEED signal. 

 

Figure 3.2: Thickness-dependent RHEED images of the surface of an STO/LAO QW 

heterostructure taken along the LAO 〈100〉 azimuth. The total number of 

well/barrier periods is indicated above each panel. The RHEED images are 

overlaid with integrated intensity maps that enable the calculation of the in-

plane lattice constant by comparing the peak-to-peak spacing with that 

measured for the LAO substrate. The substrate in-plane lattice constant is 

taken to be 3.8 Å. 

In addition to qualitative observations of the crystalline surface, the in-plane lattice 

constant was also measured by RHEED at various stages of heterostructure growth. 

RHEED images were analyzed by integrating the observed electron intensities along the 

vertical direction and counting the pixels between integrated intensity peaks. By measuring 

the peak-to-peak spacing at various stages of growth and comparing to the peak-to-peak 

spacing from a substrate of a known lattice constant, the average in-plane lattice constant 

can be computed. In this way, I extracted an in-plane lattice constant of 3.8 ± 0.1 Å 

independent of sample thickness, in nice agreement with the bulk LAO lattice constant 

[30]. 

Because the heterostructures are grown on LAO substrates, unrelaxed 

heterostructures would be expected to be strained to the in-plane LAO lattice constant. The 

observation of a thickness-independent in-plane lattice constant indicates the crystalline 

lattice of the heterostructure does not substantially relax as thickness is increased. This 
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phenomenon is likely due in part to the heterostructure design in which strained STO wells 

are interspersed with nominally unstrained LAO barriers. It is possible the unstrained LAO 

barriers structurally reinforce the STO wells and keep them from relaxing. The rapid 

relaxation of strained STO, especially at high growth temperatures, has been previously 

measured by RHEED [31]. 

The apparent lack of a fundamental mechanism limiting the total thickness to which 

STO/LAO QW heterostructures can be grown has important implications for device 

fabrication. Materials systems that cannot be easily grown in thick, complex layered 

structures present challenges for device fabrication. One example of such a system can be 

found in InGaN/GaN QWs [32]. Despite a widely tunable band discontinuity, the 12% 

lattice mismatch between InN and GaN severely complicates the growth of thick, high-

quality QW heterostructures from this materials system [33]. While creative fabrication 

techniques have been developed to circumvent this problem to a degree [33], [34], the 

relative ease with which thick STO/LAO QW heterostructures can be fabricated should be 

seen as an advantage favoring the TMO system. 

3.3 X-RAY CHARACTERIZATION 

Out-of-plane θ-2θ XRD scans provide additional information on the crystalline 

structure of the STO/LAO QW heterostructures. Clear superlattice peaks can be observed 

throughout the entire spectra of the measured samples (Figure 3.3). The observation of 

clear superlattice peaks in out-of-plane XRD spectra is in agreement with previous studies 

of short-period oxide heterostructures [35]–[38] and is an indicator of the high crystalline 

quality of the heterostructures. 
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Figure 3.3: Out-of-

plane θ-2θ XRD 

scan of a four and 

six unit cell (u.c.)-

well STO/LAO 

QW 

heterostructure. 

Superlattice peaks 

can be clearly 

observed 

throughout the 

spectra. 

Superlattice peaks result from the additional, long-range periodicity arising from 

the layering of distinct materials (here, STO and LAO). The spacing between adjacent 

superlattice peaks is governed by Bragg’s Law and is indicative of the period length L of 

the heterostructure, defined as the thickness of one LAO barrier plus the thickness of one 

STO well. From the spectra, the period length can be calculated according to 

𝐿 =
∆𝑛 ∙ 𝜆

2|∆ sin 𝜃|
, (3.1) 

where Δn is the change in order number between two superlattice peaks and Δsin(θ) is the 

corresponding change in the sine of the Bragg angle between the same two superlattice 

peaks. 

Applying Equation (3.1) between adjacent superlattice peaks, the average period 

length can be tracked as a function of total heterostructure thickness (Figure 3.4). Although 

the measured period lengths of both the four and six unit cell-well samples deviate 

somewhat from the nominal period lengths, the calculated period lengths are constant as a 

function of sample thickness. The observation of thickness-independent period lengths 

agrees with the conclusion drawn from RHEED measurements of a lack of substantial 

lattice relaxation in the heterostructures. Additionally, the results of Figure 3.4 suggest the 

STO/LAO QW heterostructures are relatively robust to thermal cycling, as the samples 
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were repeatedly heated to 800 °C for growth and subsequently cooled to room temperature 

for ex situ XRD measurements. 

Figure 3.4: Average 

period length calculated 

from θ-2θ XRD scans as 

a function of total 

number of periods. The 

nominal period lengths 

of the two samples are 

plotted as dashed and 

dotted lines for 

comparison. Error bars 

are standard deviations 

of period length 

calculated from 

averaging over many 

adjacent superlattice 

peaks. 

Reciprocal space mapping (RSM) carried out on both four and six unit cell-well 

samples (Figure 3.5) helps elucidate the in-plane lattice structure of the STO/LAO QW 

heterostructures. RSM is an XRD technique in which both the in- and out-of-plane source-

to-sample and sample-to-detector angles are varied simultaneously, typically in a grid-like 

pattern [39]. As the name implies, this method allows one to map out a region of reciprocal 

space and, in the process, gather information on both the in- and out-of-plane 

characteristics of the crystalline lattice. 

The superlattice peaks visible in the θ-2θ scan of Figure 3.3 can also be seen in the 

RSMs. As expected, the peaks occur at different points in the out-of-plane direction of 

reciprocal space, corresponding to additional periodicity in the out-of-plane direction of 

the sample. Notably, the in-plane reciprocal lattice vectors of the two samples are slightly 

different, as indicated by the blue and red dotted lines in Figure 3.5. An average in-plane 
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lattice constant of 3.83 Å was calculated for the four unit cell-well sample while an average 

in-plane lattice constant of 3.85 Å was calculated for the six unit cell-well sample. Both of 

these in-plane lattice constants are somewhat relaxed relative to the in-plane lattice 

constant of the LAO substrate (approximately 3.79 Å). Not surprisingly, the six unit cell-

well sample shows slightly more relaxation relative to the four unit cell-well sample, owing 

to the propensity of strained STO to relax quite rapidly [31]. The observation of slight 

lattice relaxation in our STO/LAO QW heterostructures shows that, while high crystalline 

quality can be maintained even in very thick samples, relaxation of the STO wells is likely 

to become an issue if the STO wells are grown thick. 

 

Figure 3.5: RSM of a 40-period four 

and six unit cell-well STO/LAO QW 

heterostructure. Color mapping is 

given by log10 of X-ray intensity. The 

dotted lines indicate the average in-

plane lattice constant of the two 

samples. 

Rocking curves were also 

collected using the same QW 

heterostructures characterized by RSM 

and discussed above. The full-width at 

half maximum (FWHM, Δω) of the 

four unit cell-well sample’s rocking 

curve was determined to be 0.084° by 

fitting the data to a Lorentzian curve 

(Figure 3.6a). As mentioned briefly in Section 2.3, the FWHM of the rocking curve is an 

indicator of crystalline quality, with narrower rocking curves indicating a greater 
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uniformity of the underlying crystalline lattice [40]. Notably, the rocking curve of the four 

unit cell-well sample is even narrower than some bare STO films [41], [42], further 

confirming the exceptional crystalline quality of the sample. 

 

Figure 3.6: Rocking curves centered 

around the 0th-order LAO (002) 

superlattice peak of (a) four unit cell-

well and (b) six unit cell-well STO/LAO 

QW heterostructures. The dashed lines 

represent Lorentzian fits to the data. 

The rocking curve of the six unit 

cell-well sample is noticeably different 

from that of the four unit cell-well sample 

in that it features a double peak (Figure 

3.6b). The double peak, or “twinning” of 

the sample, is due to the existence of twin 

domains in the LAO substrate. Twin 

domains are commonly observed in bulk 

LAO [43]–[45]. The twinning of the QW 

heterostructure results from the epitaxial relationship between the sample and the substrate 

and indicates the strict maintenance of such a relationship throughout sample growth. Due 

to the twinning, the rocking curve of the six unit cell-well sample was fit with a double 

Lorentzian, yielding a total FWHM of 0.172°. Each of the twin domains in the six unit cell-

well sample contributes roughly 0.086° to the rocking curve, suggesting a consistent 

crystalline quality between the four and six unit cell-well samples. 
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Thickness-dependent X-ray reflectivity (XRR) measurements were also performed 

on both four and six unit cell-well QW heterostructures (Figure 3.7). XRR is a powerful 

X-ray measurement technique uniquely suited for extracting thin film parameters. XRR 

spectra are collected by guiding X-rays to the sample surface at a grazing angle of 

incidence. Just like the out-of-plane XRD scans described above and in Section 2.3, XRR 

spectra are collected using the θ-2θ diffractometer geometry. For small incidence angles θ, 

the X-rays are reflected from the sample surface and do not penetrate substantially into the 

film [46]. As θ is increased, X-rays begin to penetrate into the sample where they refract 

from any interfaces, such as the film/substrate interface or the interface between adjacent 

films in a heterostructure. These refracted X-rays interfere with X-rays reflected from the 

sample surface leading to the appearance of an interference pattern in XRR spectra known 

as Kiessig fringes [47]. The spacing of the Kiessig fringes yields information on the sample 

thickness. In addition, XRR allows for the extraction of the film density and surface and 

interfacial roughness. These quantities are typically extracted by fitting the collected XRR 

spectra to a model, a point I return to in more detail below. 
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Figure 3.7: Thickness-dependent XRR spectra of (a) four unit cell-well and (b) six unit 

cell-well STO/LAO QW heterostructures. The spectra have been offset 

vertically for clarity. Inset: XRR spectrum of 20-period, four unit cell-well 

STO/LAO QW heterostructure taken out to 2θ = 5.0°. 

The thickness-dependent XRR spectra of Figure 3.7 are plotted together for 

comparison and have been offset for clarity. As expected, the frequency of the Kiessig 

oscillations roughly doubles with a doubling of the number of QW periods. In addition to 

clear Kiessig fringes, the XRR spectra also show large Bragg peaks. The occurrence of 

these peaks in the XRR spectra is a result of the periodic modulation of the electron density 

along the direction normal to the sample surface, in agreement with the nominal sample 

design and the previous X-ray characterization. 
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The XRR spectra of Figure 3.7 have all been fit using GenX software [48] in order 

to extract the materials properties of the heterostructures. By employing the relations 

between materials properties and XRR spectra laid out in [46], [49] and [50], the layer 

thicknesses and interfacial roughness were extracted using the sample geometry (layer 

ordering, materials compositions, etc.) as input in GenX. An example fit is shown in Figure 

3.8. 

 

Figure 3.8: XRR spectrum of 10-

period, four unit cell-well 

STO/LAO QW heterostructure 

with fit. 

From the fitting, I 

extracted the thickness-dependent 

period length (Figure 3.9a) and 

interfacial roughness (Figure 

3.9b). In agreement with the XRD 

results (Figure 3.4), the period length appears to be independent of thickness. Furthermore, 

the interfacial roughness does not appear to increase with increasing sample thickness 

within the errors of the extracted values. Plotted with the extracted interfacial roughness 

values are two reference values: one from previously-reported STO/LAO heterostructures 

grown by pulsed laser deposition (PLD) [28] and one from TEM measurements of an 

MBE-grown sample fabricated at UT and discussed in greater detail in Section 3.4 and 

[51]. By either method, the extracted interfacial roughness of the measured STO/LAO QW 

heterostructures is significantly reduced relative to the PLD-grown sample. 
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Figure 3.9: (a) Period length and (b) 

interfacial roughness of STO/LAO 

QW heterostructures extracted from 

fitting of XRR spectra. In (a), the 

nominal period lengths are plotted as 

dashed and dotted lines for 

comparison. In (b), the interfacial 

roughness of STO/LAO QW 

heterostructures as extracted from 

STEM measurements of my sample 

(black, dotted) and a previously-

reported PLD-grown sample (gray, 

dashed, [28]) are plotted for 

comparison. 

The reason for the 

improvement in the MBE-grown 

samples is not immediately clear. One 

possibility is that the n-type 

lanthanum doping of the STO wells 

provides extra charge at the 

STO/LAO interfaces, thereby 

avoiding the polar catastrophe [3], [6]. Density functional theory (DFT) calculations have 

indicated that doping via cation intermixing reduces the interfacial dipole energy [52], 

suggesting that intentional lanthanum doping of the STO wells may also reduce the 

interfacial dipole energy without the need for cation intermixing. However, the XRR 

measurement of a four unit cell-well STO/LAO QW heterostructure with undoped STO 

wells indicates the undoped sample has a similar interfacial roughness to the doped samples 

(green triangle, Fig 3.9b). The measurement of the undoped sample therefore makes the 

interpretation of doping-induced interface smoothing unlikely. Another possibility is that 

the MBE method itself is responsible for the improved interfacial quality. Some studies 
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have indicated MBE-grown films are less sensitive to deviations in growth conditions than 

their PLD-grown counterparts [53]–[56]. Detailed, systematic studies of interface quality 

in STO/LAO QW heterostructures under different growth conditions and with different 

compositions will need to be undertaken before the observed improvement can be fully 

understood. 

3.4 LOCAL STRUCTURAL AND INTERFACIAL CHARACTERIZATION WITH TEM 

While X-ray measurements provide a powerful, non-destructive method for 

evaluating the average crystalline properties of solids, TEM measurements allow for the 

collection of detailed information on local atomic structure. The wide-field, Z-contrast 

scanning TEM (STEM) measurement of a four unit cell-well STO/LAO QW 

heterostructure (Figure 3.10) allows one to directly observe the successive layering of STO 

and LAO in the heterostructure. Because of the Z-contrast property of the imaging method 

(described in Section 2.4), the LAO barrier layers appear bright in the image while the STO 

well layers appear darker. The excellent, uniform periodicity of the heterostructure can be 

clearly seen throughout the sample. 

In addition to the STEM imaging, electron energy loss spectroscopy (EELS) 

mapping of the titanium (Ti) and lanthanum (La) cations are presented in Figure 3.10. 

EELS is a local spectroscopic technique that measures the change in the kinetic energy of 

an electron beam after it has interacted with a sample [57]. The measured energy losses are 

characteristic to different ions and allow for the differentiation of the chemical makeup of 

a solid with the spatial resolution of TEM. The EELS mapping of the STO/LAO QW 

heterostructure indicates a clear chemical separation between STO wells and LAO barriers 

in the heterostructure, in agreement with the X-ray characterization results of the previous 
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section. Clear chemical and physical separation between well and barrier layers is crucial 

for achieving our goal of confining electrons within the STO wells. 

 

Figure 3.10: STEM image of a 40-period, four unit cell-well STO/LAO QW 

heterostructure (left). On the right, a zoomed-in STEM image of the 

heterostructure is presented, along with Ti (red) and La (green) EELS 

mapping. 

In order to study the interfacial quality of the QWs in detail, statistical analysis of 

interfacial roughness was carried out using STEM intensity mapping of a 40-period, 

nominally four unit cell-QW heterostructure. The analysis proceeds by first collecting a 

STEM image of the sample (Figure 3.11a). In this case, an approximately 50 × 50 nm2 

region of the sample (corresponding to roughly 11 well/barrier periods) was imaged. 

Notably, no misfit dislocations are apparent over this relatively large region of the sample. 

From the STEM image in Figure 3.11a, a map of integrated A-site intensities was produced 

for each La and Sr column in the image (Figure 3.11b). By appropriately thresholding the 

intensities (Figure 3.11c), a binary map of the sample can be created where black pixels 

correspond to unit cells of STO while white pixels correspond to unit cells of LAO (Figure 
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3.11d). The binary map lends itself easily to statistical analysis and allows for the extraction 

of average structural parameters of the sample. An average well width of 4.32 ± 0.63 unit 

cells was extracted from the binary image, in good agreement with the design value of 4 

unit cells. 

 

Figure 3.11: (a) STEM image of four unit cell-well STO/LAO QW heterostructure. (b) A-

site intensity map generated from the STEM image in (a). (c) Integrated 

intensity showing the threshold between the intensity generated from 

interaction of the TEM electron beam with a Sr ion and a La ion. (d) Binary 

map showing STO unit cells in black and LAO unit cells in white. 

Interfacial roughness was also quantified from statistical analysis of the binary map 

in Figure 3.11d. Due to the polar nature of LAO, arising from the alternating layers of 
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charged (LaO)+ and (AlO2)
-, the STO/LAO system can host two distinct types of interfaces, 

each with their own characteristic structural distortions. The so-called n-type interface, 

consisting of TiO2/(LaO)+/(AlO2)
- layer ordering, has been shown to roughen by 

approximately two to three unit cells due to cation intermixing [5], [28], [52], [58]. The p-

type interface, consisting of SrO/(AlO2)
-/(LaO)+ layer ordering, is often found to be 

smoother than the n-type interface but has been shown to host oxygen vacancies and 

corresponding octahedral distortions [7], [9]. 

The average interfacial roughness of the n-type interface was found to be 

σn = 0.24 ± 0.25 unit cells while that of the p-type interface σp = 0.34 ± 0.26 unit cells. The 

interfacial roughness values calculated from STEM image analysis are in nice agreement 

with those extracted via XRR. Surprisingly, the STO/LAO QW heterostructure studied 

here does not show asymmetric interfacial roughness, in disagreement with many previous 

studies [9], [17], [28]. Furthermore, the calculated interfacial roughness is significantly less 

than previous reports for both interfaces [28]. The symmetric roughness is a peculiarity 

compared to previous reports and will require systematic study in order to develop a full, 

physical understanding of the phenomenon. Regardless, the structural characterization 

reported in this chapter indicates the STO/LAO QW heterostructures on LAO substrates 

are grown with excellent crystalline quality. In the next chapter, I move on to the optical 

experiments and the demonstrations of intersubband absorption in the STO/LAO QW 

heterostructures. 
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Chapter 4: Room-Temperature Intersubband Absorption in 

SrTiO3/LaAlO3 Multiple Quantum Wells 

4.1 THEORY OF INTERSUBBAND TRANSITIONS2 

Having successfully fabricated STO/LAO QWs of a high crystalline quality, I now 

shift focus to the optical modulation of confined charge carriers between quantized energy 

levels within the STO wells. The event of a charge carrier transitioning between confined 

states in QWs is called an intersubband transition. Such transitions underlie the operation 

of many QW devices, including quantum cascade lasers [1], QW infrared photodetectors 

[2], [3], and some electro-optic modulators [4]. The specific case of optical absorption 

resulting from photon-stimulated intersubband transitions is known as intersubband 

absorption. 

Intersubband transitions (so-named because the particles transition between 

quantized subbands that reside within the same band) are distinct from interband transitions 

that traditionally drive semiconductor light sources [5], [6]. The confinement of the 

electronic wave functions along the direction normal to the plane of the well and the fact 

that the transitions occur within the same electronic band, rather than between bands, 

impose special restraints and symmetries on the accessible transitions. These symmetries 

inform experimental design and must be considered before intersubband absorption can be 

observed. 

Deriving the absorption coefficient from Fermi’s golden rule can elucidate many 

of the symmetries of intersubband absorptions. Utilizing Bloch’s Theorem, the total wave 

function in real-space can be written 

𝜓𝑖(𝑟 ) = 𝑓𝑖(𝑟 )𝑢𝜈(𝑟 ), (4.1) 

                                                 
2 Material in this chapter based on J. E. Ortmann, N. Nookala, Q. He, L. Gao, C. Lin, A. B. Posadas, A. Y. 

Borisevich, M. A. Belkin, and A. A. Demkov, ACS Nano, vol. 12, no. 8, pp. 7682–7689, Aug. 2018. 
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where 𝑓𝑖(𝑟 ) is an envelope function that varies slowly over the distance of one lattice 

constant with quantum numbers represented by i and 𝑢𝜈(𝑟 ) is the lattice-periodic Bloch 

function of band ν at an extremum of the Brillouin zone [7]. While the Bloch function can 

be assumed to be the same throughout all materials of the heterostructure, the envelope 

function will depend sensitively on the shape of the QW potential. Because the QW 

potential only confines the electrons along one direction (I will call this the z direction), 

the envelope function can be written as a product of free-electron plane waves in the x and 

y directions with wave vector 𝑘⊥⃗⃗ ⃗⃗ = 𝑖̂𝑘𝑥 + 𝑗̂𝑘𝑦 and a confined electronic wave function 

ϕn(z) according to 

𝑓𝑛𝑘⊥⃗⃗ ⃗⃗  ⃗(𝑟 ) =
1

√𝐴
𝑒𝑖𝑘⊥⃗⃗ ⃗⃗  ⃗∙𝑟 𝜙𝑛(𝑧). (4.2) 

Here, the normalization constant A is the area of the sample. The confined states can then 

be calculated by solving the one-dimensional Schrödinger equation in 𝜙𝑛(𝑧) with the 

appropriate potential 𝑉(𝑧) [7]. For most cases of practical relevance, the Schrödinger 

equation in 𝜙𝑛(𝑧) must be solved numerically, with the transfer-matrix approach being 

commonly employed [8]. 

