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Abstract 

 

 

Fabrication and Characterization of Thin Film Devices for use in 

Neuromorphic Computing 

Adam Scott Christensen, PhD 
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Supervisor: Alexander A. Demkov 

 Artificial neural networks, implemented using analog in-memory computing architectures 

or silicon integrated photonics, are currently seen as methods for both reducing the energy 

required for machine learning algorithms with extremely high energy costs and for bypassing 

data rate transfer bottlenecks in traditional computing architectures, especially as the density of 

computing power is slowing down as Moore’s Law reaches its functional limits and as power 

consumption worsens with the breakdown of Dennard scaling. However, both analog in-memory 

computing and silicon integrated photonic systems currently fall short of performance and size 

targets and require significant fundamental research to evaluate novel devices, materials, and the 

physics behind how they work.  

In-memory computing requires the use of analog, non-volatile memories elements which 

ideally can be scaled, change state quickly and efficiently while also possessing high cycling 

endurance and long state retention as well as being compatible with traditional CMOS 

processing. Additionally, devices that can have their functionalities tuned during operation 

achieve a level of generality that allow them to be used in many different computing 

architectures. Current industry standard devices generally fall short in one or more of these areas. 
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Electro-chemical random access memory is one type of device which has been proposed to meet 

many, if not all, of these targets by electrochemically injecting mobile ions from an ion reservoir, 

through an electrolyte, and into a channel to modulate the channel resistance. Devices using 

vanadium dioxide, which is known for undergoing a metal-to-insulator transition, as the channel 

material and oxygen vacancies as the mobile ion species have demonstrated excellent scaling, 

stability, and retention as well as dynamic tuning.  Meeting these benchmarks requires an 

understanding of how to deposit vanadium dioxide thin films on target substrates as well as 

characterize the resulting crystal structure to maximize its metal-to-insulator transition. Then, 

these thin films must be integrated into working devices which themselves need to be 

characterized and their device physics understood. This is one of the primary purposes of this 

work. 

 Silicon integrated photonics likewise has seen progress in increasing data transfer rates 

but generally requires the implementation of light-modulating devices which suffer from scaling 

issues when using industry standard modulating materials like LiNbO3. Strontium barium 

niobate, a material like BaTiO3 known for its large electro-optic or Pockels coefficient, is one 

potential material platform which could be used to overcome these issues. As previous works on 

Pockels materials have explored, the Pockels effect is an asymmetric, nonlinear optical 

phenomena which is highly sensitive to both crystal structure and orientation. As such, the 

process to deposit and characterize thin film formation and fabricate Pockels-active devices is 

not trivial and is another focus of this work. 
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Chapter 1 – A Review of Materials for Nonvolatile Electrochemical Random-

Access Memory and Optical Modulators for Artificial Neural Networks and 

Inference Accelerators 

 

1.1 ARTIFICIAL INTELLIGENCE (AI) 

Fewer terms have become as ubiquitously used and also misunderstood as “artificial 

intelligence” (AI) has in the last several decades. This rich and complex field of computer 

science has titillated the imagination of academic minds and enjoyed periodically intense 

attention in research and popular media since the late 1800s1 . More recently, it has come to 

dominate the field of consumer electronics as the AI market has a combined revenue forecast of 

185 billion USD in 2024 with exponentially increasing amounts over the next five years2. 

Perhaps unsurprisingly, as the use of AI increases worldwide so do the corresponding energy 

impacts3,4, and researchers are increasingly interested in finding both the source of and solutions 

to these energy impacts, even at the level of the most basic devices.  

However, to properly understand both the current state of artificial intelligence and the 

fundamental physics research being done, it is imperative to first have an understanding of the 

meaning of terms like AI, machine learning (ML), neuromorphic computing, and artificial neural 

networks (ANNs), and their relationship to one another. In Fig. 1.1, I have condensed the most 

core concepts in the field and their relative relationships to one another, and although not a 

comprehensive list, it covers the terms and concepts most relevant to my research.  
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Figure 1.1: A diagram depicting the relative relationships of several broad fields in modern 

scientific research, beginning with the most abstract, artificial intelligence, and 

ending with the fields most directly related to my dissertation research, analog in-

memory computing (AIMC) and optical neural networks. 