From the real-space wave function of Equation (4.1), the transition rate Wif from an 

initial state i to a final state f induced by interaction with an electromagnetic field can be 

calculated with Fermi’s golden rule: 

𝑊𝑖𝑓 =
2𝜋

ℏ
|⟨𝜓𝑖|𝐻

′|𝜓𝑓⟩|
2
𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔), (4.3) 

where ℏ𝜔 is the energy of the incoming photon. 𝐻′ is the interaction Hamiltonian 𝐻′ =

(𝑒 2𝑚∗⁄ )(𝐴 ∙ 𝑝 + 𝑝 ∙ 𝐴 ), where -e is the electron charge, 𝑚∗ is the electron effective mass, 

𝐴  is the vector potential of the incoming electromagnetic wave and 𝑝  is the electron 

momentum [7]. Employing the dipole approximation, valid in the limit where the photon 

wavelength is much longer than the QW width, Equation (4.3) can be rewritten as 
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𝑊𝑖𝑓 ∝ |⟨𝜓𝑖|𝑒 ∙ 𝑝 |𝜓𝑓⟩|
2
𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔), (4.4) 

where 𝑒  is the polarization vector of the incoming electromagnetic wave and the 

proportionality constants are given by fundamental constants and the electromagnetic 

field strength and frequency [7].  

The photon-induced transitions are therefore governed by the matrix element 

⟨𝜓𝑖|𝑒 ∙ 𝑝 |𝜓𝑓⟩ from Equation (4.4). This matrix element can be broken down into 

component elements according to [9] 

⟨𝜓𝑖|𝑒 ∙ 𝑝 |𝜓𝑓⟩ = 𝑒 ∙ ⟨𝑢𝜈|𝑝 |𝑢𝜈′⟩⟨𝑓𝑛|𝑓𝑛′⟩ + 𝑒 ∙ ⟨𝑢𝜈|𝑢𝜈′⟩⟨𝑓𝑛|𝑝 |𝑓𝑛′⟩, (4.5) 

where 𝜈 and 𝜈′ are the indices of the initial and final band states while 𝑛 and 𝑛′ are the 

indices of the initial and final subband states. Clearly, for the case of intersubband 

transitions, 𝜈 = 𝜈′ and the first term of Equation (4.5) vanishes [7]. Thus, only the second 

term of Equation (4.5) contributes to intersubband transitions of confined charge carriers. 

Because 𝜈 = 𝜈′, ⟨𝑢𝜈|𝑢𝜈′⟩ = 1, leaving the transition rate in Equation (4.4) proportional to  

𝑊𝑖𝑓 ∝ |⟨𝑓𝑛𝑘⊥⃗⃗ ⃗⃗  ⃗|𝑒 ∙ 𝑝 |𝑓𝑛′𝑘′⊥
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⟩|

2

𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔). (4.6) 

The 𝑒𝑥𝑝𝑥 and 𝑒𝑦𝑝𝑦 terms of Equation (4.6) do not contribute to the optical absorption at 

finite frequency [7], leaving only the z component of the electromagnetic field to induce 

intersubband transitions. The matrix element of Equation (4.4) can therefore finally be 

written as 

⟨𝑓𝑛|𝑝𝑧|𝑓𝑛′⟩ = ∫𝑑𝑧𝜙𝑛
∗(𝑧)𝑝𝑧𝜙𝑛′(𝑧). (4.7) 

The expression of Equation (4.7) represents the polarization selection rule of intersubband 

transitions [2], [7], [10]. This rule states that only electromagnetic fields with some 

component of the polarization vector normal to the plane of the wells can induce 

intersubband transitions in QWs. The polarization selection rule imposes constraints on the 

manner in which experimental demonstrations of intersubband transitions can proceed 
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(Figure 4.1). In particular, experiments utilizing normal incidence of electromagnetic 

radiation cannot hope to stimulate intersubband transitions in QWs because the optical 

electric field will always be wholly contained in the plane of the wells (no z component or 

polarization). 

 

Figure 4.1: Schematic of the geometry used for the experiments in this chapter. As the 

incoming electromagnetic wave bounces off the QWs, transverse-electric 

(TE)-polarized light will not stimulate intersubband absorption because the 

optical electric field is totally in the plane of the wells. Transverse-magnetic 

(TM)-polarized light, on the other hand, will stimulate intersubband 

absorption because a component of the optical electric field is normal to the 

plane of the wells. 

Depending on the symmetry of the confining potential, not all intersubband 

transitions are allowed. The allowable transitions can be examined by considering the 

oscillator strength between states n and n’ [7] 

𝑠𝑛𝑛′ =
2

𝑚∗ℏ𝜔𝑛𝑛′
|⟨𝑓𝑛|𝑝𝑧|𝑓𝑛′⟩|

2. (4.8) 

For the instructive case of an infinite, symmetric well, the electronic wave functions take 

the form 
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𝜙𝑛(𝑧) = √
2

𝐿
sin (

𝑛𝜋𝑧

𝐿
) , (4.9) 

where L is the width of the QW. Utilizing Equation (4.9) in the oscillator strength (4.8), 

one finds that only parity-changing transitions are allowed (n = even/odd and 

n’ = odd/even) due to the symmetry of the wave functions (Figure 4.2). When the 

symmetry of the wave functions is broken, the parity-changing selection rule is relaxed. 

The wave function symmetry can be broken in many ways, for example by doping, 

application of an external electric field, or coupling between neighboring wells. 

 

Figure 4.2: Schematic demonstrating allowable 

transitions within an infinite, symmetric QW. 

Only parity-changing transitions are allowed 

(even-to-odd or odd-to-even). Thus, the 1-to-3 

transition is not allowed, for example. 

4.2 INTERSUBBAND ABSORPTION 

EXPERIMENTAL RESULTS 

With the experimental constraints 

discussed in Section 4.1 in mind, the absorption 

characteristics of the STO/LAO QW 

heterostructures described in detail in Chapter 3 

were measured. The measurements were 

carried out with Fourier transform infrared 

(FTIR) spectroscopy. FTIR is an optical spectroscopy method in which a broadband light 

source is guided to a sample and the wavelength-dependent absorption spectrum is 

extracted via a Michelson interferometer after interaction with the sample [11]. The 

absorption measurements were carried out at room temperature. 
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To prepare them for optical characterization, the STO/LAO QW heterostructures 

were first coated with titanium/gold with thicknesses of approximately 2 nm and 100 nm, 

respectively. Two parallel edges of the square, 10 × 10 mm2 samples were then shaved 

down at 45° angles to make entrance and exit facets for the FTIR light source (Figure 4.3). 

The titanium/gold coating served as a reflective coating and allowed for the incident light 

to undergo multiple interactions with the multiple QWs (MQWs) as it passed through the 

sample. The experimental setup (Figure 4.4) featured a mid-IR/near-IR light source, ZnSe 

linear polarizer for enforcement of the polarization selection rule of Equation (4.7), and 

liquid nitrogen-cooled mercury-cadmium-telluride IR detector. Two BaF2 lenses, one 

immediately after the light source and the other immediately before the detector, were also 

used to focus the beam into the entrance facet of the sample and into the detector aperture, 

respectively. 

Figure 4.3: A photograph of an 

STO/LAO QW heterostructure 

prepared for optical 

characterization. The sample has 

been coated with Ti/Au and 45° 

entrance and exit facets have been 

fabricated. 

The FTIR absorption spectra 

of a five, four, and three unit-cell MQW heterostructure were measured with FTIR (Figure 

4.5a). Spectra were collected once with the light source polarized in the plane of the wells 

(transverse electric, or, TE polarization) and again with the light source polarized normal 

to the plane of the wells (transverse magnetic, or, TM polarization). The absorption spectra 

collected with TE polarization were subtracted from those collected with TM polarization 

according to the procedure outlined in the Supporting Information of [12], allowing for the 
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discrimination of intersubband absorption from other potential absorption mechanisms 

present in the samples. 

 

Figure 4.4: Schematic of experimental setup used for intersubband absorption 

measurements. The FTIR light source is focused into the entrance facet of 

the multiple QW (MQW) sample by a BaF2 lens and polarized via a ZnSe 

linear polarizer (LP). A second BaF2 lens focuses the outcoming light into 

the mercury-cadmium-telluride (MCT) detector. 

The experimental absorption spectra match nicely with what would be expected for 

quantum-confined transitions. In particular, the absorption energies scale inversely with 

QW width. Furthermore, the absorption amplitudes scale directly with QW width, 

reflecting the reduction in ground-state electron population as the well width is decreased. 

Besides the polarization dependence, the experimentally observed absorption energies are 

also significantly higher than reported phonon energies in either LAO [13] or STO [14], 

giving greater support to the interpretation that the observed absorptions arise from 

intersubband transitions. 

Below the experimental results of Figure 4.5a, the theoretical absorption spectra of 

five, four, and three-unit cell QW heterostructures computed with tight binding are plotted 

for comparison (Figure 4.5b). The tight binding method has been previously employed for 

the computation of absorption spectra in similar TMO QWs [15]. In Figure 4.5b, the 

absorption spectra are represented by the imaginary part of the dielectric function of 
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STO/LAO QWs. It can be seen that the 

experimental and tight binding results agree 

nicely, both in terms of transition energy 

and qualitatively in terms of the scaling of 

absorption strength with QW width. 

Figure 4.5: (a) Experimental measurements 

of intersubband absorption in five, four, 

and three unit cell-well STO/LAO MQWs. 

The circles are measured data while the 

solid lines are Gaussian fits to the data. 

Inset: Zoom-in of three unit cell-well data 

and corresponding bi-Gaussian fit [12]. (b) 

Tight-binding calculations of intersubband 

absorption spectra of five, four, and three 

unit cell-well STO/LAO MQWs. 

The successful n-type doping of the 

STO QWs was verified with room-

temperature Hall measurements. The Hall effect [16] is the formation of an electric 

potential in the direction perpendicular to current flow when a material is placed in an 

external magnetic field oriented normal to the sample surface. The so-called Hall voltage 

forms as a result of the Lorentz force experienced by the free electrons, causing them to 

congregate on one side of the sample. The ratio of the Hall voltage to the Hall current 

defines the Hall resistance. The carrier concentration n can be extracted from the slope of 

the Hall resistance vs magnetic field curve (Figure 4.6a) according to 

𝑛 =
1

𝑒 ∙ slope ∙ 𝑡
, (4.10) 

where t is the sample thickness. From these measurements, n = 3.5 × 1020 cm-3 was 

extracted, corresponding to approximately 2.2% doping. The measured doping is notably 

higher than the design value of 1% doping. The origin of the excess doping can most likely 
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be traced to the presence of oxygen vacancies in the heterostructures, which are also an n-

type dopant in STO. Oxygen vacancies have frequently been reported in STO films [17]–

[19] and the measured carrier concentration of STO thin films has been found to reduce 

with oxygen or air annealing [20]–[23]. However, for the case of intersubband absorptions, 

it is only necessary to ensure sufficient charge has been doped into the STO wells in order 

to support the interpretation of the observed absorptions as arising from intersubband 

transitions. Hence, the measurement of doping beyond the design value does not impact 

the conclusions of the absorption measurements and in fact supports them by indicating 

there is clearly enough charge within the STO wells for the observation of intersubband 

absorption. 

 

Figure 4.6: (a) Hall resistance versus magnetic field B of a four unit cell-well STO/LAO 

QW heterostructure taken at room temperature. (b) Room-temperature 

magnetoresistance of the same sample. 

Finally, the room-temperature electron mobility μ of the STO/LAO QW 

heterostructures was also measured by magnetoresistance (Figure 4.6b). Using the 

expression 

𝜇 =
1

𝑒 ∙ 𝑛 ∙ 𝑡 ∙ 𝑅(𝐵 = 0)
, (4.11) 
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where R(B = 0) is the zero-field sample resistance, a mobility of 6.3 cm2∙V-1∙s-1 was 

extracted. This value is in line with previous reports of room-temperature mobility in STO 

[23]–[26]. Because the electron mobility is closely related to sample quality, these 

measurements further support the claims of high sample quality from the previous chapter. 

4.3 DENSITY FUNCTIONAL THEORY CALCULATIONS 

First-principles calculations of the density of states (DOS) and charge density in 

STO/LAO QW heterostructures were conducted with DFT. DFT calculations were 

performed using the local-density approximation [27] for the projector-augmented-wave 

pseudopotentials [28] as implemented in the Vienna Ab-Initio Simulation Package [29]. 

Symmetric QW supercells with compositions ranging from (LAO)7.5/(STO)3.5 to 

(LAO)7.5/(STO)5.5 in steps of one unit cell of STO were used for the calculations. 

Symmetric supercells were chosen in order to avoid the artificial formation of an electric 

field across the STO wells due to the oppositely polarized STO/LAO interfaces [30], [31]. 

In the real samples, the free charge in the STO wells should screen an electric field arising 

from the asymmetric STO/LAO interfaces. 

The STO conduction band is formed primarily from the Ti t2g states. In bulk STO, 

these three orbitals (dxy, dxz, and dyz) are triply degenerate [32]. However, symmetry 

breaking at the interface between thin films can remove this degeneracy and lead to 

electronic reconstructions [33]. For the case of STO QWs, taking the confinement direction 

to be along z, the Ti dxy band will be largely unaffected by the QW potential while the 

energies of the Ti dxz and dyz bands will become quantized. Therefore, the Ti dxy 

contributions to the DOS are ignored in the DFT calculations, as electrons in this band will 

not contribute to intersubband absorption. 
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The calculated DOS for a three, four, and five-unit cell well STO/LAO QW 

heterostructure (Figure 4.7a) show sharp peaks throughout the conduction band. These 

peaks have been shown to correspond to QW states through tight binding calculations [15]. 

Therefore, the energy spacing between sharp peaks in the STO conduction band should 

represent the energies of intersubband transitions. From the calculated DOS, the ground 

state-to-first excited state energies are 510, 420, and 350 meV for three, four, and five unit 

cells QWs, respectively. The DFT results for the five-unit cell QW agree closely with 

experiments while the calculated energies for the four- and three-unit cell well samples 

differ from measured values by approximately 0.1 eV. The discrepancy can be easily 

explained by slight variations in nominal and actual QW widths in the measured samples. 
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Figure 4.7: (a) Ti dxz/dyz DOS of a three, four, and five unit cell-well STO/LAO QW 

calculated with DFT. The sharp peaks in the DOS correspond to confined 

QW states. The intersubband transition energies are indicated by arrows. (b) 

Real-space charge density of the five sharp peaks in the five unit cell-well 

DOS. The sinusoidal variation of charge density is indicated to the right of 

each panel and confirms the sharp states observed in the DOS correspond to 

QW states. 

The real-space charge density of the sharp states in the STO conduction band of the 

five-unit cell QW have also been plotted (Figure 4.7b). A sinusoidal variation in charge 

density across the STO well can be observed for all states. Examining Equation (4.9), one 

can see that such sinusoidal variation should be expected for QW states. The spatial 
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dependence of the real-space charge density therefore supports the interpretation of the 

sharp states in the STO conduction band DOS as QW states. 
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Chapter 5: Monolithic Integration of SrTiO3/LaAlO3 Quantum Wells 

on Silicon (001) 

5.1 EPITAXIAL INTEGRATION OF OXIDES ON SILICON3 

Since its invention in the middle part of the 20th Century, integrated circuit 

technology has driven the rapid development of computation and the microelectronics 

industry [1]. The unprecedented pace of development has been due in large part to the 

industry-wide adoption of standard CMOS processes. CMOS allows for the low-cost, high-

volume manufacture of integrated circuits. The extraordinary success of CMOS technology 

and the widespread existing CMOS infrastructure within the microelectronics industry 

means that any competitive next-generation computing technologies should be 

manufacturable based on CMOS processes. It is the requirement of CMOS-compatibility 

that has, for example, driven the quickly expanding interest in silicon photonics [2]. 

Large (typically 300 mm in diameter), high-quality silicon wafers form the basis of 

standard CMOS processes. These wafers comprise the building blocks of modern 

integrated circuits and most CMOS processes have been optimized around the use of such 

silicon substrates. Thus, any new practical technologies must at a minimum be integrable 

with silicon for introduction into CMOS. While the STO/LAO QW heterostructures 

described in the previous chapters would appear to hold much promise for use in optical 

and electro-optical devices, in their previously-discussed form (i.e., grown on bulk LAO 

substrates), they offer limited potential for use in realistic technologies due to their 

incompatibility with standard CMOS processes. 

Before STO/LAO QWs can hope to become technologically relevant for use in 

integrated circuitry and photonics, a process must be developed for their integration with 

                                                 
3 Material in this chapter based on J. E. Ortmann, S. Kwon, A. B. Posadas, M. J. Kim, and A. A. Demkov, 

J. Appl. Phys., vol. 125, no. 15, p. 155302, Apr. 2019. 
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silicon substrates. One option would be the development of a wafer-bonding process 

whereby STO/LAO QW heterostructures are first epitaxially grown on bulk LAO 

substrates (as in the previous two chapters) and then bonded to silicon wafers. Such a wafer 

bonding process has been successfully employed for the integration of the complex oxide 

barium titanate with standard CMOS processes [3]–[6]. However, the complexity of such 

wafer-bonding processes is often considerable, as is the cost. A more desirable alternative 

would be the development of a process allowing for the direct, epitaxial integration of 

STO/LAO QW heterostructures on silicon substrates. 

On the surface, it would appear the direct epitaxial deposition of oxides, such as 

STO and LAO, on crystalline silicon would be unlikely to succeed due to two seemingly 

conflicting requirements. First, for the epitaxial deposition of any material, a clear atomic 

registry must be maintained between the substrate’s crystalline lattice and that of the 

deposited material. This necessitates a clear crystalline order in both the substrate and the 

film. Second, the growth of TMO materials obviously requires the introduction of oxygen 

into the growth chamber. However, in the presence of even low oxygen pressures, silicon 

spontaneously forms the native oxide SiO2 on its surface [7]. Unlike crystalline silicon, 

SiO2 is amorphous, rendering the epitaxial deposition of any material on SiO2 impossible 

due to the random atomic orientation of atoms within the SiO2 layer. Therefore, one may 

suspect that the direct deposition of crystalline oxides on silicon is destined to fail due to 

the rapid amorphization of the silicon surface upon introduction of the requisite oxidant 

into the growth chamber. 

However, these seemingly contradictory requirements have in fact been reconciled 

for the epitaxial deposition of some crystalline oxides on silicon. In 1991, McKee et al. [8] 

reported the epitaxial integration of barium silicide (BaSi2) barium oxide (BaO) and barium 

titanate (BaTiO3, BTO) with silicon (001) substrates. In order to avoid amorphization of 
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the silicon substrate upon introduction of the oxidant into the growth chamber, a BaSi2 

template layer was first formed on the silicon surface by submonolayer deposition of Ba 

[8]. Apparently, the stabilization of a BaSi2 interlayer protects the surface silicon atoms 

from amorphization by allowing them to bond with Ba and significantly limiting their 

propensity to oxidize. The silicon-Ba bonds protect the underlying silicon from oxidation 

even in the presence of an oxidizing species. After the formation of the BaSi2 interlayer, 

the silicon surface is resilient enough to the presence of oxygen to allow for the subsequent 

deposition of BaO and, ultimately, BTO while maintaining epitaxial registry between the 

film and the substrate. 

Later, the epitaxial deposition of TMO films on silicon was extended to STO via 

the formation of a SrSi2 interfacial template [9]. The mechanism of oxidation protection of 

the silicon surface via submonolayer Sr deposition was subsequently studied by DFT [10]. 

As postulated by McKee et al., DFT studies confirm that the presence of Sr on the silicon 

surface delays oxidation and prevents the vertical growth of amorphous SiO2. Since the 

original demonstration of epitaxial STO integration on the silicon (001) surface, very high-

quality epitaxial STO thin films have been reported on silicon [11], [12], allowing for the 

integration of a wide variety of other oxides with silicon substrates via an STO buffer layer 

[13]–[18]. It is through such an STO buffer layer that the epitaxial integration of STO/LAO 

QW heterostructures on silicon can be achieved. 

5.2 SAMPLE DESIGN, GROWTH, AND SURFACE CHARACTERIZATION 

The sample design used for the study of silicon-integrated STO/LAO QWs is 

shown in Figure 5.1. The QW heterostructure itself is identical to that which is studied in 

the previous two chapters, with alternating layers of LAO barriers and La-doped STO 

wells. However, as the QWs are here being integrated on silicon, the sample must begin 
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with the deposition of an epitaxial STO buffer layer on the silicon (001) surface. It is upon 

this buffer layer that the deposition of the QW heterostructure will proceed. 

Figure 5.1: Generalized sample 

schematic of silicon-integrated 

STO/LAO QW heterostructures 

(LSTO = La-doped STO). The 

QWs are integrated on silicon via a 

crystalline STO buffer layer. 

The deposition procedure for 

the STO buffer layer is described in 

detail in [19]. In short, deposition 

begins with the Sr deoxidation of the silicon surface in UHV [20]. After removal of the 

native oxide, a SrSi2 Zintl template [21] is formed via deposition of ½ ML of Sr on the 

silicon (001) surface in UHV at a substrate temperature of 650 °C. The substrate 

temperature is reduced to 200 °C after formation of the Zintl template. Once the 

temperature is stable at 200 °C, molecular oxygen is slowly added to the MBE until the 

chamber pressure reaches approximately 7 × 10-8 Torr. Then, Sr and Ti are co-deposited 

on the silicon surface in the presence of oxygen at a rate of roughly 1 ML per minute. After 

the deposition of approximately 1.5 – 2 ML of STO, the oxygen pressure is gradually raised 

to a final pressure of approximately 5 × 10-7 Torr over a period of two to three minutes. 

After the desired thickness of STO has been reached (typically five to ten unit cells), the 

deposition ceases and the oxygen valve is closed, allowing the chamber to return to UHV 

conditions. 

When deposited in this fashion, the STO buffer layer will be amorphous. However, 

if proper cation and oxygen stoichiometry have been achieved during deposition, the film 

can be crystallized by ramping the substrate temperature to approximately 550 – 600 °C in 
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UHV. Crystallization can be monitored via in situ RHEED. The formation of a streaky 

RHEED pattern indicates the successful crystallization of the STO template (Figure 2.4b). 

After crystallization, the STO template is typically annealed for five to ten minutes in UHV 

and/or O2 at a pressure of approximately 5 × 10-7 Torr to allow for full crystallization of 

the film. If annealing in O2, an SiO2 interlayer will form at the interface of the STO film 

and the silicon substrate [22]. However, because this amorphous interlayer forms after 

epitaxial deposition of STO, the epitaxial registry between the STO film and the underlying 

silicon substrate will be maintained, although the STO lattice constants will be altered by 

the formation of the SiO2 interlayer and the mismatched thermal expansion coefficients of 

the heterostructure [23].  

After deposition of the STO buffer layer, the STO/LAO QW heterostructure is 

deposited using a similar growth procedure to that described in Chapter 3 and References 

[19], [24]. Deposition is typically undertaken at a substrate temperature of approximately 

750 °C under an oxygen partial pressure of 1 – 5 × 10-6 Torr. Again, STO wells are n-type 

doped with 1% La and both STO wells and LAO barriers are deposited using a layer-by-

layer, shuttered growth method. STO unit cells are nominally terminated by a TiO2 layer, 

while LAO unit cells are nominally terminated by an AlO2 layer. 
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Figure 5.2: RHEED images of the top LAO 

surface of a ten-period, four unit cell-well 

STO/LAO QW heterostructure on silicon. 

Images were captured along the (a) silicon 
〈110〉 and (b) silicon 〈100〉 azimuths. Because 

of the 45° rotation of the TMO unit cell relative 

to the silicon unit cell, these correspond to the 

LAO 〈100〉 and LAO 〈110〉 azimuths, 

respectively. 

As before, the surface characteristics of 

the heterostructure are monitored with in situ 

RHEED (Figure 5.2). The heterostructure 

surface was found to remain crystalline and of a 

consistent quality up to the greatest thicknesses 

studied (~ 460 Å). No thickness-dependent 

degradation of surface quality was observed with 

RHEED, in agreement with studies of STO/LAO QW heterostructures grown on LAO [24]. 

Some intensity modulations can be seen in the RHEED patterns of Figure 5.2, indicating 

the presence of small, three-dimensional structures on the surface. However, the surface 

remains sufficiently flat for the continued deposition of crystalline oxide layers at all stages 

of heterostructure growth. This observation indicates thicker heterostructures can be 

achieved than that which is reported here with no clear thickness-limiting mechanism 

identified by RHEED. 

5.3 X-RAY CHARACTERIZATION 

The out-of-plane θ-2θ XRD scan (Figure 5.3a) indicates that the silicon-integrated 

STO/LAO QW heterostructure is indeed single crystalline, as suggested from RHEED 

imaging of the surface. Only one orientation of TMO films is visible in the data, with clear 

Bragg peaks arising due to reflections from the TMO (001) and (002) lattice planes. 
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Similarly to the QW heterostructures from Chapters 3 and 4 grown on LAO substrates, 

superlattice peaks are also clearly visible around the TMO (001) and (002) Bragg peaks 

stemming from the additional long-range periodicity of the QW structure. This is consistent 

with previous reports of short-period oxide superlattices [25]–[28]. The average out-of-

plane lattice constant of one well/barrier period is calculated as 3.82 Å from the XRD data, 

in good agreement with the nominal value of 3.84 Å calculated by assuming fully strained 

films. 

A high-resolution θ-2θ XRD scan around the TMO (002) Bragg peak (Figure 5.3b) 

more clearly shows the superlattice peaks. Superlattice peaks can be clearly observed out 

to second order. From the relative spacing of the superlattice peaks, the average period 

length can be calculated from Equation (3.1) as 41.8 Å. This value matches closely with 

the design value of 42.2 Å one calculates by assuming an out-of-plane lattice constant of 

3.93 Å for La-doped STO as previously measured [29]. 
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Figure 5.3: (a) Out-of-plane θ-2θ XRD scan 

of a ten-period, four unit cell-well STO/LAO 

QW heterostructure on silicon. Clear 

superlattice peaks are seen around the TMO 

(001) and (002) peaks. The strong silicon 

substrate peak is also observed at 

approximately 2θ = 69°. (b) High-resolution 

θ-2θ XRD scan around the TMO (002) peak 

showing clear superlattice peaks. The fourth 

plane index represents the order of the 

superlattice peak (e.g., (0022) is the 2nd-

order superlattice peak around the TMO 

(002) Bragg peak). 

The rocking curve around the TMO 

(002) Bragg peak (labeled as (0020) in Figure 

5.3b) was also measured (Figure 5.4). The 

rocking curve data can be nicely fit with a 

Gaussian function from which a FWHM (Δω) 

of approximately 0.8° is extracted. The FWHM of the measured silicon-integrated QW 

heterostructure is within the range of previously-reported thin epitaxial STO films on 

silicon [17], [18] but is notably larger than some reports of thick STO films on silicon [11], 

[12]. It is also significantly larger than that of the STO/LAO QWs grown on LAO 

substrates from Chapters 3 and 4 and References [24], [30]. 
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Figure 5.4: Rocking curve around the 

TMO (002) Bragg peak of a ten-

period, four unit cell-well STO/LAO 

QW heterostructure on silicon. The 

data are represented by red, open 

circles while the Gaussian fit to the 

data is shown as a solid, black line. 

As described in Section 2.3, 

the FWHM of the rocking curve is an 

indicator of a sample’s crystalline 

quality. In particular, broad rocking curves may indicate a significant amount of 

misalignment between crystalline domains, also known as mosaicity. The larger mosaicity 

of the STO/LAO QW heterostructures deposited on silicon as compared to those deposited 

on LAO substrates may be the result of defects stemming from strain relaxation or 

stoichiometric imperfections in the TMO films. The mosaicity of thick epitaxial STO films 

on silicon has been shown to decrease with high-temperature oxygen annealing, likely due 

to the healing of such defects [11], [12]. Dedicated processing studies will likely allow for 

improved crystalline quality of silicon-integrated STO/LAO QW heterostructures as 

compared to the sample reported here. 

5.4 STEM CHARACTERIZATION 

STEM was used to map the local atomic structure of the ten-period, four unit cell-

well STO/LAO QW heterostructure from Figures 5.2 – 5.4. Z-contrast high-angle annular 

dark field (HAADF) imaging (Figure 5.5) shows clear separation between the LAO barriers 

and STO wells throughout the heterostructure. As discussed in Section 3.4, abrupt physical 

and chemical separation between barrier and well layers is critical for the formation of a 
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confining potential in the STO wells and is thus necessary for the fabrication of TMO-

based QW devices. The observation of a well-ordered STO/LAO QW heterostructure 

integrated on silicon is therefore encouraging from the point of view of device fabrication. 

From the STEM imaging, an STO well thickness of approximately 14 Å and LAO barrier 

thickness of approximately 28 Å is extracted. These values are in good agreement with the 

design values of 15.7 Å and 26.5 Å, respectively. Furthermore, the STEM-calculated 

period length of 42 Å agrees well with the period length of 41.8 Å calculated from XRD 

measurements (Figure 5.3). 

 

Figure 5.5: STEM imaging of a ten-period, four unit cell-well STO/LAO QW 

heterostructure on silicon. LAO barriers appear bright while STO wells 

appear darker. Some mosaicity can be clearly seen in the high-magnification 

image (right). 

Although clear well/barrier separation is observable, some mosaicity can be clearly 

seen in the high-magnification image in Figure 5.5. Thus, STEM imaging has confirmed 

the presence of crystalline domain formation and misalignment that was inferred from the 

rocking curve (Figure 5.4). Notably, such mosaicity is not observed in STEM-HAADF 

imaging of the STO/LAO QW heterostructures grown on LAO substrates from Chapter 3 

and Reference [30]. 
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The defects apparent in the silicon-integrated STO/LAO MQW of Figure 5.5 can 

stem from several mechanisms, including imperfect cation stoichiometry and/or oxygen 

vacancies. STO, in particular, is known to easily give up oxygen [31], resulting in oxygen-

deficient and perhaps defective STO films [32], [33]. Strontium vacancy clustering has also 

been observed in titanium-rich STO thin films [34], while evidence for oxygen vacancy 

clustering in oxygen-deficient STO thin films has been presented both experimentally [35] 

and theoretically [36]. Any of the above mechanisms could contribute to the defects 

observed in the silicon-integrated STO/LAO QW heterostructure. However, the prevalence 

of such defects can likely be significantly reduced through the systematic development of 

optimized growth and processing techniques for STO/LAO QWs on silicon. 

In Section 5.1, I discussed the difficulties associated with epitaxially depositing 

oxides on the silicon surface stemming from rapid amorphization of the silicon surface in 

the presence of oxygen. If amorphization of the silicon surface occurs before film 

deposition, epitaxial growth is not possible. However, the high-magnification STEM image 

of the silicon/TMO interface in Figure 5.6 shows the interfacial structure that results when 

silicon amorphization occurs after film deposition. In the image, a thin layer 

(approximately 5 nm) of amorphous SiO2 can be clearly seen between the silicon substrate 

and the STO buffer layer. Crystalline silicon from the substrate can be seen at the bottom 

of the image and the crystalline STO buffer layer and beginnings of the QW heterostructure 

can be seen at the top. 
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Figure 5.6: High-resolution 

STEM image of the 

interface of a ten-period, 

four unit cell-well 

STO/LAO QW 

heterostructure on silicon. 

The crystalline silicon 

substrate can be seen at the 

bottom, followed by a thin 

amorphous SiO2 interlayer 

and the first crystalline 

TMO layers of the 

heterostructure. 

The formation of the SiO2 interlayer seen in Figure 5.6 likely begins during O2 

annealing of the STO buffer layer (Section 5.2). Silicon oxidation may also occur during 

the initial deposition of the first LAO barrier, as a relatively high oxygen pressure of 

approximately 1 – 5 × 10-6 Torr is used for LAO growth. STO films have a fairly high 

oxygen diffusivity [22], [37], permitting oxygen from the growth chamber to react with the 

silicon surface and form SiO2 even after deposition of an STO buffer layer. If necessary, 

the SiO2 interlayer thickness can be minimized and even eliminated by modifying the 

growth procedure of both the STO buffer layer [22], [23] and the subsequent LAO barrier 

layer [14]. 

Depending on the intended device application, the SiO2 interlayer may or may not 

be a significant factor in device performance. For the case of silicon-integrated TMOs as 

high-κ gate dielectrics (Section 1.1), it is critical to form abrupt silicon/TMO interfaces 

without an SiO2 interlayer [38]. However, for many optical devices, including in integrated 

photonics applications, the SiO2 interlayer will likely have a negligible impact on device 

performance [16]. In fact, the SiO2 interlayer may even prove beneficial in some 

geometries. It has been noted [6] that TMO thin films for use in integrated photonic and 

electro-optic applications exhibit improved electrical and optical isolation when integrated 
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with SiO2 rather than directly on silicon. This suggests the intriguing possibility of 

purposely growing a thick SiO2 interlayer beneath epitaxial, silicon-integrated TMO thin 

films as a method of improving the performance of integrated photonic and electro-optic 

devices. Work is ongoing at UT in exploration of this possibility. 

5.5 MECHANISM OF INTEGRATION AND EXTENSION TO OTHER TMO SYSTEMS 

As first discussed in Chapter 3, the growth of high-quality, arbitrarily thick 

STO/LAO heterostructures has presented a consistent challenge to oxide researchers. The 

STO/LAO system’s characteristic interfacial defects, arising in large part from the polar 

nature of LAO, have been shown to compound during long growth cycles and lead to the 

eventual instability of the heterostructures [39]. The work presented in Chapter 3 showed 

a solution to this problem of growth and demonstrated the successful growth of arbitrarily 

thick STO/LAO QW heterostructures on LAO substrates with excellent crystalline quality. 

While the exact mechanisms responsible for the improved crystalline quality and reduced 

interfacial roughness relative to previous reports have not been completely understood, the 

success can be attributed in part to the careful control of stoichiometry through a multi-

step growth process in which atomic fluxes are regularly recalibrated [24]. As the results 

in this chapter show no evidence of thickness-dependent degradation of crystalline quality 

up to a heterostructure thickness of approximately 460 Å, one would expect a similar multi-

step growth process to help enable the production of thick, high-quality STO/LAO QW 

heterostructures on silicon.  

Another important consideration for the growth and design of silicon-integrated 

STO/LAO QW heterostructures is epitaxial strain. The thick STO/LAO MQWs from 

Chapters 3 and 4 utilized LAO for both the substrate and the barrier layers [24], [30]. As a 

result, only the STO wells were strained. For the growth of STO/LAO heterostructures on 
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silicon, however, the situation is different as both the wells and the barriers are strained to 

the silicon substrate. The LAO barrier layers experience a nominal tensile strain of 

approximately 1.3%, while the STO well layers are nominally compressively strained by 

1.7%. While these are relatively modest strains, previous studies have demonstrated rapid 

lattice relaxation of strained STO thin films, especially at elevated growth temperatures 

[40]. Indeed, strain relaxation may already play some role in the formation of defects 

observed in STEM imaging (Figure 5.5). On the other hand, the close agreement between 

the nominal lattice constants and those determined from XRD and STEM results indicates 

strain relaxation is not substantial in the silicon-integrated heterostructure presented in this 

chapter. Perhaps the alternating layers of tensiley (LAO) and compressively (STO) strained 

materials, as well as the relatively thin (< 3 nm) well and barrier layers, work to keep the 

constituent layers of the heterostructure strained throughout the heterostructure. However, 

strain relaxation may become a substantial issue for the fabrication of TMO 

heterostructures with thicker constituent layers and/or larger lattice mismatches than those 

of STO/LAO and should therefore not be ignored as a design consideration. 

The thermal budget of the heterostructure must also be considered when analyzing 

the epitaxial integration of TMO thin films on silicon. Because the integration of TMO 

films on silicon proceeds via an epitaxial STO buffer layer, the possibility of reactions at 

the STO/silicon interface is of particular concern. Significant reactions at the STO/silicon 

interface have been reported for growth temperatures greater than approximately 800 °C 

[41]–[43]. Such interfacial reactions can be observed through the appearance of additional 

peaks in XRD spectra as well as seen directly in STEM imaging. As the silicon-integrated 

heterostructure of this chapter is grown at a nominal temperature of 750 °C, quite close to 

the observed threshold of 800 °C, it is not clear a priori whether interfacial reactions 

between the silicon substrate and STO buffer layer will play a significant role in 
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heterostructure fabrication. However, there are no observable signatures of STO/silicon 

reactions in any of the characterization methods, including XRD (Figure 5.3) and STEM 

(Figures 5.5 and 5.6). The absence of interfacial reactions is likely an important 

explanatory factor for the successful integration of high-quality STO/LAO MQWs on 

silicon. 

Finally, I discuss general design features that should be considered for the 

successful epitaxial integration of other complex TMO systems on silicon substrates. As 

discussed above, strain balancing is clearly an important factor. While there is no clear 

evidence of significant strain relaxation in the silicon-integrated STO/LAO MQWs of this 

chapter, large lattice mismatches between constituent oxide thin films and the silicon 

crystalline lattice can complicate the growth of thick, high-quality TMO heterostructures 

on silicon. The presence of one tensiley strained material (LAO) and one compressively 

strained material (STO) in the MQWs presented here is also likely beneficial for growth. 

The formation of an MQW structure on silicon in which both the well and barrier materials 

are compressively or tensiley strained would likely result in significant strain relaxation 

during sample growth and may lead to considerable degradation of crystalline quality as 

sample thickness is increased. However, it may be possible to control strain throughout the 

sample and circumvent the above-mentioned issues by engineering appropriately lattice-

matched buffer layers atop the STO template. 

Thermal considerations are also important for the monolithic integration of 

complex TMO heterostructures on silicon. High-temperature interfacial reactions between 

the silicon substrate and STO buffer layer can degrade the crystalline quality of the 

subsequently-deposited heterostructure. Importantly, there is no evidence for interfacial 

reactions in the silicon-integrated STO/LAO QW heterostructure grown at a temperature 

of 750 °C, outside of the SiO2 interlayer shown in Figure 5.6. The results of this chapter 
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therefore indicate that TMO heterostructures requiring a growth temperature of 750 °C or 

less can be integrated on silicon without exceeding the thermal budget that can be tolerated 

by the STO/silicon interface. This observation significantly expands the universe of 

possible TMO materials that can be monolithically integrated on silicon for the formation 

of complex TMO-based devices. 
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Chapter 6: Designing Integrated Electro-Optic Devices from 

SrTiO3/LaAlO3 Quantum Wells 

6.1 INTRODUCTION TO INTEGRATED OPTICAL AND ELECTRO-OPTICAL DEVICES 

Photonic integrated circuits (PICs) are the optical analogue of traditional electronic 

integrated circuits. Just as integrated circuits revolutionized the microelectronics industry 

during the 20th-Century, integrated photonics promises to revolutionize many 

technological fields in the coming years, including data transfer, high-throughput 

computing and sensing [1]–[3]. The advantages of integrated photonic technologies are 

numerous, including drastic weight reduction relative to traditional microelectronics and 

the potential for high-speed and ultra-low power operation. Amongst integrated photonics 

technologies, silicon photonics is of particular interest due to its inherent CMOS 

compatibility, leading to drastically reduced manufacturing costs relative to non-CMOS 

photonic technologies. 

Fully extending the analogy of PICs to integrated electronics, one can infer the 

devices necessary for the development of wholly functional PICs. At the most basic level, 

a self-contained photonic circuit would require an integrated light source, waveguides to 

shuttle the optical signal around the chip, and an integrated photo-detector. Additional 

elements will also be necessary depending on the intended applications of the PIC. For the 

case of computing or data transfer, for example, some method of generating bits will be 

required (in analogy with a MOSFET). This is typically handled through the construction 

of an electro-optic modulator or switch. 

An electro-optic device is one in which there is some coupling between optical and 

electrical signals. With the exception of waveguides, all the devices mentioned above for 

PIC development require such a coupling. However, the necessity of incorporating electro-

optic devices into PICs presents a challenge for silicon photonics. While silicon is well-
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developed as a waveguiding material, it has relatively weak optical nonlinearities 

compared to many other materials [4]–[9]. While useful optical nonlinearities can be 

engineered in silicon, they often require high operating voltages, large power consumption, 

or lattice strain [10]–[16]. Therefore, it is desirable to integrate other materials with strong 

electro-optic responses into silicon photonics platforms. 

QWs offer an excellent geometry for the construction of a wide variety of electro-

optic devices. For example, quantum cascade lasers [17] and quantum well photodetectors 

[18] are potential candidates for integrated light sources and photodetectors, respectively, 

in a PIC. Furthermore, electro-optic modulators and switches can be fabricated from QWs 

by utilizing the quantum-confined Stark effect for electro-optic coupling [19]–[21]. 

While the above-mentioned QW devices have all been demonstrated previously, 

they typically operate in the mid-infrared region due to the limited potential well depth in 

traditional semiconductor heterostructures. The relatively low operating energy of QW 

devices fabricated from traditional semiconductors presents a problem for the 

incorporation of such materials into PICs, as most photonic applications must operate in 

the near-infrared. Specifically, wavelengths of 1300 nm and 1550 nm are standard 

wavelengths in photonic technologies due to the absorption-free characteristics of optical 

fibers at these wavelengths. The deep potential wells of the STO/LAO system offer the 

possibility of pushing the operating energy range of QW electro-optic devices into the near-

infrared. When combined with their silicon integrability, STO/LAO QWs would appear to 

be an excellent candidate for use in next-generation integrated electro-optic devices in PIC 

technologies. 

In this chapter, I explore the possibility of fabricating integrated optical and electro-

optical devices from the STO/LAO materials system. As I have already demonstrated the 

potential to integrate STO/LAO QWs with silicon, the optical and electro-optical 
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characteristics of such devices are of particular interest in order to move forward with this 

technology. The ability to electrically influence the optical characteristics of STO/LAO 

QWs via the quantum-confined Stark effect is studied numerically in Section 6.3, after a 

brief introduction to the physics of the quantum-confined Stark effect in Section 6.2. Then, 

I consider the necessary parameters for waveguide design and calculate relevant figures of 

merit in Sections 6.4 and 6.5. Finally, in Section 6.6, I present simulations of the electro-

optic performance of an experimentally-realizable STO/LAO electro-optic modulator 

operating in the near-infrared. The results of this chapter indicate the feasibility of 

experimentally realizing integrated STO/LAO-based electro-optic devices for use in PIC 

technologies. 