 

At the most general level, AI is the broadest category and refers to any system or process 

that mimics human intelligence in performing a task, but that also includes both extant or future 

systems which can gather and process information beyond human intelligence. ML is then 

considered to be a subset of AI in which a system uses a determined algorithm to first be trained 

or learn from a given set of data and then to use that information to analyze, predict, and make 

conclusions from previously unseen set of data. Further subsets vary primarily in how these 

systems are trained and process information. For example, an ANN is considered to be a specific 

type of layered, machine learning structure that incorporates algorithms based on the system of 

interconnected neurons and synapses in the brain. These systems can be highly complex when 

implemented in deep learning (three or more layers) algorithms called deep neural networks 
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(DNNs), sometimes containing thousands of layers. In these neural networks, as shown in Fig. 

1.2, each layer is composed of neurons which receive an input, multiplies that value by a weight, 

and then passes the resulting value through a nonlinear activation function to give an output. This 

output is then passed along to the next layer and next neuron before finally reaching an output 

value. Different kinds of neural networks have even more specialized operations, but generally, 

each neuron weight can be tuned based on the output value to train the network and improve 

prediction accuracy.  

 

Figure 1.2: A representative diagram of a feed-forward or inference neural network with an 

arbitrary number of layers and neurons in each layer. Each circle represents a neuron, 

and each arrow represents a synaptic weight, wmn, which is applied to the output of 

the previous neuron and then sent to the next layer. The neurons within the hidden 

layer sum the weighted inputs from the previous layer before passing the value on to 

the next layer. The final values of the network are then provided by the output layer 

of neurons. 

 

In such a highly complex system, any inefficiency, whether in energy per computation or 

latency in processing time, is exponentially compounded. One source of the high energy costs 
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mentioned previously is the large amounts of energy5 (10 – 100 pJ/operation) consumed by 

implementing these ANNs using conventional complementary metal-oxide-semiconductor 

(CMOS) hardware like graphic processing units (GPUs), tensor processing units (TPUs), and 

application specific integrated circuits (ASICs) and also using traditional von Neumann 

computing architectures.  

A large portion of this energy is used to charge up the capacitances of the many 

interconnecting lines used to send information in the form of voltages. In any electronic 

integrated circuit, this is a somewhat necessary cost. However, it is especially present in von 

Neumann architectures in which the CPU and memory units are stored separately with only a 

single bus being used to communicated both instructions and actual data. This leads to the so-

called von Neumann “bottleneck”6, where the overall data transfer rate is effectively throttled as 

the CPU is unable to access the data it needs to perform computing operations. In the total 

operation of a system as complex as an ANN, this throttled data transfer rate is directly 

correlated to an increase in both total system energy costs and latency. Because of these inherent 

inefficiencies in implementing machine learning algorithms using conventional CMOS-based 

digital logic and von Neumann computing architectures, researchers have pursued alternative 

types of computing. 

 In particular, neuromorphic computing is field which aims to address these energy 

concerns in AI by combining both dedicated hardware and neural network algorithms to process 

and store data more efficiently.  Neuromorphic computing was first conceptualized as a way to 

use both analog and digital systems to mimic the biological function of brains, namely, being 

highly parallel, interconnected, and reconfigurable7,8. However, as the field has evolved, it has 

also grown to include hardware systems like the so-called inference accelerators, also known as 
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hardware accelerators, which are dedicated integrated circuit boards designed to implement 

already trained ML software models to optimize inference operations on new and large data sets. 

These integrated circuit boards currently include GPUs, ASICs, and Field-Programmable Gate 

Arrays (FPGAs), but more recent research has focused on developing alternative, more energy- 

and time-efficient platforms for ANNs and inference accelerators. Some of these alternative 

platforms include in-memory computing architectures called analog in-memory computing 

(AIMC) which uses interconnected, analog devices, also known as memristors, as the neurons 

and synapses in an ANN. 

Under this broad umbrella of neuromorphic computing, different platforms have been 

proposed to efficiently and effectively implement both ANNs and inference accelerators 

including analog in-memory computing (AIMC) and optical neural networks (ONNs) using 

silicon integrated photonics (SIP). 

1.2 ANALOG IN-MEMORY COMPUTING (AIMC)  

AIMC has emerged gradually over the last few decades as a potential solution to the von 

Neumann bottleneck mentioned previously and corresponding memory wall that can also be seen 

as a logical progression from the goals of near-memory computing: reducing the time and energy 

required to retrieve information from memory. 
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Figure 1.3: A simplified diagram of a memory crossbar array with arbitrary dimensions 

implemented with generic passive memory elements (orange boxes) connecting the 

horizontally oriented word lines (WL) and vertically oriented bit lines (BL). 

 

AIMC applications typically takes the form of a memory crossbar array composed of 

passive memory elements (PME), shown in Fig. 1.3, that utilizes physical laws such as Ohm’s 

Law, Kirchhoff’s Current Law (KCL), and charge sharing to implement analog computation 

functions and also fundamental computing primitives such as multiply-accumulate (MAC) 

operations, an example of which is given in Fig 1.4. Additionally, memory crossbar arrays can 

perform matrix-vector multiplication (MVM) and parallel weight updates more efficiently than 

in CMOS architectures, which perform updates sequentially for each weight with a 

corresponding increase in system latency and energy cost. 
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Figure 1.4: A diagram of an m × n memory crossbar array depicting how a multiply-accumulate 

(MAC) operation would be performed on a given input vector of length, m, resulting 

in an output vector of length, n. 

 

Each PME can be trained using electrical potentiation or depression pulses which 

increase or decrease the PME conductance, respectively. In general, ideal PMEs in a memory 

crossbar array should have the following properties: energy efficient, fast switching, small device 

footprint, a large dynamic-conductance range with many discrete conductance states, low 

operating voltage, linear and symmetric conductance modulation, and long state retention and 

cycling endurance. The inclusion of some of these properties are less obvious than others, 

namely the large dynamic range and linear and symmetric state modulation. In a device with a 

large dynamic-conductive range with many states, computations can be performed with greater 
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resolution since more states means more possible conductance values. When this is combined 

with a large dynamic range, there is enough separation between each state that minor fluctuations 

due to thermal noise will have a much less noticeable effect on computations performed. The 

purpose of having both linear and symmetric conductance updates is that, for predictable and 

accurate training using neural network algorithms, any given potentiation pulse at any 

conductance value should balance out any given depression pulse, which has been confirmed by 

both empirically9–11 and theoretically12. In order to quantifiably discuss the degree of symmetry 

and linearity in conductance modulation, I follow the methods outlined by Nikam et al13 for 

symmetry and Jang et al14 for linearity.  

Symmetry can be quantified using the following asymmetry ratio (AR): 

 𝐴𝑅   [
𝑚𝑎𝑥|𝐺𝑝|(𝑖)−𝑚𝑎𝑥|𝐺𝑑|(𝑖)

𝐺𝑝(𝑛)−𝐺𝑑(𝑛)
]  𝑓𝑜𝑟  ≤ 𝑖 ≤ 𝑛 𝑝𝑢𝑙𝑠𝑒𝑠   (1.1) 

Where |Gp|(i) and |Gd|(i) are the magnitudes of the average change in conductance values 

calculated during each potentiation and depression pulse, i, and where Gp(n) and Gp(n) are the 

conductance values after n potentiation and depression pulses, respectively. Under this definition, 

a perfectly symmetric modulation response would have AR = 0. 

Linearity can be indirectly quantified using a parameter, α, in the following model of the 

modulation in the conductance of a synaptic device: 

𝐺  {
((𝐺𝐿𝑅𝑆

𝛼 − 𝐺𝐻𝑅𝑆
𝛼 ) × 𝑤 + 𝐺𝐻𝑅𝑆

𝛼 )
1/𝛼
       𝑖𝑓 𝛼 ≠ 0

𝐺𝐻𝑅𝑆 × (
𝐺𝐿𝑅𝑆

𝐺𝐻𝑅𝑆
⁄ )

𝑤

                         𝑖𝑓 𝛼  0
  (1.2) 

Where GLRS and GHRS are chosen to be the maximum conductance and minimum conductance 

of a given PME, w is an internal variable that incrementally increases from 0 to 1 during 
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potentiation pulses and incrementally decreases from 1 to 0 during depression pulses in steps of 

Δw for each pulse given that: 

∆𝑤  
1

𝐺𝐻𝑅𝑆−𝐺𝐻𝑅𝑆
     (1.3) 

The value of this linearity parameter, α, can then be interpreted for either potentiation (αp) or 

depression (αd) and is considered to be perfectly linear at α = 1 and decreasingly linear the 

farther you get from one for both values of α > 1 (data is concave up) and α < 1 (data is concave 

down). 