6.2 THE QUANTUM-CONFINED STARK EFFECT 

The quantum-confined Stark effect describes the electric field-induced shift in 

quantized energy levels of particles confined in a potential well [22]. The electric field 

alters the shape of the potential well, which in turn alters the eigenvalues of the Schrödinger 

equation (i.e., the quantized energy levels). The Schrödinger equation cannot typically be 

solved analytically for the case of a QW in an applied electric field, but second-order 

perturbation theory can be used to estimate the shift of the confined energy levels due to a 

small electric field [23]. 

For the case of a small electric field (i.e., eFL << E1, where e is the electron charge, 

F is the applied electric field strength, L is the QW width, and E1 is the ground-state 

energy), only the lowest confined state is shifted in response to the field. This is because 

the higher-order states are primarily confined by the vertical walls of the potential well, 

which are not altered by the application of field. In contrast, the ground-state is sensitive 
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to the slope of the bottom of the potential well, which is altered by the field. The shift of 

the ground-state energy level ΔE1 calculated from perturbation theory is [23], [24] 

 
* 2 2 4

1 2

m e F L
E C = − , (6.1) 

where C is a constant, m* is the electron effective mass, and ћ is the reduced Plank’s 

constant. Thus, the electric field-induced shift in the ground-state energy level is quadratic 

in field for small applied field strengths. 

The negative shift of the ground-state energy results in a blue shift of intersubband 

transition energy. This is in contrast to the case of interband transitions, in which the 

quantum-confined Stark shift results in a red shift of the transition energy [23]. As the 

electric field strength is increased, the initial quadratic dependence of energy shift on 

applied field becomes linear [24]–[27]. For very high fields, the ground-state-to-first-

excited-state transition energy becomes independent of QW width as the two lowest-energy 

states become effectively confined in a triangular potential due to the large slope of the 

bottom of the potential well [23]. The quantum-confined Stark effect in intersubband 

transitions was initially measured by Harwit and Harris in 1987 using GaAs QWs [19]. 

In addition to shifting the energy levels of the quantized states, the application of 

an electric field across the QW also breaks the well’s inversion symmetry and removes the 

parity-change selection rules introduced in Section 4.1. The deformation of the potential 

well decreases the overlap between the ground-state and first-excited-state and therefore 

reduces the oscillator strength s12 calculated from Equation (4.8). Because the oscillator 

strength obeys the summation rule [23] 

 '

'

1nn

n

s = , (6.2) 

the reduction of s12 oscillator strength must result in the increase of the oscillator strength 

of other ground-state-to-excited-state intersubband transitions. 
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6.3 QUANTUM-CONFINED STARK EFFECT IN SRTIO3/LAALO3 QUANTUM WELLS 

The wave functions in an STO/LAO QW were calculated using a self-consistent 

Poisson-Schrödinger solver [28], [29]. The calculated electronic wave functions in an 

STO/LAO QW with a six unit cell-thick well layer (Figure 6.1a) show that the energy 

spacing between confined states can significantly exceed 1 eV and enter the near-IR. The 

effect of an external electric field Eext on the wave functions can also be observed. As 

expected, the ground state wave function experiences the most significant change in energy 

ΔE1 ≈ 250 meV as a result of the quantum-confined Stark effect. The shift in energy of the 

confined states is also clearly seen in the near-infrared absorption spectrum of the QW 

(Figure 6.1b), calculated according to the method presented in [23]. Notably, the ground-

state-to-third-excited state transition ( 1 4→ ) is predicted to occur near the common 

telecom wavelength of approximately 1550 nm. In the calculation of the absorption 

spectrum shown in Figure 6.1b, I have considered the case where the QW is doped such as 

to only populate the ground state. 

 

Figure 6.1: (a) Calculated electronic wave functions in a six unit cell-thick STO QW 

without (solid lines) and with (dashed lines) an applied electric field. The 

electric field is set to 5 × 108 V/m. For clarity, only the ground-, second-

excited, and fourth-excited states are shown. An effective mass of 

m* = 1.02me is assumed for the calculations. (b) Calculated absorption 

spectrum of the QW from panel (a) without (solid line) and with (dashed 

line) applied electric field. Absorption values are calculated for a single 

QW. The corresponding transitions are noted above the absorption peaks. 
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While a six unit cell-thick STO QW is predicted to produce intersubband transitions 

near 1550 nm, transitions near the other critical telecom wavelength of 1300 nm can likely 

also be realized by utilizing other QW geometries. For example, Poisson-Schrödinger 

calculations suggest a transition energy of approximately 1300 nm in a two unit cell-thick 

STO QW (Figure 6.2a). Such a narrow well confines just two electronic states, leaving the 

1 2→  transition as the only possibility. However, because the ground state wave 

function is pushed farther from the conduction band bottom as the well becomes narrower, 

the magnitude of ΔE1 is smaller for the two unit cell-well than for the six unit cell-well for 

a given electric field strength (Figure 6.2b). This observation is consistent with the power-

law proportionality of ΔE1 to QW width L given in Equation (6.1). As a result, the utility 

of such narrow structures in devices requiring electro-optic switching will be limited as the 

fields required for switching can become prohibitively large. 

 

Figure 6.2: (a) Calculated absorption spectrum of a two unit cell-thick STO QW without 

(solid line) and with (dashed line) applied electric field. Absorption values 

are calculated for a single QW. An effective mass of m* = 1.02me is assumed 

for the calculations. (b) Wavelength shift of the 1 2→  transition as a 

function of applied electric field for a six unit cell-well (red squares) and a 

two unit cell-well (blue circles) STO QW. 
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It should be noted that there is some uncertainty in the predicted intersubband 

transition energies arising from uncertainty in the electron effective mass within the STO 

QW. The effective mass in STO can vary as a function of doping [30], [31] and strain [32] 

and is also band-dependent [33]. However, the calculated values reported here represent a 

good approximation to the expected intersubband transition energies as I have assumed an 

effective mass value in the calculations (m* = 1.02me) that is consistent with the latest 

theoretical and experimental results for strained, lightly La-doped STO films [31]. 

6.4 WAVEGUIDE CONCEPT AND DESIGN CONSIDERATIONS 

One of the fundamental components of any PIC is the optical waveguide. Thus, it 

is necessary to establish a waveguiding geometry incorporating STO/LAO QWs before 

they can be integrated into PIC technologies. When designing an integrated STO/LAO 

waveguide or electro-optic device, several design parameters must be taken into account. 

Firstly, the waveguide must support a transverse magnetic (TM) optical mode. Due to the 

polarization selection rule (Section 4.1 and [23], [34], [35]), intersubband  transitions can 

only be induced by the component of the optical electric field that is normal to the plane of 

the wells. Therefore, any devices hoping to make use of intersubband absorptions for 

operation, such as electro-optic modulators, switches, or photodetectors, must support a 

TM optical mode. Secondly, an electro-optic device built from QWs must allow for an 

external electric field to be applied normal to the QW layers. Only components of the 

external electric field normal to the QW layers will alter the confining potential and lead 

to Stark shifts of intersubband transition energies. 
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Figure 6.3: (a) Proposed 

waveguide and device structure 

for STO/LAO-based electro-

optic devices. Fabrication would 

proceed similarly to that 

described in [6]. (b) Zoom-in of 

STO/LAO QW heterostructure 

integrated on lightly-doped 

silicon electrode via an epitaxial 

STO buffer layer. 

One proposed device 

structure (Figure 6.3a) features 

an STO/LAO QW superlattice 

epitaxially integrated on lightly-

doped silicon (Figure 6.3b) to form a hybrid TMO-silicon waveguide. The lightly-doped 

silicon layer can then be used as an integrated bottom electrode [6], reducing the distance 

between the electrodes and thereby reducing the voltage required to realize a given electric 

field across the QWs. The resulting external electric field is normal to the QWs, allowing 

for the realization of electric field-deformation of the confining potential and quantum-

confined Stark shifts of quantized states. Furthermore, the hybrid TMO-silicon waveguide 

supports a TM mode (Figure 6.4), allowing for the optical stimulation of intersubband 

transitions. 
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Figure 6.4: Simulated optical mode within the hybrid TMO-silicon waveguide shown 

schematically in Figure 6.3. The optical electric field Eopt is in the y 

direction, corresponding to a TM mode. The waveguide width was taken to 

be 1 μm, top silicon thickness was taken to be 90 nm and TMO thickness 

was taken to be 100 nm. The color scale represents the z component of the 

optical electric field where green is zero field, blue is large negative field 

and red is large positive field. 

6.5 ELECTRO-OPTIC OVERLAP AND OPTICAL CONFINEMENT 

Two figures of merit are particularly important when evaluating the performance 

of an electro-optic device such as the one proposed above in Figure 6.3: the electro-optic 

overlap integral ΓEO and the optical confinement in the electro-optically active TMO layer 

ΓTMO. The electro-optic overlap ΓEO is a normalized measure of the interaction between the 

optical mode confined in the waveguide and the external electric field and is defined as 

[36] 
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where S is the distance between the top and bottom electrodes, V is the applied voltage, Eext 

is the external electric field and Eopt is the electric field of the confined optical mode. The 
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integrals are both taken over the entire (two-dimensional) cross-section of the device. A 

larger ΓEO value indicates greater overlap between the applied electric field and the optical 

mode and therefore more efficient electro-optic operation. 

The TMO optical confinement ΓTMO is a normalized measure of the amount of the 

optical signal present in the electro-optically active TMO layer and is defined as 
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where the integral in the numerator is only evaluated over the area of the TMO layer while 

the integral in the denominator is evaluated over the entire device area. ΓTMO therefore 

indicates the relative fraction of the optical mode that is available to interact with confined 

electrons in the QW (e.g., for absorption). In an absorption-based device such as a 

modulator or a switch, ΓTMO manifests itself in the extinction ratio of the optical absorption 

as light that is not confined within the TMO layer will not be absorbed and will therefore 

contribute to the background output optical signal. 

Both ΓEO and ΓTMO can be modified by changing the waveguide width wWG and the 

thickness of the top silicon layer tWG (Figure 6.5). In general, there is a tradeoff between 

the two figures of merit, with ΓEO increasing and ΓTMO decreasing as the top silicon 

thickness is increased. This tradeoff can be easily explained by the changing mode shape 

associated with altering the waveguide dimensions. As the top silicon is made thicker, the 

optical mode is pulled more into the silicon, decreasing ΓTMO. At the same time, the mode 

becomes more confined laterally due to the large index contrast between silicon and the 

surrounding materials, increasing the electro-optic overlap integral ΓEO. The lateral 

confinement of the mode also increases as the waveguide width decreases, resulting in the 

observed behavior of increasing ΓEO as wWG decreases for a given tWG. The calculated 
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values of ΓTMO are competitive with other TMO-based electro-optic devices [9] while the 

calculated values of ΓEO are somewhat smaller [37]. However, it should be noted that the 

exact values of ΓEO and ΓTMO are dependent on the specific device design one chooses, 

which may differ from the one suggested in Figure 6.3. 

 

Figure 6.5: (a) Electro-optic overlap ΓEO and (b) TMO optical confinement ΓTMO as a 

function of waveguide width wWG and top silicon thickness tWG. The TMO 

heterostructure thickness is taken to be 100 nm. 

In addition to the waveguide dimensions, the thickness of the TMO heterostructure 

tTMO also impacts ΓTMO with thicker heterostructures resulting in increased optical 

confinement within the TMO layer (Figure 6.6.). In principle, the epitaxial deposition of 

STO/LAO QW heterostructures of arbitrary thickness should be possible [38], although 

the exploration of such structures on silicon substrates has only begun rather recently [39]. 

In any case, by controlling the waveguide dimensions and TMO thickness, one can control 

the device performance as characterized by the electro-optic overlap ΓEO and the TMO 

optical confinement ΓTMO. 
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Figure 6.6: Simulated TMO optical confinement ΓTMO in the device structure presented in 

Figure 6.3 as a function of total STO/LAO QW heterostructure thickness 

tTMO. Here, wWG = 1 μm and tWG = 90 nm. 

6.6 EXAMPLE APPLICATION: ELECTRO-OPTIC MODULATOR 

As a specific example of an electro-optic device exploiting the quantum-confined 

Stark effect in the STO/LAO system, I consider an electro-optic modulator utilizing the 

device geometry presented in Figure 6.3. Such a modulator could operate in the near-IR 

where the modulated signal is given by the electric field-induced change in optical 

absorption at a given wavelength, as calculated e.g. in Figure 6.1b or Figure 6.2a. The 

quantum-confined Stark effect is an excellent mechanism for the construction of an electro-

optic modulator due to the high-speed nature of the electric field-induced energy level 

shifts [40]. High-speed operation should therefore be possible in such a device, a critical 

feature of next-generation electro-optic modulators [8], [41]. 

The modulation energy E of an electro-optic modulator in units of J/bit is given by 

 
21
,

4
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where C is the device capacitance and VD is the drive voltage [42]. From Equation (6.5), 

one can see that the energy consumption is dependent upon the electrical properties of the 

device. Therefore, the electrode geometry controls the energy consumption of an electro-

optic modulator insofar as the electrode geometry impacts the device capacitance and the 

needed drive voltage. For the device geometry in Figure 6.3, VD is tied to the vertical 

waveguide-to-electrode distance S, while C is related to both S and the lateral waveguide-

to-electrode spacing d. By appropriately tuning S and d, the modulation energy can be 

minimized (Figure 6.7a). However, by bringing the electrodes closer to the waveguide, one 

may induce additional optical absorption Δβel due to the interaction between the optical 

mode and the metallic electrodes (Fig. 7b). 

 

Figure 6.7: (a) Calculated switching energy E of an STO/LAO electro-optic modulator as 

a function of lateral and vertical waveguide-to-electrode spacing, d and S, 

respectively. Calculations assume electrode lengths of 100 μm and an 

electric field of 1000 kV/cm across the STO/LAO layer for switching. (b) 

Calculated additional optical absorption due to the electrodes Δβel as a 

function of S for d = 0.45 μm (red circles) and d = 2.45 μm (blue squares). 

The calculations presented in Figure 6.7 suggest that the lateral waveguide-to-

electrode distance d should be made large when constructing an electro-optic modulator 

using the design shown in Figure 6.3. A large value of d minimizes the capacitance between 
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electrodes in the lateral direction, thereby reducing the switching energy. Furthermore, for 

S > 0.4 μm, a larger value of d corresponds to reduced optical absorption from the 

electrodes, while the optical absorption is dominated by the top electrode regardless of the 

lateral electrode spacing for S ≤ 0.4 μm. 

While the exact values of switching energy are dependent on extrinsic factors, such 

as device length and electrode design, the calculations presented in this chapter suggest 

switching energies on the order of pJ/bit are possible in the STO/LAO electro-optic 

modulator studied. This value is competitive with switching energies in some silicon Mach-

Zehnder modulators [43], [44], although recent reports of compact silicon ring modulators 

have reduced the switching energy considerably into the sub-fJ/bit range [15]. The 

switching energies in STO/LAO modulators are primarily dependent on the rather high 

electric fields needed to sufficiently modulate the optical absorption energy. By optimizing 

modulator design such that the voltage needed to reach the switching field can be reduced, 

the switching energy can be significantly reduced. 

The proposed STO/LAO electro-optic modulators also have the advantage that they 

could likely be fabricated with a relatively small device footprint. Lateral device sizes of 

approximately 3 μm should be possible, with the lateral electrode spacing and the 

waveguide width defining the critical feature sizes in the lateral direction. Additionally, 

only a single, straight waveguide is necessary for the operation such a device. This 

contrasts with ring resonators or Mach-Zehnder interferometers in which interference of 

the optical signals between two or more waveguides is required, thereby increasing device 

footprint. The straight, narrow geometry of the proposed STO/LAO electro-optic 

modulators should therefore allow for dense device packing. 

In this chapter, I have presented calculations supporting the feasibility of producing 

integrated electro-optic devices operating at terahertz optical frequencies based on the 
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STO/LAO materials system. Such devices achieve electro-optic operation by utilizing the 

quantum-confined Stark effect (Sections 6.2 and 6.3) to modulate the energy of 

intersubband transitions in the STO conduction band and could be constructed using 

existing thin film growth and semiconductor processing techniques. As a specific example, 

I present calculations of the switching energy in an STO/LAO electro-optic modulator 

integrated on silicon. Such modulators have the potential for high-speed operation due to 

the short time scales needed for electronic energy level modulation by the quantum-

confined Stark effect. Additionally, electro-optic devices based on the Stark effect can be 

engineered for low power operation because the Stark effect is field-driven and does not 

necessitate current flow for operation. The results of this chapter, when combined with 

those from the previous chapters, open the door for the fabrication of novel integrated 

electro-optic devices capable of operating in the near-IR. Furthermore, they suggest the 

possibility of integrating a wide range of TMO thin films and heterostructures into electro-

optic device architectures in order to take advantage of the multitude of emergent 

phenomena in such materials. 
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Chapter 7: Integrated Electro-Optic Devices Exploiting the Pockels 

Effect in BaTiO3 

7.1 INTRODUCTION TO THE POCKELS EFFECT4 

The Pockels effect is an electro-optic effect describing the change of a material’s 

refractive index n in response to an applied electric field. In particular, the Pockels effect 

is linear in electric field E, in contrast to the more common Kerr effect which is quadratic 

in the applied field [1]. In equation form, the Pockels effect is commonly and conveniently 

represented as a linear function of the electric field with proportionality constants given by 

the zero-field index of refraction n0 and effective Pockels coefficient reff according to 

𝑛(𝐸) = 𝑛0 −
1

2
𝑛0
3𝑟𝑒𝑓𝑓𝐸. (7.1) 

In reality, the Pockels effect is a tensorial property in which the magnitude of the response 

depends sensitively on the relative angles of the crystalline lattice, optical polarization and 

applied electric fields. I will return to this point in more detail in Sections 7.2 and 7.3. 

The Pockels effect is of great technological interest for use in a wide variety of 

photonic applications, including communications technologies [2]–[4], neuromorphic 

computing [5], [6], quantum computing [7] and novel sensing technologies [8]–[10]. The 

utility of the Pockels effect comes from three primary factors. First, only the real part of 

the refractive index is modified by the Pockels effect. As a result, large changes in the 

refractive index of Pockels-active materials should be possible without significantly 

altering their absorption. This is especially important for applications requiring low optical 

losses [11], [12] or utilizing long device structures. Second, because the Pockels effect is 

electric field-driven, rather than current-driven, Pockels devices can in principle be 

                                                 
4 Some material in this chapter comes from S. Abel, F. Eltes, J. E. Ortmann, A. Messner, P. Castera, T. 

Wagner, D. Urbonas, A. Rosa, A. M. Gutierrez, D. Tulli, P. Ma, B. Baeuerle, A. Josten, W. Heni, D. Caimi, 

L. Czornomaz, A. A. Demkov, J. Leuthold, P. Sanchis, and J. Fompeyrine, Nat. Mater., vol. 18, no. 1, pp. 

42–47, Jan. 2019. 



 106 

engineered for low-power operation. Third, the Pockels effect is an ultra-high-speed effect, 

promising modulation speeds into the tens or hundreds of GHz [13], [14]. As society’s 

computing demands continue to grow, the need for high-throughput computing grows with 

it, necessitating rapid advancements in optical transceiver and computing technologies [4]. 

High-speed and low-power operation are important qualities that next-generation electro-

optic technologies must display to be considered competitive. 

In fact, the Pockels effect is already the workhorse electro-optic effect used for 

long-haul communications technologies [15], [16], owing in large part to the benefits 

described above. Unfortunately, the traditional electro-optic material (lithium niobate, 

LiNbO3) has a relatively small Pockels response and is not directly integrable with silicon. 

The lack of silicon integrability of lithium niobate has previously stymied efforts to utilize 

the Pockels effect in integrated photonic technologies by necessitating expensive or 

inefficient fabrication processes [17], [18]. Overcoming these challenges through the 

research and development of an improved Pockels material (barium titanate, BaTiO3, BTO) 

is the subject of this chapter. 

7.2 THEORY OF THE POCKELS EFFECT IN BATIO3 

An anisotropic medium is one whose macroscopic optical properties depend on 

direction. One notable example of optical anisotropy is the phenomenon of birefringence. 

A birefringent material is one whose index of refraction depends on the direction of 

propagation and the polarization of the probing optical wave. In general, crystalline media, 

such as the TMO thin films discussed in this thesis, will be optically anisotropic due to the 

regular, periodic patterns of the underlying atoms and the resulting directional dependence 

of the local atomic arrangement [1]. 
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The optical and electro-optical properties of an anisotropic medium can be deduced 

by studying a geometric construction known as the index ellipsoid, given by 

∑𝜂𝑖𝑗
𝑖𝑗

𝑥𝑖𝑥𝑗 = 1, 𝑖, 𝑗 = 1,2,3, (7.2) 

where ηij are the elements of the (symmetric) impermeability tensor and xij are orthogonal 

spatial coordinates [1]. When plotted as a surface in three-space, Equation (7.2) defines an 

ellipsoid, as shown in Figure 7.1. The impermeability tensor 𝜂 is defined with respect to 

the inverse of the permittivity tensor 𝜖 according to 𝜂 = 𝜖𝑜𝜖
−1, where 𝜖𝑜 is the vacuum 

permittivity [1]. Here, the double-arrow notation is used to represent a tensor. 