 The role of PME can potentially be filled by many different devices including so-called 

memristors (e.g. thermistors, resistance-configurable molecules, and spintronic devices), 

memcapacitors, and meminductors15. Among these, memristive or resistive memory devices (also 

known as programmable resistors5) have recently achieved significant advancements in energy 

efficiency, state retention, and endurance, shown in Table 1.1, making them competitive with 

CMOS devices and with the potential to be even more efficient than energy costs of biological 

synapses of 1-100 fJ per synaptic process in the human brain16,17 compared with some memristive 

devices which have predicted energies per write operation reaching 0.1 aJ18 for an organic, proton-

based device with a scaled channel area of 103 nm2. Despite these gains in individual device 

performance, however, overall neural network system energy costs are still limited by external 

circuity costs such as the energy required to charge long array wires (on the order of fJ per 

operation)5. Additionally, while organic/polymer memristive devices18 have arguably the most 

competitive performance benchmarks, they are not compatible with traditional CMOS processing. 
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HUMAN 

BRAIN 
MELIANAS 

ET AL 
ONEN ET 

AL 
KIM ET 

AL 
LI ET 

AL 

TANG 

ET AL 

 

 

DEVICE TYPE 
Biological 

Organic, 

proton 

Inorganic, 

proton 

YSZ, 

WO3, 

oxygen 

ion 

YSZ, 

TiO2-x, 

oxygen 

ion 

LiPON

, WO3, 

Li ion  
 

ENERGY PER 

OPERATION 
1-100 fJ 0.1 aJ 3 fJ (15 aJ) 10 pJ 10 aJ 10 pJ  

WRITE SPEED - 20 ns 5 ns 10 ns 2 μs 1 ns  

WRITE 

VOLTAGE/ 

CURRENT 

- ±1 V 10/-8.5V ±2-4 V ±1.5 V 
100 

pA 
 

RETENTION 

TIME 
- - 100 s 14 h 168 h -  

ENDURANCE - 109 pulses 105 pulses 
2×107 

pulses 

3×108 

pulses 

105 

pulses 
 

LINEARITY - 1.2/0.3 0.7/0.1 0.3/2.6 1.9/1.2 0.3/0.1  

SYMMETRY - 0.1 0.1 0 0.1 0  

CONDUCTAN

CE RANGE 
- 2-120 μS 11-230 nS 

1.58-1.61 

μS 

100-450 

nS 

0.5-24 

nS 
 

DEVICE 

FOOTPRINT 
- 103 nm2 750 nm2 104 nm2 2 mm2 

9×104 

nm2 
 

 

Table 1.1: The data here represent various types of ECRAM devices that have achieved some of 

the most promising benchmarks in size and performance. For linearity data, the first 

number refers to the linearity of potentiation, and the second number refers to the 

linearity of depression. Device benchmarks are replaced with (-) when not present in 

the given publication. 

  

The basic operation principle of these programmable resistors is that their resistance can 

be precisely, incrementally, and bidirectionally programmed using applied electrical pulses, and 

once programmed, these devices are also nonvolatile, meaning that they will retain their state 

without external power until they are programmed again5. The mechanisms by which the 

resistance of the devices is changed varies depending on the physical design and materials used 

for the device in question, and while some resistive memory devices are limited to two resistance 

states, a low resistance state (LRS) and a high resistance state (HRS), some are capable of many 

discrete intermediate resistance states. 
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1.3 NONVOLATILE MEMORY (NVM) 

Nonvolatile memory (NVM) devices have been chosen for use in these AIMC 

applications precisely due to this ability to retain state without external power, but also because, 

compared to volatile memory devices like static random access memory (SRAM), NVM devices 

have minimal energy consumption, a high integration density (small device footprint), increased 

read/write speeds, and write voltages comparable to conventional CMOS devices19. Within this 

broader class of devices, researchers have studied a wide range of nonvolatile, resistive memory 

(memristor) devices to minimize this energy consumption even further without sacrificing 

system performance. 