 The index ellipsoid construction can be used to determine the refractive indices 

experienced by an optical mode propagating in an arbitrary direction within an anisotropic 

medium using the following procedure [1] (Figure 7.1). First, the index ellipsoid is drawn 

with respect to some coordinate axes. In general, the impermeability tensor of an 

anisotropic medium will have the following form: 

𝜂 = (

𝜂𝑎 0 0
0 𝜂𝑏 0
0 0 𝜂𝑐

) , (7.3) 

where ηa,b,c = 1
𝑛𝑎,𝑏,𝑐
2⁄  are the inverse squared indices of refraction along some directions 

a, b, and c. Then, a plane is drawn normal to the direction of wave propagation 𝑘⃗ . The 

intersection of the plane with the index ellipsoid defines an ellipse referred to as the index 

ellipse. The half-lengths of the minor and major axes of the index ellipse are the refractive 

indices experienced by an optical mode propagating through the medium. In general, these 

two refractive indices will not be equal, leading to a polarization dependence of the 

effective index of refraction. This point is discussed in more detail below in relation to the 

electro-optical properties of BTO-based photonic devices. 
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Figure 7.1: Index ellipsoid of an anisotropic medium. Side view shown in (a) and angled 

view in (b). The direction of light propagation is shown by the red arrow and 

the crystalline c-axis is shown by the yellow arrow. In this representation, 

the light is traveling at an angle of 45° to the c-axis. The indices of 

refraction nx and ny are given by the minor and major axes of the index 

ellipse, respectively, and are indicated in (b). 

The impermeability tensor of Equation (7.3) can be expanded as a function of 

electric field and used to describe the linear (Pockels) and quadratic (Kerr) electro-optic 

effects as follows [1]: 

𝜂𝑖𝑗(𝐸⃗ ) = 𝜂𝑖𝑗(0⃗ ) +∑𝑟𝑖𝑗𝑘𝐸𝑘
𝑘

+∑𝑠𝑖𝑗𝑘𝑙𝐸𝑘𝐸𝑙
𝑘𝑙

, 𝑖, 𝑗, 𝑘, 𝑙 = 1,2,3. (7.4) 

In Equation (7.4) above, rijk and sijkl are the elements of the Pockels and Kerr tensors, 

respectively, and Ekl are components of an external electric field. Comparing the above 

expression with the general form of a Taylor expansion, one can deduce that the Pockels 

tensor elements 𝑟𝑖𝑗𝑘 =
𝜕𝜂𝑖𝑗

𝜕𝐸𝑘
⁄  and the Kerr tensor elements 𝑠𝑖𝑗𝑘𝑙 =

1

2

𝜕2𝜂𝑖𝑗
𝜕𝐸𝑘𝜕𝐸𝑙
⁄ , 

where the derivatives are both to be evaluated at 𝐸⃗ = 0⃗ . 

In general, the Pockels tensor 𝑟⃡ is a rank-three tensor with 27 unique elements. 

However, owing to the symmetry of 𝜂, 𝑟⃡ is invariant under permutations of the i and j 
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indices [1]. As a result, six unique combinations of i and j are realized rather than the 

nominal nine possible combinations, allowing the third-rank Pockels tensor to be 

contracted into a 6 × 3 matrix of independent elements [1], [19]. In practice, the i and j 

indices are usually contracted into a single index in the manner depicted below in Table 

7.1. For example, the Pockels tensor element r134 would be contracted into r54 by following 

the procedure in Table 7.1. I will refer to this simplified notation when discussing Pockels 

tensor elements throughout the remainder of this chapter. 

In addition to the symmetry of the impermeability tensor, the symmetry of the 

crystalline lattice also determines which elements of the Pockels tensor are non-zero. 

Furthermore, the crystalline space group may impose additional constraints on the Pockels 

coefficients, such as requiring that some elements of the tensor are equal (degenerate) or 

have equal magnitudes and opposite signs. For centrosymmetric crystals, 𝑟⃡ = 0⃡ and all 

elements of the Pockels tensor vanish. For non-centrosymmetric crystals, such as tetragonal 

BTO, the Pockels tensor has some non-zero elements as well as some degenerate elements. 

For the remainder of the discussion, I will focus only on the specific case of the Pockels 

effect in tetragonal BTO.  

The non-zero components of the 

Pockels tensor of BTO are given by only 

three unique elements (with some 

degeneracy): r13, r33, and r42 [20]. 

Specifically, the Pockels tensor for 

tetragonal BTO with the P4mm space 

group can be written as [20] 

Table 7.1: Procedure for contracting the i 

and j indices of the Pockels 

tensor into a single index 

j i:1 2 3 

1 1 6 5 

2 6 2 4 

3 5 4 3 
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𝑟⃡𝐵𝑇𝑂 =

(

 
 
 

0 0 𝑟13
0 0 𝑟13
0 0 𝑟33
0 𝑟42 0
𝑟42 0 0
0 0 0 )

 
 
 
. (7.5) 

Inserting 𝑟⃡𝐵𝑇𝑂 into Equation (7.4) and ignoring the relatively small Kerr effect in BTO 

[21], [22], one can derive the impermeability tensor of BTO 

𝜂𝐵𝑇𝑂(𝐸⃗ ) = (

𝜂𝑜 + 𝑟13𝐸𝑧 0 𝑟42𝐸𝑥
0 𝜂𝑜 + 𝑟13𝐸𝑧 𝑟42𝐸𝑦

𝑟42𝐸𝑥 𝑟42𝐸𝑦 𝜂𝑒 + 𝑟33𝐸𝑧

) , (7.6) 

where 𝜂𝑜,𝑒 =
1
𝑛𝑜,𝑒2
⁄  and no,e are the ordinary and extraordinary refractive indices of BTO, 

respectively. Ex,y,z are orthogonal components of the applied electric field and are typically 

defined relative to the crystalline a, b, and c axes, respectively. For the case of tetragonal 

BTO, a = b ≠ c. As a result, na = nb = no, while nc = ne ≠ no. Thus, tetragonal BTO is a so-

called uniaxial material. The tetragonality of BTO also allows for the realization of two 

different orientations of the BTO within an epitaxial thin film (Figure 7.2): the a-axis 

orientation, in which one of the short (a) axes of the BTO unit cell are oriented out-of-

plane, and the c-axis orientation, in which the BTO long (c) axis is oriented out-of-plane. 

The anisotropic nature of BTO, as well as the intrinsic anisotropy of the Pockels effect, 

results in different electro-optic responses from the different BTO orientations [23], [24]. 

Figure 7.2: Schematic 

showing the two possible 

orientations of epitaxial BTO 

relative to a substrate. The 

orientations are named 

according to which axis points 

out-of-plane. The polarization 

of BTO is depicted by the 

white arrows. 
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Inserting the elements of 𝜂𝐵𝑇𝑂 into Equation (7.2), one finds that the index ellipsoid 

for BTO is electric field-dependent, as expected for a Pockels-active medium. The non-

zero off-diagonal elements of 𝜂𝐵𝑇𝑂 lead to rotation and deformation of the BTO index 

ellipsoid under the application of an external electric field. Because the half-lengths of the 

principle axes of the index ellipsoid define the three indices of refraction nx,y,z [1], the 

rotation and deformation of the index ellipsoid manifests itself physically as an electric 

field-induced change in the refractive indices of BTO, as expected for a Pockels-active 

material. 

In addition to the electric field dependence of the refractive indices of BTO, the 

electro-optical response of BTO also depends on the angles of the applied field and optical 

polarization with respect to the BTO crystalline lattice. To see this, consider the case of a 

single-domain, a-axis BTO waveguide situated between two electrodes (Figure 7.3). The 

direction of propagation of the optical mode and the external electric field have a relative 

angle of 90° that is fixed by the device geometry (this device geometry has been utilized 

exclusively for the experimental work presented in this chapter). The angle of the applied 

electric field relative to the BTO c-axis θ is allowed to vary. In this geometry, one 

component of the applied electric field will always be zero, as no field is applied along the 

crystalline direction pointing out-of-plane. Without loss of generality, I will define this as 

Ex = 0 for the case of a-axis BTO. Then, the impermeability tensor of a-axis BTO can be 

re-written as a function of electric field and device angle according to 

𝜂𝐵𝑇𝑂,𝑎(𝐸, 𝜃) = (

𝜂𝑜 + 𝑟13𝐸 cos 𝜃 0 0
0 𝜂𝑜 + 𝑟13𝐸 cos 𝜃 −𝑟42𝐸 sin 𝜃
0 −𝑟42𝐸 sin 𝜃 𝜂𝑒 + 𝑟33𝐸 cos 𝜃

) , (7.7) 

where Ey has been replaced by −𝐸 sin 𝜃 and Ez has been replaced by 𝐸 cos 𝜃 (Figure 7.3). 

Clearly, the observed electro-optic response in this case depends on the angle of the applied 
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electric field θ with respect to the BTO long axis as well as on the magnitude of the applied 

field E. 

 

Figure 7.3: Schematics depicting (a) the relative orientations of the applied electric field 

𝐸⃗ , optical propagation vector 𝑘⃗  and BTO crystalline axes (a and c) in a 

planar device with single-domain, a-axis BTO and (b) multiple unit cells 

between two metallic electrodes, as would be the situation for a real device. 

White arrows represent the ferroelectric polarization of the BTO unit cells. 

Castera et al. have examined the simplified case of single-domain, a-axis BTO and 

derived an analytic expression for the index of refraction experienced by a transverse-

electric (TE) mode and the corresponding Pockels coefficient [23]: 

𝑛𝑇𝐸(𝜃) =
𝑛𝑜𝑛𝑒

√𝑛𝑒2sin2𝜃 + 𝑛𝑜2cos2𝜃
(7.8) 

𝑟𝑇𝐸(𝜃) = 𝑟33cos
3𝜃 + (𝑟13 + 2𝑟42)sin

2𝜃 cos 𝜃. (7.9) 

These expressions can be inserted into Equation (7.1), with nTE replacing n0 and rTE 

replacing reff, in order to determine the index of refraction experienced by a TE optical 

mode in single-domain, a-axis BTO for a given electric field strength and angle. 
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Furthermore, Castera et al. have derived the index of refraction experienced by a 

transverse-magnetic (TM) mode and the corresponding Pockels coefficient [23]: 

𝑛𝑇𝑀(𝜃) = 𝑛𝑜 (7.10) 

𝑟𝑇𝑀(𝜃) = 𝑟13 cos 𝜃 . (7.11) 

In addition to the angular dependence of the electro-optical response, the polarization 

dependence is also made explicit by Equations (7.8) – (7.11). 

 

Figure 7.4: Effective Pockels coefficients for single-domain, a-axis BTO for TM (red) 

and TE (blue) polarizations as predicted in [23]. The inset shows a zoom-in 

of the predicted TM response. Values for r13, r33, and r42 have been taken 

from [25]. 

The angular-dependent Pockels coefficients from Equations (7.9) and (7.11) are 

plotted in Figure 7.4. Clearly, the TE mode is predicted to experience a much greater 

electro-optic response than the TM mode. Interestingly, these equations predict the 

maximum Pockels response for the TE mode to occur at an electric field angle of 
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approximately θ = 55° relative to the BTO c-axis. In a later paper [26], Castera et al. 

modified the expressions given by Equations (7.8) and (7.9) to include the effect of the 

multi-domain structure of BTO. In reality, BTO grown on silicon typically displays a multi-

domain crystalline structure with a-axis BTO domains oriented at 90° to one another [27], 

[28] (Figure 7.5). Within each domain, a ferroelectric polarization exists that points along 

the BTO c axis. The magnitude of the electro-optic response from a given domain depends 

on the relative orientation of the optical electric field and the intrinsic polarization, with 

oppositely polarized domains typically experiencing equal but opposite Pockels responses 

[29]. By including the effects of a multi-domain structure, Castera et al. predict a maximal 

Pockels response for the TE mode at an electric field angle of θ = 45° for the realistic case 

of a 50:50 domain structure. This prediction matches with recent experimental data, as 

shown in Section 7.3. In general, both the ferroelectric domain orientation and the 

crystalline orientation (a- vs c-axis) contribute to the observed electro-optic response of 

BTO. 

 

Figure 7.5: Schematic of multi-domain structure of unpoled a-axis BTO. For all domains, 

the ferroelectric polarization (represented by the black arrow) points along 

the BTO c-axis. 
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7.3 LARGE POCKELS EFFECT IN MICRO- AND NANOSTRUCTURED BARIUM TITANATE 

INTEGRATED ON SILICON 

7.3.1 Contributions 

The following sections are a reproduction of a 2019 paper by Abel, Felix, Ortmann, 

et al. [29] and details work I was involved in at IBM Research – Zurich. Specifically, I 

conducted much of the electro-optic characterization of the photonic devices, including the 

experimental measurements and the detailed numerical analysis of the response, with 

assistance from Dr. Stefan Abel. In addition, I assisted with the high-speed characterization 

of the photonic devices, as illustrated in Figure 7.9, in collaboration with Pau Castera of 

Professor Pablo Sanchis’s group at Universitat Politècnia de València. Finally, I helped co-

write the manuscript with Dr. Stefan Abel, Dr. Jean Fompeyrine and Felix Eltes. 

Device design, chip layout, and sample fabrication were performed primarily by 

Felix Eltes with some assistance from Daniele Caimi. XRD and STEM characterization of 

the layer stacks were performed by Felix Eltes with some assistance from Dr. Jean 

Fompeyrine. Detailed vectorial simulations allowing for the extraction of the Pockels 

coefficients from the measurements were conducted by Darius Urbonas. Plasmonic device 

characterization was handled collaboratively by Felix Eltes of IBM and Andreas Messner 

of ETH Zürich. 

7.3.2 Introduction 

Silicon photonics has become a platform for dense and low-cost integrated photonic 

circuits for a wide range of applications [5], [6], [8], [30], [31], all of which require fast, 

energy-efficient electro-optical (EO) switches. State-of-the-art modulators based on silicon 

[32] rely on the plasma dispersion effect [33] and have two major constraints: First, the 

change of the real and imaginary parts of the refractive index is linked. A modulation of 
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only the optical phase is therefore not possible, which renders the use of advanced 

modulation formats difficult [34], [35]. Second, the operating speed is limited by the 

charge-carrier lifetimes in forward-biased devices or by the RC characteristics in reversed-

biased devices [36], leading to a maximal bandwidth of a few tens of GHz. These 

constraints are not present in discrete modulators that exploit the Pockels effect in lithium 

niobate (LiNbO3, LNO) single crystals, which have been used for decades in long-haul 

telecommunication [16]. Because no Pockels effect exists in a centrosymmetric crystal 

such as silicon, materials with sizeable Pockels coefficients must be integrated onto silicon 

photonic structures to combine the benefits of bulk Pockels modulators with the low 

fabrication costs of integrated silicon photonics. Unfortunately, so far, no satisfactory 

solution exists. The integration of LNO on silicon can only be performed locally [18] or on 

small wafer scales [17] because no epitaxial deposition process is available. Organic 

materials with large Pockels coefficients have been integrated on silicon and show high-

speed performance [37], [38]. Unfortunately, their limited range of operating temperatures 

hinders their use in real applications. Lead zirconate titanate (PZT) thin films, a more stable 

material, have also been used to fabricate active switches on a SiN waveguide platform 

[39], but no direct integration on compact silicon photonics has been achieved. 

Barium titanate (BaTiO3, BTO) has emerged as an excellent candidate to enable 

Pockels-effect-based devices on silicon for several reasons. First, BTO has one of the 

largest Pockels coefficients of all materials [40]. Second, it has previously been used in 

thin-film EO modulators on exotic oxide substrates [41], [42]. Third, BTO can be grown 

on silicon substrates [22], [43] with large wafer sizes, and with an excellent crystal quality 

[13]. Previous work reported values of the Pockels coefficients lower than BTO bulk 

values, but five times larger than bulk LNO [22]. Fourth, BTO is a chemically and 

thermally stable material. Finally, functional passive photonic structures, such as low-loss 
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hybrid BTO-Si waveguides, have already been realized [44]. Earlier results were shown on 

EO switching in BTO-Si waveguides [13], [45], [46] or in BTO plasmonic devices operated 

at high speed [47], but the influence of undesired effects, such as charge migration or 

plasma dispersion, could not yet be excluded as the source of the EO response. No proof 

exists that BTO maintains its superior EO properties when embedded into micro- and 

nanoscale silicon photonics structures. 

In this work, we unambiguously prove the presence of the Pockels effect in BTO 

integrated into silicon photonic devices by verifying three independent criteria: We show, 

first, high-speed modulation up to frequencies of 65 GHz, second, the dependence of the 

EO response on the orientation of the optical and externally applied electrical fields relative 

to the crystalline orientation of BTO, and third, optical evidence of ferroelectric domain 

switching. These features are unique signatures of the Pockels effect and exclude other 

physical switching mechanisms. We extract a Pockels coefficient of r42 ~ 923 pm/V, which 

is 30 times larger than in LNO, and the highest value reported in silicon photonic structures. 

In the following sections, we first disclose the fabrication of the layer stack 

containing ferroelectric BTO, in which the Pockels effect is present. Next, we describe the 

layout and the design of both microscale photonic and nanoscale plasmonic devices used 

to verify the presence of the Pockels effect. We discuss the need of using two 

complementary device geometries to fully characterize the EO properties of BTO, as 

presented in detail in the third section. Finally, we demonstrate the generic applicability of 

BTO-enhanced photonic structures by performing data modulation at high rates of up to 

50 Gbit/s. 
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7.3.3 Fabrication of BTO Layers 

In this section, we show that high-quality, single-crystalline BTO on SiO2 can be 

obtained using a combination of epitaxy and direct wafer bonding. With our concept, two 

prerequisites to enable EO switching in BTO/Si structures are fulfilled: First, the approach 

yields dense, crystalline, and tetragonal BTO films, which are needed to preserve the 

Pockels effect [48]. Second, it enables a thick lower cladding below the BTO films, which 

is required to avoid optical leakage into the substrate. Previous electro-optical BTO/Si 

devices were based on BTO on silicon-on-insulator (SOI) substrates [45], [46]. However, 

in such layer stacks, mobile charges in the semiconducting device silicon layer may screen 

the applied electric field and result in an EO response due to plasma dispersion [40]. To 

prevent this effect, we fabricated a hybrid amorphous-epitaxial heterostructure without any 

silicon below the BTO layer using a two-step process.  

In the first step, 80- to 225-nm-thick BTO layers are grown by molecular beam 

epitaxy (MBE) on SOI substrates. To ensure epitaxial growth, the SOI is covered with a 4-

nm-thin MBE-grown strontium titanate (SrTiO3, STO) buffer layer [22] (Methods). In the 

second step, we transfer the BTO layer onto another silicon wafer covered with SiO2 via 

direct wafer bonding and substrate back-etching, using Al2O3 as bonding interface [49]. 

The 5- to 10-nm-thick Al2O3 layer deposited on both the host and the donor wafer via 

atomic layer deposition guarantees a high bonding strength [50]. The low surface 

roughness below 0.4 nm for both wafers (Figure 7.6a) results in a high bonding yield. After 

thermal treatment, the donor wafer is removed via grinding and multiple etching steps 

(Methods), resulting in the desired wafer stack of Si/STO/BTO/Al2O3/SiO2/Si (Figure 

7.6b). Most of these steps are commonly available in a back-end-of-the-line integration 

process and enable the addition of functional oxide layers with planarized, oxide-covered 

wafers fabricated in a standard CMOS process [13]. 
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Figure 7.6: (a) Atomic force microscopy image showing the low roughness of BTO prior 

to the bonding process. (b) Schematic of process (from left to right) to 

obtain the hybrid stack using direct wafer bonding of an MBE-grown BTO 

film onto a thermally oxidized acceptor wafer with Al2O3 as a bonding 

interface. (c) The low-resolution cross-sectional image shows a uniform and 

smooth layer stack, whereas the higher-resolution HRSTEM images (right) 

reveal the high quality of the crystalline structure of BTO and of the 

BTO/STO interface formed during the deposition process (top) as well as 

the sharpness of the bonding interface (bottom). (d) The HRXRD 

diffractogram confirms the absence of any polycrystalline domains in the 

final hybrid stack, with only BTO (h00) peaks visible (pseudo-cubic 

notation), and the epitaxial relationship between silicon and BTO. (e) The 

high quality of the BTO layer is evidenced by the low mosaicity (Δω ≈ 0.3°) 

extracted from the rocking curve measured on the BTO (200) Bragg peak. 

(f) Reciprocal space map plotted in reciprocal space units (rsu) around the 

{224} silicon and {203} BTO Bragg peaks acquired on the hybrid stack. 