Among the various types of nonvolatile, memristor systems used in crossbar arrays, some 

notable examples are magnetoresistive random-access memory (MRAM)20–26, filamentary-based 

resistive random-access memory (ReRAM or RRAM)27–31, phase-change memories (PCM)32–36, 

and electrochemical random-access memory (ECRAM)13,37–43 have been demonstrated. I will 

give a brief overview here of each with an emphasis on ECRAM and its relative advantages over 

the others. 

In order to meet demand for memory beyond existing static random access memory (SRAM), 

dynamic random access memory (DRAM), and Flash memory, an ideal nonvolatile, memristive 

device should meet the following general benchmarks44: a low operating voltage (<1 V), a large 

conductance range (>100×), large cycling endurance (>1017 cycles), long data retention time 

(>10 years), low energy consumption (on the order of fJ/bit), highly scaled (<10 nm), and fully 

compatible with back-end-of-line (BEOL) CMOS fabrication. 

1.3.1 Magnetoresistive Random Access Memory (MRAM) 
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In a typical, two-terminal MRAM device, a magnetic tunnel junction (MTJ) is formed by 

separating two ferromagnetic metal layers (or multilayers) by a thin (approximately 1 nm24) 

tunnel oxide. In one of the ferromagnetic layers, referred to as the “pinned” layer, the 

ferromagnetic polarization is structurally fixed in one direction and acts as a reference for the 

other “free” layer. In this other free layer, the magnetic polarization is unconstrained, but can be 

polarized by the application of a voltage pulse during write operations. The change in resistance 

of the device is then realized using the tunnel magnetoresistive effect which is enhanced (LRS) 

or restricted (HRS) depending on if the two polarizations are parallel or antiparallel, respectively. 

This change in resistance occurs at nanosecond timescales with low switching energies on the 

order of 10 fJ/bit24 and high cycling endurance (1015 times)45 but suffers from a limited tunable 

conductance range. Additionally, long retention (>10 years) is possible but requires higher write 

currents23. 

1.3.2 Resistive Random Access Memory (ReRAM/RRAM) 

ReRAM devices are also two-terminal resistive switching devices formed using a 

material stack, but a ReRAM stack is composed of a metal insulator metal (MIM) stack, where a 

variety of metals and a few types of oxides are used for the top and bottom electrodes45 and 

where metal oxides are used for the insulating layer. These devices begin in an unprogrammed 

state (HRS) and are programmed to an LRS by applying a high voltage (SET) pulse across the 

electrodes, which causes a conductive filament to form between the electrodes by soft dielectric 

breakdown or electroforming. A “RESET” pulse can then be applied to return the device to a 

HRS although the specific polarity of this RESET pulse depends on if the ReRAM device is 

bipolar (negative RESET bias) or unipolar (positive reset bias). Filamentary ReRAM devices are 

programmed to store analog information based on both the position and movement of a finite and 
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discrete number of conductive filaments. However, in order to form these filaments, a large write 

current is needed to create sufficient Joule heating for the forming step and then move oxygen 

vacancies into or out of the filament to tune the conductance state to different discrete 

conductance states. This process has been reported to be both time and energy intensive in 

individual devices, as well as being nonlinear and asymmetric, which ultimately leads to training 

inaccuracies when used in a neural network41. Filamentary ReRAM devices have been 

demonstrated with high cycling endurance (1012 cycles)46, but generally short retention times 

(106 s or ~11.6 days)47 although retention times as long as 10 years have been extrapolated from 

measured data28. 3D vertical ReRAM (V-RRAM) devices as opposed to the typical 2D ReRAM 

have demonstrated increased cost and energy efficiency by increasing device density and 

reducing the energy cost per synaptic event to 7 fJ48. 

1.3.3 PCM 

A phase change memory cell uses the difference in resistance between a stable low-

resistance (crystalline) and stable high-resistance (amorphous) state to store data. A typical cell is 

a two-terminal device with the phase change material (nearly always an alloy of chalcogenide-

based glass such as sulfur, selenium, tellurium, arsenic, antimony, germanium, or tin49) placed in 

between the two conductive terminals. Through application of a short (e.g. ~100 ns) voltage 

pulse, the PCM layer is heated through Joule heating and will reversibly change phase as it either 

melts or recrystallizes. While considered to be a mature NVM technology with decades of 

research and advantages in cell size and ON/OFF ratios, PCM-based devices still have 

comparatively large power consumption on the order of nJ per synaptic event due to high 

switching voltages and read/write currents, retention time of 10 years, endurance of 105 cycles50, 
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nonlinear conductance response, and large write noise although research is currently being done 

to address these issues51–53. 

1.3.4 Electrochemical Random Access Memory (ECRAM):  

The operating principle behind ECRAM-based programmable resistors differs from the 

others in that the resistance of the device channel is reversibly and dynamically tuned by the 

electrochemical intercalation of ions, each of which corresponds to the transfer of a single 

electron through the electrical circuit54. By using fast (nanosecond scale) programming pulses to 

drive the mobile ion species into and out of the channel, we avoid the large write currents 

typically required to drive phase transformations (PCM) or form conductive filaments (ReRAM) 

while also achieving a large number of discrete, analog conductance states (~1000 for LISTA ) 

over a wide conductance range each of which can be used as a distinct analog memory state. 

Additionally, ECRAM devices have been shown to have both highly linear and symmetric 

programming responses, leading to highly accurate neural network training55. 

Once programmed to a specific conductance state, a typical ECRAM device will 

maintain that state for as long as physically possible (i.e. retention time) until the next 

programming pulse and will be able to withstand many cycles of programming pulses (i.e. 

endurance). Furthermore, as interest in this this technology in artificial neural networks has 

spread following its initial design using Li ions, additional material systems and ion species 

(including O2- and H+ ions) have been researched with the specific goal of improving overall 

device performance in deep learning architectures by targeting the following metrics: a large 

number of discrete states (102-103), a large dynamic conductance range (10-20×), reduced energy 

consumption (less than 1-100 fJ per synaptic process) and programming voltages (<1 V), 

improved linearity and symmetry of the response to potentiation and depression pulses, 
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decreased programming pulse times (<10 ns) and response times (less than 300 ns), and 

increased device endurance (>1017 cycles) and state retention times (inference applications 

require longer retention than training applications)5.  

 

Figure 1.5: A cross-sectional schematic of a three-terminal ECRAM device where the word line, 

which is responsible for programming the device, is connected to the gate, the bit 

line, which is responsible for reading the device, is connected to the source, and the 

drain is connected to ground. 

 

A typical ECRAM device, also known as an electrochemical ionic synapse (EIS)5, shown 

in Fig. 1.5, is a three-terminal device (source, drain, and gate) with three functional layers: a 

reservoir, electrolyte, and channel. The reservoir serves as the origin point for the ions prior to 

insertion into the channel and also for the same ions when they are removed from the channel. 

The electrolyte serves as an intermediate layer conducting ions when an electric field is applied, 

but otherwise preventing ion intercalation. The channel is the main destination of the ions and 

has its conductance measured by the source (S) and drain (D) electrodes on either end.  
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Figure 1.6: A cross-sectional schematic of a four-terminal ECRAM device where an integrated 

heater serves a dual purpose as the gate, providing both thermal and electrical stimuli 

through pulses sent from the word line to ground. The channel in this device 

functions in the same way as the three-terminal ECRAM where the bit line, which is 

responsible for reading the device, is connected to the source, and the drain is 

connected to ground. 

 

My research in ECRAM devices uses a slightly altered, four-terminal design, shown in 

Fig. 1.6, which introduces an integrated heater, typically made from a high-resistance material 

such as tungsten, that also functions as the gate terminal enabling both thermal and electrical 

control of the device. This design was first conceptualized by Elliot Fuller, Alec Talin, and 

Yiyang Li and has been referred to as electrothermal chemical random access memory 

(ETCRAM). 

 The first realization of an all-solid-state, three-terminal, nonvolatile ECRAM device was 

achieved in 2016 by Fuller et al using Li+ ions as the mobile ion species and separated by a 

lithium phosphorous oxynitride (LiPON) electrolyte38. 

 Compared to Li-ion based ECRAM, proton-based ECRAM utilizes the high mobility of 

protons to induce conductivity changes in the channel on very short timescales (5 ns write 

pulses), high energy efficiency (15 aJ per state), a large dynamic range (seven orders of 
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magnitude), state retention at 1010 times the length of the write pulses, good retention and 

endurance with less than 5% change in the max conductance after 105 pulses56. However, 

research in this type of device is more limited and doesn’t yet match the target state retention, 

endurance, or low voltage, nanosecond operation needed for ideal devices. 