Three possible orientations are revealed, with the long c-axis being parallel 

to either the [001] (c-axis domains) or to the [110] or [-110] silicon 

directions (a-axis domains). (g, h) Higher-resolution diffraction around the 

pseudo-cubic (200) BTO peak, highlighting the relative contributions of the 

a- and c-axis domains in the BTO layer. The comparison of (g) an 80-nm-

thick and (h) a 225-nm-thick BTO layer shows the higher relative fraction of 

the c-axis domain in thinner films. 
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The layers show a well-defined crystalline orientation with respect to the wafer as 

is necessary for obtaining high-performance photonic devices [26]. The crystallinity and 

interfaces remain of high quality after completion of the process, as is visible at a 

microscopic level in high-resolution scanning transmission electron microscopy 

(HRSTEM) images (Figure 7.6c). High-resolution X-ray diffraction (HRXRD) analysis 

confirms the cube-on-cube epitaxial relationship between the BTO layer and the device 

silicon layer (Figure 7.6d). The sharp rocking curve (Figure 7.6e) further confirms the high 

crystalline quality at a macroscopic level. 

A more detailed analysis shows that the BTO film has a tetragonal symmetry, 

consistent with the bulk unit cell of BTO, with two short a-axes and one longer c-axis 

(Figure 7.6f). The orientation of these axes is critical for device operation because of the 

strong dependence of the Pockels effect on the relative orientation of the static electric 

field, the direction and polarization of the light, and the crystalline orientation [22], [26]. 

The reciprocal space map around the BTO(203) film peak (Figure 7.6f) shows the presence 

of two types of a-axis-oriented domains which are rotated by 90° in-plane relative to each 

other, and a smaller fraction of c-axis domains (see Figure 7.6 caption). The c-axis domains 

stem from epitaxial strain, and are expected to form at the interface between STO and BTO 

[22], [28]. Consistently, the relative volume fraction of c-axis domains is indeed larger in 

the 80-nm-thin film (Figure 7.6g) than the 225-nm-thick film (Figure 7.6h). 

7.3.4 Device Integration and Characterization 

To confirm the Pockels effect in the BTO layer, we test the anisotropy and the 

frequency behavior of the electro-optic response of various integrated devices. We use 

racetrack resonators with differently oriented straight sections relative to the BTO 

crystalline axes (Figure 7.7a). The relatively small footprint of such structures of 
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~(100 μm)2 allows the fabrication of many separate devices of different orientation, which 

are needed to probe the angular dependence of the electro-optic response. Resonant devices 

are well-studied and allow a quantitative analysis of the EO response [51]. Due to the finite 

photon lifetime, the electro-optic bandwidth of resonant photonic devices is typically 

limited to few tens of GHz [52], which restricts the usage of such devices for high-speed 

characterization as needed to validate the Pockels effect. Mach-Zehnder modulators 

(MZM) can be operated at high-speed without bandwidth limitations due to finite photon 

lifetimes. However, the larger size of MZMs of several millimeters impacts the electrode 

bandwidth [36]. Advanced radio frequency (RF) engineering of travelling wave electrodes 

is required to obtain high-bandwidth BTO/Si based MZM structures. As an alternative, 

plasmonic phase modulators offer extremely high bandwidth due to the low capacitance 

resulting from the small device size [53]. In our work, we use such BTO-based plasmonic 

structures to extend the frequency range of our EO characterization to 65 GHz. Since an 

accurate quantitative analysis of plasmonic phase modulators is not possible, we used both 

photonic and plasmonic device types for our analysis of the electro-optic response. 

We have therefore fabricated both photonic and plasmonic devices with embedded 

BTO (Methods). For photonic structures, the device-silicon layer is used to form strip-

loaded waveguides cladded with SiO2. The waveguide is single-mode and supports 

transverse-electric (TE) (Figure 7.7c) and transverse-magnetic (TM) (Figure 7.7d) 

polarizations with 39 % (TE) or 55 % (TM) of the optical power confined in the BTO layer. 

Electrodes separated by 2 µm from the waveguide generate an electric field parallel to the 

225-nm-thick BTO layer (Figure 7.7a,b). To analyze the tensorial nature of the EO 

response, racetrack resonators were fabricated with different angles α relative to the 

BTO<100> pseudo-cubic crystalline direction (Figure 7.7a). Applying a DC or RF signal 

to the electrodes (Figure 7.7e), the shift in the resonance wavelength of the resonators is 
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used to determine the change of the effective mode index Δneff in the waveguides 

(Methods). 

 

Figure 7.7: (a) False-color optical microscopy image of a photonic ring resonator prior to 

the fabrication of contact pads. The angle α indicates the orientation of the 

straight section relative to the BTO<100> axis (pseudo-cubic notation). 

Waveguides are shown in black, the BTO surface in blue, and the electrodes 

in yellow. (b) Scanning electron microscopy (SEM) cross-sectional image of 

the photonic devices between the electrodes. (c, d) Simulated mode profile 

of the photonic TE and TM mode, respectively (methods). The colors 

indicate the electric field strength, ranging from blue (low) to red (high). (e) 

Exemplary transmission spectra of a photonic racetrack resonator for two 

different bias voltages. The EO response is calculated based on the shift of 

the resonance wavelength. (f, g, h) Similar figures as (a)-(d) for the 

plasmonic device, showing the false colored top-view reordered via SEM, 

the cross section, and the simulated mode profile (same color code as in (c), 

(d)). (i) Example of a transmission spectrum of a plasmonic phase 

modulator operated at a wavelength λ = 1540 nm with an RF signal at 30 

GHz. The intensity ratio of the peak (λ = 1540.00 nm) to the first sidebands 

(λ = 1539.75 nm and 1540.24 nm) is used to determine the change of the 

effective index Δneff of the plasmonic mode. 
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The 10-µm-long plasmonic structures are based on an 80-nm-thick BTO layer, from 

which a 50-nm-wide fin is etched and contacted (Methods). The plasmonic waveguide 

(Figure 7.7f,g) confining 50% of the optical power in the BTO layer (Figure 7.7h) [54] is 

coupled to photonic waveguides via tapered structures. We derive Δneff from the power 

ratio between spectral bands (Figure 7.7i), which are created by two-wave mixing 

processes when applying an RF signal to the electrodes (Methods). 

7.3.5 Confirmation of Pockels Effect 

To confirm the presence of the Pockels effect in BTO, it is crucial to analyze 

characteristic features of the EO response [55], primarily its frequency dependence to 

exclude slow EO effects and its anisotropic nature to rule out isotropic EO effects. In 

addition, the Pockels effect in a ferroelectric should translate into a hysteretic response of 

the refractive index versus field, consistent with the poling of ferroelectric domains. Here 

we investigate all these characteristics to confirm the presence of the Pockels effect in our 

devices. 

The modulation of the refractive index at radio frequencies [56] differentiates the 

Pockels effect from the thermo-optic effect and from ionic diffusion processes, both of 

which occur at long timescales. We measure a constant EO response up to 30 GHz in 

photonic devices with Q-factors of Q = 5·103 (Figure 7.8a), which coincides with the cut-

off frequency of our experimental equipment (Methods). Due to the finite photon lifetime 

[52] and peaking effects [57] in resonant structures, the response at higher frequencies 

cannot be interpreted unambiguously. From the constant EO response up to 30 GHz in 

photonic devices, we cannot completely exclude a possible contribution of plasma 

dispersion induced by the strong electric field in the silicon strip above the BTO layer. 

Non-resonant plasmonic devices, where silicon is absent in the active region, are used to 
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extend the analysis to higher frequencies. Indeed, the EO response in plasmonic devices is 

constant in the frequency range from 30 to 65 GHz (Figure 7.8a), and unambiguously 

supports the presence of the Pockels effect in the BTO-based devices. 

 

Figure 7.8: (a) Frequency dependence of the EO response of a photonic ring modulator 

(TE polarization) and a plasmonic phase modulator. (b) Linear zoom into 

the high-frequency region of the plasmonic modulator up to 65 GHz. (c) 

Angular dependence of the EO response of photonic devices designed for 

different optical polarizations for static electric fields and, (d) for photonic 

and plasmonic devices at alternating electric (AC) fields at 1 GHz and 30 

GHz, respectively. The dashed lines in (c) and (d) correspond to the 

simulated response of the photonic devices using the Pockels tensor 

extracted from the experiments (Supplementary Note 5). (e) EO hysteresis 

curve obtained at 1 GHz (photonic devices, TE polarization) and at 30 GHz 

(plasmonic devices) when sweeping the applied bias in devices oriented at 

different angles α (see labels). The schematics on top indicate the orientation 

of the ferroelectric domains for the electric field (green arrow) oriented at 

α = ±45°. 

In contrast to the flat frequency response of the photonic devices, the plasmonic 

modulators show a reduction of the EO response in the frequency range from ~2 to 30 GHz 

by ~5 dB (Figure 7.8b). This reduction is attributed to the mechanical boundary conditions 

in plasmonic devices: At frequencies up to few GHz, horizontal deformation of the BTO 

fin driven by the piezo-electric effect [58] results in a larger, un-clamped EO response [20] 
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compared to the high frequency region. Such an effect is not visible in photonic devices, 

where mechanical motion is suppressed due to clamping from the SiO2 cladding. 

Because of the tensorial nature of the Pockels effect [20], the orientation α of the 

waveguides (defined in Figure 7.7) should influence the EO response. Indeed, photonic 

racetrack devices show a clear dependence on α (Figure 7.8c). As the electric-field-induced 

Δneff parallel and perpendicular to the BTO layer is anisotropic, the EO response is 

expected to be sensitive to the polarization of the optical mode. We experimentally 

confirmed such an anisotropy between the TE and the TM modes in photonic devices 

(Figure 7.8c,d), and compared it with simulations of the expected EO response. The 

experimental angular dependence and polarization dependence of the EO response agree 

quantitatively with the simulations (Figure 7.8c). We determined the two largest non-

vanishing coefficients of the Pockels tensor in the BTO layer in the photonic structures to 

be r42 = (923 ± 215) pm/V and r33 = (342 ± 93) pm/V. Owing to the small response of the 

TM devices at  = 0°, no reliable extraction of the r13 coefficient is possible. The similar 

angular dependences of the EO modulation at static and radio frequencies indicate a 

common and constant physical effect as the origin of the EO response at all time and length 

scales probed in our measurements (Figure 7.8d). Here, we limited the analysis to 1 GHz 

to minimize the influence of finite photon lifetimes on the angular dependence. Our 

experimental procedure does not allow an accurate quantitative analysis of the Pockels 

response at RF (Methods). However, the flat frequency response of the S21 parameter in 

the photonic devices (Figure 7.8a) indicates a constant Pockels effect from static (Figure 

7.8c) to high frequencies (Figure 7.8d). 

Although we can measure an effective, orientation-dependent materials response in 

plasmonic devices, which qualitatively agrees well with the tensorial nature of the Pockels 

effect (Figure 7.8d), it is not possible to deconvolute and quantify the Pockels coefficients 
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as can be done for photonic devices. Nanoscale plasmonic devices are more sensitive to 

extrinsic effects such as process damages or device geometry as well as intrinsic effects 

such as dead dielectric layer, or distribution of c- and a-axis domains in the plasmonic 

waveguide. Nevertheless, taking these effects into account, the measured effective 

response of the plasmonic devices can be reproduced using the Pockels coefficients 

determined on the photonic devices.  

In addition to the high-frequency response and the angular dependence, the EO 

response caused by the BTO layer should lead to a hysteretic behavior when sweeping the 

bias voltage due to the reorientation of ferroelectric domains. Because the Pockels effect is 

a linear EO effect, domains with opposing ferroelectric orientations induce an opposite 

phase shift, resulting in a vanishing EO response for films with equally distributed domains 

[22]. The EO response will saturate while increasing the bias, once all domains are 

polarized in the same direction. Indeed, the expected hysteresis is clearly visible in both 

the microscale photonic and nanoscale plasmonic devices (Figure 7.8e). The coercive field 

Ec extracted for photonic devices (Ec = 2·105 V/m) is in good agreement with previously 

reported values for BTO films on silicon of similar thicknesses [22]. In contrast, the 

coercive field in plasmonic structures is more than one order of magnitude larger 

(Ec = 1·107 V/m), but remains consistent with a voltage drop over an interfacial non-

ferroelectric layer and common observations in thin ferroelectrics, where domain pinning 

and finite depolarizing fields enhance Ec in devices with reduced dimensions [59].  

In the case of photonic devices, the hysteresis loop is not completely pinched at 

larger voltages due to slow ionic diffusion processes occurring at time scales similar to the 

sweeping rate used during the hysteresis measurements (Methods). These diffusion effects 

are related to the surface reactivity of the bonded material stack towards the ambient 

atmosphere, which take place in the gap between the electrode and the waveguide. As a 
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consequence, the potential distribution within the device is slightly modified without 

impacting the angular dependence and the frequency response as discussed above. 

7.3.6 Application of the Pockels Effect 

Having demonstrated the existence of a strong Pockels effect in our structures, we 

now demonstrate its potential use for high-speed data communication (Figure 7.9). 

Recording an eye-diagram is an insightful way to evaluate the performance of an EO 

modulator. A photonic ring modulator with Q-factor Q = 9·103 and a 10-µm-long 

plasmonic phase modulator with a slot width of 50 nm are used to achieve a high 

modulation bandwidth (Methods), with data rates of 40 Gbit/s (photonic device) and 

50 Gbit/s (plasmonic device). These results show the applicability of the BTO/Si 

technology for high-speed data transmission. They can also be used to estimate the 

performance of MZM, which, if well-engineered, are commonly preferred over resonant 

structures or phase modulators for integrated optical links. The electro-optic response 

measured in our TE photonic waveguides translates to a Vπ·L product of 0.45 V·cm, which 

is competitive with state-of-the-art integrated Si [60] and InP [61] EO phase shifters. 

Additionally, we estimated the switching energy of an optimized MZM to be 96 fJ/bit, 

which is in the same range as advanced Si-based Mach-Zehnder modulators [62], [63]. 

These performance metrics prove the technological relevance of having the Pockels effect 

available on silicon as an EO switching mechanism. 
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Figure 7.9: (a) Eye-diagram for data rates of 40 Gbit/s (photonic device) and (b) 50 Gbit/s 

(plasmonic device). 

7.3.7 Summary and Conclusions 

We have unambiguously demonstrated the presence of the Pockels effect in a 

hybrid BaTiO3-SiO2 stack integrated into photonic and plasmonic structures on silicon. 

While the photonic resonator devices allow for the quantitative determination of the 

individual Pockels tensor elements of BTO, the plasmonic devices enable bandwidth 

measurements at frequencies up to 65 GHz. The results from these two complementary 

device structures demonstrate that BTO maintains its superior electro-optical properties 

after fabrication of both microscale photonic and nanoscale plasmonic components. Key 

characteristics, such as the high-speed response, the angular anisotropy, and hysteretic 

switching, rule out other physical effects as the origin of the EO response. The magnitude 

of the EO response is bulk-like [20] and many times larger than for any Pockels materials 

previously integrated on silicon [18], [22], [39]. The chemical and thermal stability of 

oxides also outperform those of organic nonlinear materials [38], [64]. 

The use of our structures for data communication at rates of 50 Gbit/s reveals the 

prospects of this technology for a new class of integrated modulators. Our approach can 

deliver devices with a competitive Vπ·L, is suited for complex modulation formats, and is 

compatible with a tight integration within CMOS fabrication lines. Having demonstrated 
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the presence of the Pockels effect in the materials stack, we foresee that superior electro-

optical performance can be obtained by further optimization of the device parameters such 

as the thickness of the BTO layer, the gap between the electrodes, and the electrode layout 

optimized for RF operation. 

The ability to control the Pockels effect in integrated photonic devices also has 

profound implications for applications beyond data communication. Sensory [8], [65], 

[66], mid-infrared [67], and neuromorphic computing applications [5], [6], [68] would also 

strongly benefit from devices that are operated at reduced operating speeds or exploit non-

volatile EO effects. Ultimately, hybrid BTO/Si photonic devices provide an additional 

degree of freedom for designers to realize not only a new generation of compact, high-

speed modulators, but also novel devices such as ultra-low-power tuning elements [46], 

non-volatile optical memories [69], or microwave-to-optical quantum converters [70]. 

7.3.8 Methods 

MBE deposition was done in a chamber with a base pressure of < 3 · 10-10 Torr. 

Before BTO deposition on 2’’ SOI wafers with 100- or 220-nm-thick device silicon layers, 

a 4-nm STO seed layer was deposited. After HF-cleaning of the substrate, 0.5 mono layers 

of Sr was deposited at 600-650°C. After cooling to 50°C, the Sr was oxidized in molecular 

oxygen, followed by the deposition of amorphous STO at an O2 pressure of ~5 · 10-7 Torr. 

The amorphous STO was crystallized by annealing in UHV at 400-500°C, resulting in 

epitaxial STO. BTO growth was done at 500-600°C under atomic oxygen. A plasma source 

was used to generate atomic oxygen at a pressure of ~5 · 10-6 Torr. 

Direct wafer bonding was performed using 5- to 10-nm-thick Al2O3 layers 

deposited by atomic layer deposition on both donor and receiver wafers. After surface 

preparation and bonding, an annealing step was performed at 250°C. The donor wafer was 
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removed by grinding, followed by wet etching, leaving the device Si of the SOI donor 

wafer as the top layer. 

Fabrication of photonic devices started by epitaxial deposition of 225-nm BTO on 

a 4-nm STO buffer on an SOI wafer with 100-nm top Si. The BTO and top-Si layers were 

transferred by direct wafer bonding to a high-resistivity wafer with a 2-µm-thick thermal 

oxide. Photonic waveguides and grating couplers were fabricated by patterning the top Si 

layer using inductively coupled plasma (ICP) etching. After waveguide fabrication, the 

devices were annealed in O2 at 400°C for 4 h to reduce propagation losses to ~10 dB/cm. 

Electrodes were deposited in a metallization step. An SiO2 cladding was deposited by 

PECVD, in which vias were etched by ICP followed by the final metallization. The width 

of the waveguides was chosen to be 0.75 and 1.25 µm to ensure single-mode TE and TM 

operation, respectively. Single mode operation was verified by simulating the 2D mode 

profiles with PHOENIX and COMSOL. Racetrack resonators with 50 µm (TE) and 75 µm 

(TM) bend radius, and 75-µm-long straight sections were fabricated along with ring 

modulators with varying radii. 

The photonic components of the plasmonic devices were fabricated in the same 

way as the photonic devices (using 80-nm BTO deposited on an SOI wafer with 220-nm 

top Si). After patterning of photonic regions, the plasmonic waveguides were etched into 

the BTO using ion beam etching. After structuring of the BTO, the electrodes were 

deposited by a self-aligned metallization process. The propagation losses of the plasmonic 

structures are ~1.4 dB/μm. 

Optical fibers and integrated grating couplers were used to first couple light emitted 

from a tunable diode laser at a wavelength of λ ~ 1550 nm into the active devices, and 

afterwards out of the chip to detect the transmitted power. Applying a voltage to the 

electrodes creates an electric field in the BTO layer, which results in a modification of the 
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refractive index because of the Pockels effect. For photonic devices, we tracked these 

modifications by recording the transmission spectra of the resonators as a function of the 

bias voltage applied. The change of the refractive index of the BTO layer can be determined 

from the change of the resonance wavelength λ0. For hysteresis measurements, we 

iteratively changed the bias and recorded transmission spectra with a delay of ~10 s. We 

acquired the frequency dependence of the EO response by modulating the applied voltage 

from 50 MHz to 40 GHz. We recorded the S21 parameter of a TE ring modulator with a 

radius of 15 µm using a vector network analyzer (VNA) while scanning λ across the 

resonance and measuring the modulated optical power at a high-speed detector with a 3 dB 

cut-off frequency of 33 GHz after amplifying, filtering, and attenuating the modulated 

signal. Note that the values reported for the S21 parameters (Figure 7.8b) are extracted off-

resonance to minimize effects from the finite photonic lifetime on the EO bandwidth. The 

nonlinear distortion of the EO response by the erbium-doped fiber amplifier (EDFA) 

operated close to saturation is considered in the data analysis, but results in inaccuracies 

which prevent an accurate quantitative analysis of the change of the refractive index from 

the S21 parameters. 

To characterize the plasmonic phase shifters, we applied a bias voltage of about 

2.5 V and an RF signal of approximately 10 dBm at frequencies fRF between 15 and 65 

GHz directly to the electrodes of the phase shifters, and recorded the optical spectrum using 

an optical spectrum analyzer (OSA). The modulation amplitude was measured as the power 

ratio between the optical carrier and the modulation sidebands at f0 ± ΔfRF. We calibrated 

the RF power at the input of the RF probe and subtracted the losses of the probe based on 

the data sheet supplied. To measure the frequency response of plasmonic devices at 

frequencies lower than 15 GHz, a lightwave component analyzer was used to record the 

S21 parameter of a Mach-Zehnder modulator consisting of two plasmonic phase shifters 
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between 100 MHz and 25 GHz. The overlap between the S21 parameter and the phase 

shifter modulation in the 15-25 GHz range was used to normalize the phase-shifter 

modulation to the S21 parameter. 

To determine the angular dependence, devices with orientations between 0° and 

45° were measured with a 30-GHz RF signal. The hysteresis measurement was performed 

on a single device by varying the bias voltage, while keeping the RF signal constant. Based 

on the modulation amplitude and the applied RF power, we extracted the modulation index 

as described in ref. [71]. From the modulation index, we calculated the change of the mode 

index. For an improved comparison with the photonics measurements, we inverted one 

wing of the butterfly-shaped hysteresis loop to obtain the hysteresis loop shown in Figure 

7.8e. 