Later explorations of material systems led to oxygen-ion-based ECRAM (O-ECRAM) 

devices, which use O2- anions or oxygen vacancies as the mobile ion species modulating channel 

conductance. Compared to the mobile ions in other types of ECRAM, the relative ionic 

conductivity of oxygen anions is lower than that of protons or Li cations due to a large Arrhenius 

activation energy (~1 eV compared to < 0.5 eV for protons or Li ions), which corresponds to 

longer write times and decreased energy efficiency. However, this relatively low ionic 

conductivity means that O-ECRAM devices excel in state retention, with programmed states 

retaining state with projected <1% change for up to 14 years near room temperature and under 

short-circuit conditions57.  Ultimately, this means that no single type of ECRAM device is likely 

to meet every desired speed, efficiency, and retention target, but that each may be more useful in 

certain applications. 

Oxygen-ion based ECRAM is particularly valuable because of the variety of oxides 

which can be used as the channel and reservoir (e.g. VO2, WO3, and TaO2) and its general 

compatibility with CMOS processing. In each of these oxides, oxygen vacancy intercalation 

using applied voltages and currents contributes mobile polarons which enable both linear and 

symmetric channel conductance58–60. In these devices, the choice of electrolyte has included 

various ionic liquids and solid electrolytes, but generally, yttria-stabilized zirconia (YSZ)41 and 

hafnium oxide (HfO2 or hafnia) are the most commonly used in the field, and I used both in my 

research.  
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 YSZ is formed by doping cubic zirconium oxide (ZrO2 or zirconia) with varying 

percentages of yttrium oxide (Y2O3 or yttria). The resulting defect reaction leads to Y atoms 

replacing Zr atoms such that for every two Y atoms that replace a Zr atom, a single oxygen 

vacancy is created as given by the following relation and shown in Fig. 1.7: 

𝑌2𝑂3 →  𝑌𝑍𝑟
′ + 3𝑂𝑂

𝑋 + 𝑉𝑂
∙∙     (1.4) 

 

Figure 1.7: A diagram depicting how yttria-stabilized zirconia (YSZ) is formed through the 

doping of cubic zirconia (ZrO2) with yttria (Y2O3), resulting in the formation of 

oxygen vacancies with no free electrons, making it both an excellent ionic conductor 

and electronic insulator. 

 

where 𝑌𝑍𝑟
′  is an Y atom at a Zr lattice site, 𝑂𝑂

𝑋 is a lattice oxygen, and 𝑉𝑂
∙∙ is an oxygen vacancy. 

The oxygen vacancies created by doping with yttria are responsible for the high ionic 

conductivity of YSZ which we measured using electrochemical impedance spectroscopy (EIS) to 

be ~10-7 S/cm at 50°C for 8mol% of yttria, which is the percentage I used in my research. 

Because no electrons are donated as a result of the doping, the YSZ remains electronically 

insulating, a desired trait to reduce leakage current and promote state retention8. 

With the ultimate goal of developing scaled ECRAM devices which maximize energy 

efficiency, and minimize write/read times, my research has focused on two different oxide-ion 

based ECRAM platforms: vanadium dioxide (VO2) and tungsten trioxide (WO3).  
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VO2-based ECRAM is an oxygen-vacancy-type device in which the intercalation of 

oxygen vacancies enables the precise control of channel’s oxidation state by means of the VO2 

metal-to-insulator transition (MIT). Through this process, the range of channel conductance at 

room temperature has been demonstrated to span two orders of magnitude controllably and 

reversibly while being both linear and symmetric. This enables its use as an artificial synapse in 

neuromorphic computing applications. Additionally, the MIT can also be activated using an 

applied voltage bias, resulting instead in a non-linear current response in the device. 

Furthermore, the threshold voltage at which this occurs can be tuned through oxidation or 

reduction of the device channel enabling use as an artificial neuron in neuromorphic computing 

applications57.  

My research in deposition and characterization of the MIT in VO2, especially on YSZ 

substrates, played a significant role in developing and characterizing these devices and also 

nanoscale devices and will be discussed more in Chapters 3-4.  