A TE photonic ring modulator with a radius of 12.5 µm, a coupling gap of 0.35 µm 

and an electrode gap of 2.75 µm was used to characterize the high-speed data-transmission 

capability, whereby an NRZ pseudorandom binary sequence (PRBS) of length 27-1 

delivered by a bit pattern generator (BPG) was applied, connected to an external clock. The 

modulating signal was applied by high-speed ground-signal-ground (GSG) RF probes to 

the electrodes. The modulated optical signal was then optically amplified by an EDFA, 

filtered via an optical filter, and finally photo-detected prior to its visualization at the digital 

communication analyzer (DCA). In this way, a 40-Gbit/s signal was generated. 

A plasmonic phase shifter with a 50-nm-wide and 10-µm-long plasmonic 

waveguide was used for BPSK data modulation. An electrical 50 Gbit/s signal was 

generated and amplified before being applied to the modulator. The applied RF voltage 

peak was 0.8 V at a 50 Ω system, and the DC bias voltage was 2.5 V. A tunable laser, set 

to 1.55 μm, amplified through an EDFA to 16 dBm was used for the optical input. After 

the modulator, the optical signal was re-amplified through an EDFA, fed to an optical 
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coherent receiver and recorded by a digital sampling oscilloscope (DSO, 160 GSa/s, 

63 GHz 3-dB bandwidth). The digitized signal was processed offline, including timing 

recovery, carrier recovery, least mean square (LMS) equalization, symbol decision and 

error counting. 

All simulations are performed with a MEEP Finite Difference Time Domain 

(FDTD) solver. The calculations were performed using 2D FDTD with the cell size of 8:6 

µm (y:z) using 33-nm grid size and 1-µm-thick perfectly matched layer (PML) boundary 

conditions. The simulation geometry consisted of a SiO2 bottom layer, 225-nm BTO, and 

a 100-nm-thick and 1250/750-nm-wide Si ridge layer cladded with air. The Gaussian-

shaped source was positioned in the center of the waveguide, and the size of the source was 

equal to the dimensions of the waveguide (width = 750/1250 nm, height = 325 nm). The 

wavelength range was set to 1430 – 1670 nm. The simulated EO response of the photonic 

devices was compared with the experimental data to extract the elements of the Pockels 

tensor. 

All simulations were performed with COMSOL Multiphysics. Eigenmodes were 

calculated in 2D Finite Element Method (FEM) simulations with a simulated region of 

500:2000 nm2 (width:height) and five mesh cells per effective wavelength in the simulated 

materials. The metal surface was meshed with 1.5-nm vertex spacing. First-order scattering 

boundary conditions were used. The simulation environment consisted of a 1000-nm SiO2 

bottom layer, 20-nm Al2O3, 76-nm BTO, 38-nm BTO slab and metal electrodes, and 1000-

nm air cladding. The geometry was adapted to the TEM imaging of devices as fabricated 

and characterized. Simulations were performed at λ = 1550 nm; material data obtained 

from ellipsometry was used for BTO and Au. 
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7.4 ULTRA-LOW POWER TUNING IN HYBRID BARIUM TITANATE-SILICON NITRIDE 

ELECTRO-OPTIC DEVICES ON SILICON 

7.4.1 Contributions 

The following sections are reproduced with permission from ACS Photonics, 

submitted for publication. Unpublished work copyright 2019 American Chemical Society. 

The manuscript details a series of experiments I conducted at IBM Research – Zurich in 

the spring of 2018 [72] and is under review with the title “Ultra-Low Power Tuning in 

Hybrid Barium Titanate-Silicon Nitride Electro-Optic Devices on Silicon.” 

All electro-optic experiments presented in the manuscript and in the sections below 

were performed by me with assistance provided by Dr. Stefan Abel and Felix Eltes. 

Additionally, I designed the devices and the chip layout with significant input from Felix 

Eltes. XRD materials characterization was performed by Felix Eltes with assistance from 

Dr. Jean Fompeyrine. Device fabrication was also completed by Felix Eltes with some 

assistance from Daniele Caimi and Norbert Meier. The manuscript was primarily written 

by myself and Dr. Stefan Abel, with significant input from Felix Eltes and Dr. Jean 

Fompeyrine. 

7.4.2 Introduction 

Decades ago, the development of integrated electronic circuits revolutionized the 

electronics industry by enabling electronic circuits to be made smaller, faster, and more 

cheaply. A similar trend has reached optical networks, where the integration of bulk- and 

fiber-based circuits can nowadays be realized in photonic integrated circuits (PICs) on 

compact semiconductor substrates. PICs already play a major role in data centers and their 

use is expected to rapidly expand in the coming years owing to the explosive growth of 

global network traffic [2], [4], [73]. In addition to well-established transceiver technologies 
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for data centers, PICs also show promise for use in a wide variety of emerging fields, such 

as reservoir computing [5], deep learning [6], photonic quantum computing [7], and 

sensing technologies [8]–[10]. 

While many materials have been explored for PICs, silicon- and silicon nitride 

(SiN)-based PIC technologies [30], [74]–[76] have received widespread attention due to 

their compatibility with existing complementary metal-oxide-semiconductor (CMOS) 

processes. CMOS compatibility is a critical consideration for technological adoption, as it 

allows for the reliable and cost-efficient construction of micro- and nanoscale devices and 

the co-integration of electronic and photonic circuitry on a single chip. Besides CMOS 

compatibility, both silicon and SiN have their own unique advantages when employed in 

PICs. For example, silicon offers excellent light confinement and a variety of nonlinear 

effects that can be useful for the construction of a multitude of photonic devices [74]. On 

the other hand, SiN can accommodate a broad wavelength range, including visible light, 

can be stacked to form multi-planar device architectures [77], and can be engineered for 

very low optical propagation losses [78], [79]. 

Regardless of one’s material platform of choice, a key functionality needed in PICs 

is the ability to tune the effective refractive index of the guided optical signal. Such 

refractive index tuning is the building block for electro-optic modulators [31], switches 

[80], and filters [81]–[84], which are all fundamental components of PICs. Additionally, 

refractive index tuning can be used to compensate for unavoidable fabrication 

imperfections [85]–[88] and thermal fluctuations [89], [90] that erode device performance. 

Such compensation is particularly important for resonant devices, which offer very small 

footprints but also suffer from a high sensitivity to environmental changes and fabrication 

tolerances. 
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Several different mechanisms have been exploited for tuning the effective 

refractive index in integrated photonic devices. The most prominent are the thermo-optic 

effect, which is present in both silicon- and SiN-based platforms [90]–[92], and the plasma 

dispersion effect, which is available in silicon-based devices [31], [33]. Unfortunately, both 

tuning mechanisms are inherently power consuming. Thermo-optic tuning relies on Joule 

heating and therefore necessitates significant current flow. Similarly, forward-biased 

plasma dispersion silicon photonic devices require current flow through a p-n junction. 

State-of-the-art resonator devices relying on the thermo-optic and plasma dispersion effects 

for tuning show power consumption on the order of 0.1 – 100 mW/free spectral range 

(FSR) [89]–[91]. The static tuning power of such devices can be several times larger than 

their dynamic power consumption [93]–[95], placing severe restrictions on the use of 

resonant devices in a variety of applications including high throughput data centers and 

next-generation sensing technology Reverse-biased devices are less power consuming but 

can induce large optical propagation losses caused by high doping levels and are generally 

less suited for tuning due to the small accessible refractive index window. By introducing 

III-V layers and forming hybrid III-V/silicon phase shifters, these loss issues have recently 

been significantly improved [96]. However, the delicate process of wafer-bonding III-V 

layers to silicon waveguides complicates fabrication while the unavailability of 200 mm 

InP wafers limits the scalability of the hybrid III-V/silicon devices. Furthermore, the 

transparency window of hybrid III-V/silicon devices is limited to wavelengths greater than 

~1.3 μm by the III-V layers, in contrast to the large transparent window available in hybrid 

BTO-SiN devices, which should extend into the visible spectrum. 

In contrast to the thermo-optic and plasma dispersion effects, the Pockels effect is 

a second-order nonlinear optic effect describing the electric field-driven modulation of the 

refractive index. The Pockels effect is therefore uniquely suited for use in ultra-low power 
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integrated photonics applications, as no electric current flow or doped regions in the 

waveguide are required for operation. Additionally, the linear change of refractive index 

with applied field facilitates the use of Pockels devices in technological applications by 

reducing the complexity of the control circuitry. As neither silicon nor SiN display a 

Pockels effect, other materials must be combined with the waveguides. The ferroelectric 

perovskite BaTiO3 (barium titanate, BTO) is an excellent candidate as it displays a very 

large Pockels response even in thin-film form [29] and can be readily integrated with 

silicon via an epitaxial SrTiO3 buffer layer [22], [43]. Furthermore, low-loss hybrid BTO-

silicon waveguides have already been demonstrated [44], as well as electro-optic operation 

in hybrid BTO-silicon structures [29], [46], [97] on 200 mm wafer sizes [13], [98]. 

While hybrid BTO-silicon photonic devices have recently garnered significant 

attention, the combination of BTO with SiN potentially offers many advantages over a 

silicon-based platform. For example, the integration of SiN strip waveguides with BTO 

allows for the combination of ultra-low power refractive index tuning via the Pockels effect 

in BTO with the low optical losses available in SiN [78], [79]. In addition, there are no 

mobile charge carriers in highly-insulating SiN that can impact electro-optic performance. 

Finally, due to the different material absorption, the optical wavelength range available in 

BTO-SiN waveguides is significantly wider than in BTO-Si waveguides, allowing 

operation in the visible wavelength range, for example. In this work, we fabricate hybrid 

BTO-SiN racetrack resonators and demonstrate the ability to electrically tune the effective 

refractive index on the order of 10-3. Our devices feature a remarkably low power 

consumption of approximately 106 nW/FSR, several orders of magnitude lower than many 

previous reports [46], [89]–[91], [99]. We demonstrate the technological potential of our 

hybrid BTO-SiN technology by compensating thermal refractive index variations over a 
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temperature range of 20 °C as well as by demonstrating tunable multi-resonator optical 

filters that can be used to compensate for unavoidable fabrication imperfections. 

7.4.3 Methods 

We epitaxially grow 80 nm single crystalline BTO thin films (Figure 7.10a) by 

molecular beam epitaxy on silicon-on-insulator substrates and subsequently transfer them 

to thermally oxidized silicon wafers via wafer-bonding [29]. The device silicon layer of 

the donor wafer is removed by dry chemical etching. Next, 150 nm SiN is deposited on the 

BTO layer by plasma-enhanced chemical vapor deposition (PECVD) and patterned to form 

waveguides using e-beam lithography and reactive ion etching. Finally, a combination of 

tungsten deposition, SiO2 deposition, and dry chemical etching processes were used to 

form side electrodes, vias, cladding, and metal pads for contacting the devices, resulting in 

a final device structure shown schematically in Figure 7.10b. 

Light from a fiber-coupled, tunable continuous-wave laser operating around 

1.55 µm was coupled into and out of the devices via grating couplers and detected with a 

power meter. The incoming polarization was set using a polarization controller. A 

parameter analyzer was used to apply the bias to the devices and to determine the leakage 

currents. Device temperature was adjusted and monitored via an external temperature 

controller for temperature-dependent measurements. A detailed schematic of the setup used 

for electro-optic characterization is presented in the Supporting Information section of [72]. 

Optical mode simulations were performed using COMSOL Multiphysics and the 

COMSOL RF module. The refractive indices used for the simulations are presented in the 

Supporting Information of [72]. The perfect electrical conductor boundary condition was 

applied to all outer boundaries of the 2d simulation cell. The electric field was taken to be 

perfectly in-plane initially and the wavelength was taken to be 1550 nm. 
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7.4.4 Ultra-Low Power Refractive Index Tuning 

The waveguides of the fabricated devices support a single TE-like mode (Figure 

7.10c) with 18% of the optical power confined in the electro-optically active BTO layer. 

Power confinement in the BTO scales with BTO thickness and can therefore be increased 

by fabricating devices with thicker BTO layers. The propagation losses are 9.4 dB/cm 

(Figure 7.11), comparable to previous reports of hybrid BTO-silicon waveguides [13], [29], 

[44], and can likely be reduced through the development of an optimized fabrication 

process [44], [79]. Racetrack resonators used for index tuning experiments feature two 

75 μm-long straight segments with electrodes separated by 5.1 μm to apply an electric field 

for electro-optic operation (Figure 7.10d). We designed the electrodes such that the electric 

field is applied along the BTO〈011〉 family of lattice vectors in order to exploit the largest 

Pockels coefficient, r42, and maximize the electro-optic response [29]. 

 

Figure 7.10: (a) Out-of-plane θ-2θ XRD scan showing an epitaxial BTO thin film on 

silicon. (b) Cross-sectional schematic of hybrid BTO-SiN devices. The BTO 

layer is 80 nm-thick, while the SiN waveguide is 150 nm-thick and 1.1 μm-

wide. (c) Simulated fundamental TE mode in a hybrid BTO-SiN waveguide. 

The color mapping indicates the norm of the electric field, where red 

represents regions of high field and blue represents regions of low field. (d) 

False-color optical micrograph of a hybrid BTO-SiN racetrack resonator 

used for index tuning experiments, showing the SiN strip waveguides 

(green), metal electrodes (yellow) and regions of SiO2 cladding not covered 

with metal (blue). The white arrow indicates the crystalline orientation of 

the BTO layer. 
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Figure 7.11: Maximum transmission of straight waveguides of different lengths (squares) 

and linear fit to the data (dashed line). 

The transmission spectra of the devices (Figure 7.12a) feature sharp resonances 

with extinction ratios of approximately 18 dB. Upon applying an electric field across the 

device, the resonance positions shift, indicating a change in the effective refractive index 

within the resonator. The electric field E across the waveguide was estimated according to 

E = V/d where V is the applied bias and d is the separation between electrodes. We track 

the shift of the effective index as a function of applied field (Figure 7.12b). The refractive 

index varies linearly with the applied field above fields of approximately 40 kV/cm, as 

expected for the Pockels effect. At lower fields, the refractive index variation deviates from 

the linear behavior due to nonlinear contributions from ferroelectric domain switching [13], 

[22], [29]. Such domain switching results in hysteretic behavior of the refractive index 

when sweeping the electric field (Figure 7.12b), in line with previous reports [13], [22], 

[29]. 
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Figure 7.12: (a) Transmission spectra of a racetrack resonator for different electric fields. 

The position of the resonance is shifted due to the Pockels effect in BTO. (b) 

The change of the effective refractive index in the active phase shifter 

section as a function of applied electric field. As expected, the ferroelectric 

nature of BTO results in a hysteresis in the electro-optic response. Insets are 

schematics of the top view of the ferroelectric domain structure in the poled 

(left and right) and unpoled (center) states. The BTO films show four types 

of ferroelectric domains with the ferroelectric polarization (black arrow) 

corresponding to the vertical (blue) and horizontal (red) directions [22], 

[29]. Green arrows represent the applied electric field. (c) Power 

consumption as a function of the applied field recorded during measurement 

of the hysteresis loop shown in (b). The power function is defined as the 

leakage current times the applied voltage. 



 142 

An effective Pockels coefficient of approximately 343 pm/V is extracted from the 

index tuning experiments, which agrees with previous reports on BTO thin films [98]. Due 

to the strong dependence of the effective Pockels coefficient on the crystalline quality, 

morphology, and symmetry, which in turn strongly depend on deposition conditions [48] 

and film thicknesses [27], [28], both larger [29] and smaller [22], [48], [97] Pockels 

coefficients in a similar range as the value determined in this study have been reported in 

the past. 

The application of a bias across the device does not alter the extinction ratios even 

up to 40 V (78 kV/cm). This behavior is expected, as the Pockels effect does not impact 

the imaginary part of the refractive index. In contrast, active operation of devices exploiting 

the plasma dispersion effect typically results in undesired, additional optical absorption 

[89], [100]. Our devices show ultra-low power consumption (Figure 7.12c) of 

106 ± 5 nW/FSR (Figure 7.13), several orders of magnitude less than that in plasma 

dispersion- and thermo-optic-based electro-optic tuning devices that are compatible with 

standard PIC integration routes [89]–[91], [99]. 
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Figure 7.13: Power 

consumption as a function 

of Δλ. Closed, blue 

squares are data points 

obtained by averaging 

P(Δλ) for both positive 

and negative applied 

electric fields E and 

increasing and decreasing 

magnitude of E 

(Figure 7.12b). The 

standard deviation of the 

measurements is shown as 

error bars. The solid, red 

line is a quadratic fit to the 

data. 

It should be noted that a full FSR of tuning is not achieved in the devices reported 

here. However, the tuning range can be significantly increased for a given electric field and 

the resonator devices can be optimized for low-bias operation by improving the electrode 

design and by increasing the BTO thickness and quality in future devices, thereby 

increasing the optical confinement in BTO as well as the effective Pockels coefficient. We 

estimate the power consumption of the optimized resonators to be approximately 

22 nW/FSR. Furthermore, the BTO-SiN platform can be used to construct linear phase 

shifters that are well-suited for low-bias operation due to their much greater active length 

relative to compact resonator devices. Our calculations suggest Vπ = 3 V for a 1 mm-long 

linear phase shifter constructed from the BTO-SiN platform with a corresponding power 

consumption Pπ ≈ 1 nW. A similar power consumption was recently reported for hybrid 

III-V/silicon linear phase shifters [96]. However, the small band gap of the III-V materials 

and challenging fabrication route significantly limits the optically transparent window and 

integration flexibility relative to the hybrid BTO-SiN platform discussed in this work. 
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The measured power consumption is the result of a small leakage current across the 

nominally insulating BTO layer. The leakage current in oxides is typically associated with 

a Pool-Frenkel type conduction mechanism [101]. The origin of the charge transport are 

defects in the material such as oxygen vacancies or interfacial traps, which are determined 

by the material deposition and device fabrication process. Indeed, oxides that can be used 

for Pockels-active devices can show significant power consumption due to relatively high 

leakage currents [46], [102]. The realization of exceptionally low leakage current on the 

order of pA even after device processing and PECVD of SiN is a major achievement and 

indicates the great promise of the hybrid BTO-SiN platform in realistic, power-sensitive 

technologies. 

7.4.5 Thermal Compensation 

Having established ultra-low power refractive index tuning in the hybrid BTO-SiN 

electro-optic devices, we use the platform to demonstrate two example applications of this 

technology. First, we use racetrack resonator devices to compensate for thermal refractive 

index variations. A key challenge facing future integrated photonics technology is the 

ability to sustain reliable operation in environments subject to temperature fluctuations 

[103]. Because silicon [104]–[106] and SiN [92] have large thermo-optic coefficients, 

relatively minor temperature fluctuations can have a significant impact on the effective 

refractive index of guided modes. In resonators, thermally-induced index fluctuations can 

therefore alter a device’s optical characteristics at a given wavelength unless such index 

fluctuations are appropriately compensated. Ultra-low power Pockels tuning of the 

effective refractive index allows for an efficient way to compensate for thermal index drift 

without dissipating additional heat across the device as would occur in devices exploiting 

current-driven tuning mechanisms. 
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To demonstrate thermal refractive index drift compensation via Pockels tuning, we 

analyzed the transmission of the devices in the temperature range from room temperature 

(25 °C) up to 45 °C (Figure 7.14a). We extracted a thermo-optic resonance shift in our 

devices of 21.6 pm/°C. At each stable temperature point, we tuned the bias appropriately 

such as to shift the resonance back to its room-temperature position (Figure 7.14b) and 

measured the power dissipated across the device at the optimal tuning voltage. Through 

this procedure, we compensate for thermal refractive index variation over a temperature 

range of 20 °C while consuming less than 1 nW of static power, four orders of magnitude 

less than the approximately 50 μW of static power required to compensate for heating of 

10 °C in state-of-the-art p-n modulators [89]. Importantly, the minimal power dissipated 

across our devices during electro-optic operation results in negligible heating, allowing for 

the compensation of large temperature fluctuations without introducing additional heating 

from device operation. The negligible heating in our devices also reduces thermal cross-

talk as compared to thermo-optic devices [107], allowing for exceedingly local refractive 

index tuning even for dense device arrays. The relatively high Curie temperature of BTO 

allows for high-temperature operation in BTO-based electro-optic devices, with the 

unimpaired operation of BTO-on-silicon plasmonic modulators having been demonstrated 

up to 130 °C [14]. 
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Figure 7.14: (a) Zero-field (blue) and electrically tuned (green) resonance wavelength 

shift and static tuning power (yellow) as a function of temperature. Dashed 

lines are linear fits to the data. (b) Racetrack resonator spectra showing the 

room temperature resonance (blue) and the same resonance at 34 °C, both 

before (red, solid line) and after (green, dashed line) tuning. 

7.4.6 Tunable Multi-Resonator Filters 

As a second example application of our hybrid BTO-SiN platform, we fabricated 

coupled multi-resonator optical filters. Many photonics applications, including quantum 

information processing [82], wavelength division multiplexing [81], and on-chip 

reconfigurable networks [84] make use of high-quality optical filters. While many reports 

have explored the use of coupled resonators as optical filters [108]–[111], resonators suffer 
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from an extreme sensitivity to fabrication tolerances and even minor imperfections can 

decouple resonances [85]–[88]. However, by incorporating an optical path length trimming 

mechanism into the devices to compensate for fabrication imperfections, coupled resonator 

filters can be made significantly more robust. 

We have utilized our BTO-SiN platform to fabricate tunable, multi-racetrack 

resonator optical filters (Figure 7.15a). The devices feature three racetrack resonators 

coupled to a straight waveguide, although the design can be extended to a larger number 

of resonators. Because the purpose of these experiments is to demonstrate the ability to 

overcome fabrication imperfections in multi-resonator filters via low-power electro-optic 

tuning, we focused on cascaded multi-resonator filters, rather than coupled resonator filters 

[108], for simplicity. Differences in resonator cavity lengths result in the appearance of 

three distinct resonances (Figure 7.15b), one for each resonator. By appropriately biasing 

two of the resonators, the individual resonances can be coalesced into a single resonance 

whose extinction ratio is equal to the sum of the extinction ratios of the individual 

resonances (Figure 7.15b). Here, we have purposely designed devices in which the 

extinction ratios of the individual resonances are only 6 dB to ensure the minimum 

transmission within the coalesced resonance is still measurable in our experimental setup. 

However, the multi-resonator tunable filters presented here can in principle be used to 

fabricate devices with very large extinction ratios. The coalesced resonance can itself also 

be spectrally-tuned (Figure 7.15c) by appropriately biasing all three resonators. The linear 

tuning behavior of the refractive index with the electric field (Figure 7.12b) simplifies the 

determination of the individual resonator bias conditions required for tuning the coalesced 

resonance. 
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Figure 7.15: (a) False-color optical micrograph of a multi-resonator tunable filter, 

showing the SiN strip waveguides (green), metal electrodes (yellow) and 

regions of SiO2 cladding not covered with metal (blue). (b) Unbiased (gray) 

and biased (red) spectra of the multi-resonator filter, demonstrating ability to 

coalesce individual resonances into a single resonance. (c) Coalesced 

resonance shifted by an external electric field. The arrow indicates the 

tuning direction and the legend indicates the total tuning power. 
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7.4.7 Conclusions 

In summary, we have demonstrated ultra-low power refractive index tuning in 

silicon-integrated hybrid BTO-SiN photonic devices. By exploiting the large electric field-

driven Pockels effect in BTO, we have realized index tuning with static power consumption 

of approximately 106 nW/FSR in racetrack resonator devices. We use our devices to 

compensate for thermal refractive index variations and demonstrate the ability to 

compensate for heating of 20 °C while consuming less than 1 nW of static power. 

Additionally, we fabricate multi-resonator optical filters and provide a proof-of-concept 

demonstration for using the Pockels effect to perform optical path length trimming and 

overcome decoupling arising from fabrication imperfections.  

The devices we present outperform previously reported tuning elements in terms of 

power consumption by several orders of magnitude. Furthermore, the combination of BTO 

with SiN enables fully dielectric waveguides with very low propagation losses that extend 

the optically transparent window into the visible range, allowing the hybrid BTO-SiN 

platform to find use in a wide variety of next-generation technologies including bio-sensors 

[112] and LIDAR [113], [114]. Our results show the technological potential of the Pockels-

active hybrid BTO-SiN platform for ultra-low power integrated photonic devices. The 

availability of such devices in integrated photonics shines new light onto the 

implementation of resonant structures in compact PICs. While such structures offer a 

variety of attractive properties, such as small footprints and sharp transmission spectra as 

needed e.g. for filters, their applicability has always been limited by the power 

consumption needed for active tuning. Hybrid BTO-SiN devices can overcome this issue 

and enable the next generation of photonic applications, including compact 

communications technologies, optical computing systems, and ultra-sensitive photonic 

sensors.  
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7.5 SUMMARY AND FUTURE WORK 

The results of this chapter have significantly advanced the state-of-the art of 

integrated electro-optic devices through the incorporation of the excellent Pockels material 

BTO. The results from Section 7.3 unambiguously demonstrated the presence of the 

Pockels effect in hybrid BTO-silicon devices integrated into photonic and plasmonic 

structures on silicon. While the photonic resonator devices allow for the quantitative 

determination of the individual Pockels tensor elements of BTO, the plasmonic devices 

enable bandwidth measurements at frequencies up to 65 GHz. The results from these two 

complementary device structures demonstrate that BTO maintains its superior electro-

optical properties after fabrication of both microscale photonic and nanoscale plasmonic 

components. Key characteristics, such as the high-speed response, the angular anisotropy, 

and hysteretic switching, rule out other physical effects as the origin of the electro-optic 

response. Furthermore, the magnitude of the electro-optic response is bulk-like [20] and 

many times larger than for any Pockels materials previously integrated on silicon [18], 

[22], [115]. The chemical and thermal stability of oxides also outperform those of organic 

nonlinear materials [38], [64]. 

As a next iteration of the design of BTO-based photonic devices, ultra-low power 

refractive index tuning was demonstrated in silicon-integrated hybrid BTO-SiN photonic 

devices. By exploiting the large electric field-driven Pockels effect in BTO, the devices 

realized index tuning with static power consumption of approximately 106 nW/FSR in 

racetrack resonator devices. These hybrid BTO-SiN devices were used to compensate for 

thermal refractive index variations and demonstrated the ability to compensate for heating 

of 20 °C while consuming less than 1 nW of static power. Additionally, coupled multi-

resonator optical filters were fabricated from the BTO-SiN platform and used to provide a 
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proof-of-concept demonstration for using the Pockels effect to perform optical path length 

trimming and overcome decoupling arising from fabrication imperfections.  

The hybrid BTO-SiN devices presented in Section 7.4 outperform previously 

reported tuning elements in terms of power consumption by several orders of magnitude. 

The results show the technological potential of the Pockels-active hybrid BTO-SiN 

platform for ultra-low power integrated photonic devices. The availability of such devices 

in integrated photonics shines new light onto the implementation of resonant structures in 

compact PICs. While such structures offer a variety of attractive properties, such as small 

footprints and sharp transmission spectra as needed e.g. for filters, their applicability has 

always been limited by the power consumption needed for active tuning. Hybrid BTO-SiN 

devices can overcome this issue and enable the next generation of photonic applications, 

including compact communications technologies, optical computing systems, and ultra-

sensitive photonic sensors.  

The ability to control the Pockels effect in integrated photonic devices has profound 

implications for a wide variety of technologies. Sensory [65], [66], mid-infrared [67], and 

neuromorphic computing applications [5], [68] would all strongly benefit from devices that 

are operated at reduced operating speeds or exploit non-volatile electro-optic effects. 

Ultimately, silicon-integrated BTO-based photonic devices provide an additional degree of 

freedom for designers to realize not only a new generation of compact, high-speed 

modulators, but also novel devices such as ultra-low-power tuning elements [46], non-

volatile optical memories [69], or microwave-to-optical quantum converters [70]. 
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Chapter 8: Summary and Outlook 

8.1 SUMMARY 

In the opening chapter of this thesis, I gave a brief historical overview of the 

development of computing technologies throughout the 20th-Century and the journey of 

the integrated circuit from novel concept to ubiquitous technology. In almost all cases, 

materials development precedes and facilitates technological development. The bulk of this 

thesis has therefore been devoted to the research and development of materials systems 

that appear promising for use in next-generation computing technologies, with a particular 

focus on materials thought to be useful for optical computing and devices. The two primary 

classes of materials examined are TMO QWs and the Pockels-active material BTO. This 

work has generated many publications [1]–[9] (with more to come), as well as an estimated 

five patents, and I hope has pushed the field a bit closer to realizing some of the novel 

computing technologies that will be necessary to keep up with global data demands and 

society’s exploding computational needs throughout the 21st-Century. 

The first major challenge of this research involved overcoming the problem of 

growth of STO/LAO QW heterostructures. Previous studies encountered difficulties 

maintaining high crystalline quality throughout the growth of thick STO/LAO 

heterostructures grown by pulsed-laser deposition [10]. In Chapter 3, I described my efforts 

at overcoming this challenge using MBE as a growth method. By employing a multi-step 

growth process in which the deposition rates were frequently re-calibrated, I succeeded in 

growing STO/LAO QW heterostructures of up to 80 well/barrier periods without evidence 

of thickness-dependent degradation of crystalline quality. The detailed structural 

characterization presented in Chapter 3 demonstrates the successful growth of high-quality, 

arbitrarily thick STO/LAO QW heterostructures on LAO substrates. 
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After demonstrating successful heterostructure fabrication in Chapter 3, Chapter 4 

focused on the optical characterization of the heterostructures, with the goal of 

demonstrating intersubband transitions between confined states in the STO QWs. The 

optical characterization in the chapter shows absorption whose energy and amplitude 

depend on QW width in the manner expected for intersubband absorption. Furthermore, 

the absorption is polarization-dependent [11], [12], unambiguously confirming 

intersubband transitions between confined states in the STO QW as the absorption 

mechanism. The experimental evidence is supported by tight-binding calculations and 

first-principles theory. 

Having demonstrated the capability to induce intersubband transitions in the STO 

QWs, the goal of Chapter 5 was to demonstrate the integration of high-quality STO/LAO 

QWs on silicon substrates. The silicon-integration of such QWs is an important prerequisite 

for their use in practical technologies. The results of Chapter 5 showed that high-quality 

STO/LAO QW heterostructures can be fabricated on silicon substrates via an epitaxial STO 

buffer layer. While the crystalline quality appeared to be diminished somewhat relative to 

the heterostructures deposited on bulk oxide substrates in Chapters 3 and 4, dedicated 

processing studies can likely improve the crystalline quality of silicon-integrated 

STO/LAO QW heterostructures. 

Chapter 6 concluded the discussion of STO/LAO QW heterostructures by 

investigating their optical properties when employed in integrated photonic devices that 

exploit the quantum-confined Stark effect for electro-optic operation. Poisson-Schrödinger 

calculations suggested the occurrence of intersubband absorption near the critical telecom 

wavelengths of 1300 nm and 1550 nm in appropriately designed STO/LAO QW 

heterostructures. The energy of these absorptions can be modified with the application of 

an external electric field and used for electrical modulation of the optical signal. 
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Simulations demonstrated how the optical confinement within the active TMO layer and 

the electro-optic overlap integral can both be modified as a function of waveguide 

dimensions. Calculations of the switching energy in a proposed electro-optic modulator 

structure indicated that switching energies on the order of 20 pJ/bit should be possible in 

these experimentally realizable devices. 

In Chapter 7, a different materials system was investigated altogether. Several 

distinct types of BTO-based photonic devices using the Pockels effect in BTO for electro-

optic operation were examined. First, the presence of the Pockels effect in integrated 

devices was unambiguously demonstrated for the first time using a hybrid BTO-silicon 

platform. Furthermore, the largest Pockels coefficients ever observed in BTO thin films 

were extracted from the measurements, with values approaching those of bulk BTO. After 

confirming the presence of the Pockels effect in integrated BTO devices, the next 

generation of BTO-based photonic devices was experimentally investigated. In these 

devices, the semiconducting silicon strip waveguides used in the first devices were replaced 

with insulating SiN, eliminating the possibility of a parasitic plasma dispersion effect in 

the strip waveguide impacting the electro-optic performance of the device. The hybrid 

BTO-SiN devices showed ultra-low power tuning under static electric fields, with tuning 

powers several orders of magnitude less than previous reports. The Pockels effect in 

resonant devices was used to compensate for thermally induced index variations over a 

temperature range of 20 °C and for the fabrication of tunable, multi-resonator optical 

filters. 

Taken together, the investigations in this thesis have hopefully opened the door for 

the development of new kinds of optical and electro-optical devices for use in integrated 

photonics platforms. QWs are useful for a wide variety of integrated optical devices, 

including quantum cascade lasers, photodetectors, and modulators. BTO has already 
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demonstrated itself as an excellent candidate for high-speed electro-optic modulators and 

switches. Next, I will provide a brief outlook related to the work in this thesis and discuss 

the next steps that should be taken for the investigation of these materials platforms. 

8.2 OUTLOOK 

Below, I have detailed four areas of ongoing investigation related to the work in 

this thesis. I believe many, or all, of the below-detailed areas are likely to further advance 

the state-of-the art of integrated oxide-based devices for use in novel computing systems 

and related hardware. 

8.2.1 Resonant Tunneling Devices 

Although much of the work in this thesis has focused on materials platforms for 

integrated optics and optical computing, one common approach to neuromorphic hardware 

utilizes resistive switching in electrical components, rather than optics, for operation [13]. 

While some resistive switching devices operate using a two-state system (one high-

resistance and one low-resistance state), neural network training is improved through the 

use of analog switching [14]. Many such systems have been investigated over the years in 

the hopes of developing and improving neuromorphic hardware [14]–[18]. However, the 

development of materials platforms that display reliable analog resistive switching has 

proven challenging. 

STO/LAO QWs may prove beneficial for the development of analog resistive 

switching elements when used in resonant tunneling devices [19]–[24]. In their most basic 

form, resonant tunneling devices utilize a single QW between two insulating barriers 

(Figure 8.1a). As the Fermi levels of the top and bottom contacts are shifted by the 

application of bias, one will eventually become resonant with (i.e., have the same energy 
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as) a confined state within the QW. When the Fermi level and the confined state are in 

resonance, the device more easily transmits tunneling current due to the large overlap 

between electronic levels. As the bias is further increased and the Fermi level moves out 

of resonance with the confined state, the current quickly drops. At finite temperatures, the 

corresponding change in resistance as the Fermi level moves in and out of resonance with 

a confined state is analog (Figure 8.1b) with many stable resistance states realizable. Such 

resonant tunneling devices would therefore appear to be excellent candidates for use in 

resistive switching-based neuromorphic hardware. 

I have attempted to make such resonant tunneling devices from the STO/LAO 

system (Figure 8.1a) many times throughout my graduate career and have found the 

electrical properties of the as-grown structures to be unreliable. This is due in large part to 

what appears to be an extreme sensitivity of the tunneling current to the crystalline quality 

of the LAO barriers. Less-than-ideal LAO tends to allow excess leakage current to transmit 

through the device, burying any traces of resonant tunneling that may be present. To 

circumvent this problem, I have recently developed a multi-step growth process that 

appears to significantly reduce the leakage of the devices and will hopefully allow resonant 

tunneling to be observed and utilized. The multi-step growth process requires removing the 

sample from UHV and annealing it in air at 800 °C for one hour after the deposition of 

each LAO barrier. Through this procedure, I have observed a reduction of the leakage 

current by several orders of magnitude. As a way forward, I would recommend employing 

a similar multi-step growth process and investigating the tunneling characteristics of such 

devices in the hopes of eventually incorporating them into neuromorphic systems. 
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Figure 8.1: (a) Schematic of proposed STO/LAO-based resonant tunneling device. The 

oxide layer stack is grown on a p-type, heavily doped silicon substrate 

which serves as a bottom contact. (b) Simulated current-voltage curves for 

STO/LAO double barrier structures at three different temperatures: 4 K 

(dark blue), 77 K (light blue) and room temperature (dark red). As the bias 

sweeps through the energy levels of the confined states, there is a large 

change in resistance that could potentially be used in neuromorphic 

hardware. 

8.2.2 Epitaxial Oxides on Glass 

The BTO photonic devices discussed in Chapter 7 featured a layer stack in which 

crystalline BTO was integrated atop amorphous SiO2. Such a layer stack is desirable in 

these devices as it provides superior electrical and optical isolation when compared to 

BTO-based photonic devices grown directly on silicon. In order to achieve such a layer 

stack, a complex wafer-bonding approach was employed in which crystalline BTO was 

first epitaxially grown on silicon and then bonded to a thermally oxidized silicon wafer via 

an Al2O3 bonding layer.  

Because of the amorphous nature of SiO2, and the resulting inability to directly 

deposit epitaxial oxides on it, such a wafer-bonding approach would appear necessary in 

order to achieve the desired layer stack. However, wafer-bonding is a difficult process 

requiring a high level of cleanliness for success and is therefore not feasible in many 
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university-level laboratories. In response to this issue, I have been involved in the 

development of a method for realizing epitaxial oxide films on glass (SiO2) through direct 

deposition. 

The process is detailed in Figure 8.2, along with preliminary TEM images of the 

resulting structures. In short, STO is first epitaxially grown on a special SOI wafer 

featuring an extremely thin device silicon layer (approximately 45 Å-thick) atop a thick 

buried oxide layer. After deposition and subsequent crystallization of the STO film, the 

device silicon is completely thermally oxidized beneath the STO film by employing the 

method outlined in [25]. The result is an epitaxial, crystalline STO film atop an arbitrarily 

thick SiO2 layer (the SiO2 thickness depends on the specifications of the initial SOI wafer). 

Additional perovskite oxide films can then be epitaxially deposited on the STO film. 

Through such a procedure, the BTO-based photonic devices of Chapter 7, as well as a huge 

host of other devices, can be directly fabricated on glass without resorting to complex and 

error-prone wafer-bonding techniques. I foresee this process facilitating a large variety of 

novel device structures with significantly reduced fabrication requirements relative to the 

traditional wafer-bonding approach. We are in the process of filing a patent on this concept 

and also intend to publish our results in the coming months. 
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Figure 8.2: (a) Schematic of STO grown epitaxially on special SOI and (b) corresponding 

TEM image of the as-grown structure. (c) Schematic of STO on SiO2 after 

oxidation of the device silicon layer and (d) corresponding TEM image. The 

STO remains crystalline after oxidation and amorphization of the device 

silicon. 

8.2.3 Silicon-on-Oxide-on-Silicon (SOS) 

As the scaling of transistors reaches its fundamental limit, one approach to continue 

to improve the performance of microelectronic systems is 3D integration [26], [27]. In 3D 

integration, multiple silicon wafers are bonded together and subsequently electrically 

interconnected such as to extend the device region out of the plane and more densely pack 

transistors within a chip. 

Just as for the BTO-based photonic devices integrated on SiO2, the wafer-bonding 

processes necessary for 3D integration are difficult and costly. A direct deposition route in 

which subsequent device silicon layers are deposited atop the underlying layer stack is 

therefore desirable. However, a recent paper by our group and authored by Posadas et al. 
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suggests the direct deposition of silicon on most oxides would be unlikely to succeed due 

to the propensity of silicon to oxidize and amorphize, including via the scavenging of 

oxygen from oxide films [28]. 

Despite these concerns, I have succeeded in directly depositing crystalline silicon 

films on an oxide layer stack by using a highly-insulating LAO film as an oxygen 

scavenging barrier (Figure 8.3a). The large band gap of LAO prohibits silicon from stealing 

oxygen from it and allows for the deposited silicon to remain crystalline rather than 

amorphize during deposition (Figure 8.3b). Additional device layers could then be 

fabricated atop the deposited silicon and the procedure repeated many times, thereby 

facilitating 3D integration. Alternatively, one device silicon layer could be grown atop an 

insulating oxide layer stack, including one in which functional oxides (such as BTO) are 

included, thereby producing a novel type of SOI wafer with additional electronic, magnetic, 

and/or optical functionalities relative to traditional SOI. We are in the process of filing a 

patent on this concept and also intend to publish our results in the coming months. 

 

Figure 8.3: (a) Schematic of silicon-on-oxide-on-silicon (SOS) sample geometry and (b) 

preliminary STEM image of a fabricated SOS sample showing successful 

fabrication of the intended layer stack, including deposited crystalline 

silicon (top). 
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8.2.4 Dynamic Waveguides 

In order to confine light in the BTO-based photonic structures of Chapter 7, strip 

waveguides of silicon and SiN were deposited on top of the BTO film. The use of strip 

waveguides is typically necessary because BTO cannot be easily patterned into waveguides 

directly [29]. However, the downside of using such strip waveguides is that the optical 

confinement in the active BTO layer is somewhat low as much of the light is confined 

within the strip waveguide itself. It is therefore desirable to fabricate a waveguide entirely 

from BTO. 

Because BTO cannot be patterned directly while maintaining smooth waveguide 

surfaces, another method for BTO-only waveguide fabrication is needed. One such 

approach I have investigated is dynamic waveguiding in BTO. In a dynamic waveguide 

[30], an external signal is utilized to alter the optical properties of a material, thereby 

making it suitable for the support of an optical mode. For the case of BTO, an external 

electric field can be used to dynamically generate a low-index core via the Pockels effect 

within which an optical mode can be confined (Figure 8.4). Such devices result in most of 

the confined light residing within the electro-optically active BTO layer and can be directly 

used for high-speed electro-optic modulators and switches. The feasibility of such devices 

has been tested with simulations and efforts to experimentally fabricate them are ongoing. 

We are in the process of filing a patent on this concept and also intend to publish our results 

in the coming months, including in a conference paper by Duncan et al. already accepted 

to the 2019 IEEE MTT-S International Conference on Numerical Electromagnetic and 

Multiphysics Modeling and Optimization (NEMO). 
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Figure 8.4: (a) Schematic of the proposed BTO-based dynamic waveguiding device. The 

doped silicon substrate is used as ground while the field is applied via the 

top metallic electrodes. (b) Simulated index change in the BTO layer as a 

result of an applied bias of 5 V. Color scale goes from Δn = 0 (blue) to 

Δn = -0.03 (red). (c) Norm of the electric field of an optical mode confined 

within the BTO dynamic waveguide under an applied bias of 5 V. The gray 

rectangles in (b) and (c) indicate the electrodes. 
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