1.4 SILICON INTEGRATED PHOTONICS (SiP) 

 Silicon integrated photonic (SiP)-based neuromorphic computing is considered to be a 

vital field in avoiding the limits of electronic computing caused by both the von Neumann 

bottleneck and a slowing in the Moore’s law trend. Although AIMC solutions do solve the 

bottleneck (by removing it altogether), they are ultimately still limited by the slow-down of 

Moore’s law and by Dennard’s law for energy efficiency scaling. Integrated photonics, on the 

other hand, are in the midst of a renaissance, with integration densities increasing at twice the 

current rate of integrated electronics61. However, while SiP circuits are not likely to completely 

replace conventional digital or even analog computing, they are especially well-suited to task 

specific implementation in ultrafast neuromorphic architectures as they are capable of 
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interconnectivity and implementing linear operations as well as achieving low latencies, high 

bandwidth, and low energy consumption62 while being fully compatible with traditional CMOS 

technology.  

1.4.1 Latency 

Latency is the delay in time required to send or process data in a system and can be used 

to refer to the overall delay in a system or from only a single component. In a purely digital 

(electronic) system, all timing is bounded on the lower end by the clocking period (currently on 

the order of ~100 ps), but delays are added at nearly every step during processing, raising the 

minimum possible delay. In systems with von Neumann architectures, latency is also limited by 

the physical separation between memory. This latency can be somewhat mitigated by increasing 

the number of parallel processing channels and processors and thus decrease the average latency 

required for a large task, but the maximum improvement from each additional channel 

continually diminishes as follows from Amdahl’s law, which is given by: 

𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙  
1

(1−𝑝)+
𝑝

𝑁

     (1.5) 

where Soverall is the overall percentage increase in performance speed, p is the percentage of the 

process that can be parallelized, and N is the number of processors used.  

1.4.2 Bandwidth 

The data rate of electrical circuits is limited by the resistive loss within the metal 

interconnects at higher frequencies which introduces noise into the transmitted signal. 

Additionally, as the dimensions of metal interconnects scale downwards, the corresponding 

usable data rate (B) also scales down with interconnect area (A) and length (L) as B ∝ A/L2. 

Optical interconnects, on the other hand, do not have the same resistive losses as electronic 
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signals (although optical attenuation is still a non-negligent effect), and thus, through 

wavelength-division or time-division multiplexing, a single waveguide is able to transmit at a 

much higher modulation bit rate even up to a few THz63.  

It is important to note that in signal processing as opposed to computing, bandwidth is 

often used to refer to the range of frequencies used in a system (in Hz) as opposed to the rate of 

data transfer (bits per second or bps). The two are not mutually exclusive, and many sources use 

the term flexibly. I will attempt to be as consistent as possible and distinguish between the two 

when necessary. 

1.4.3 Use in Neuromorphic Computing 

There are generally considered to be two main approaches to implementing SiP in 

neuromorphic computing: 1) in-plane photonic processing for arbitrary matrix operations such as 

matrix multiplication or fast Fourier transforms and 2) surface normal photonic information 

processing. In the first, N2 modulating devices such as Mach-Zender interferometers (MZIs), 

which can each be represented mathematically as a 2 × 2 transfer matrix, are cascaded in N 

levels, as in Fig. 1.8, in order to construct an N × N reconfigurable unitary matrix, U, which can 

be combined with optical attenuators or amplifiers represented by an M × N diagonal matrix, Σ, 

with non-negative, real numbers on the diagonal, and beamsplitters represented by the complex 

conjugate of an M × M unitary matrix, V†, to implement a general, real-valued matrix, M, for 

each layer of an n-layer optical neural network (ONN) which can be used in matrix-vector 

multiplication (MVM) operation on some high-dimensional input vector, A, to produce some 

output vector, B, as in the following equation: 

𝐵  𝐴(1)𝑀(1)𝑀(2)…𝑀(𝑛)     (1.6) 
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Where: 

𝑀(𝑛)  𝑈(𝑛)𝛴(𝑛)𝑉(𝑛)†    (1.7) 

 

 

Figure 1.8: A representative diagram of cascading Mach-Zender interferometers (MZIs, with an 

active phase-shifting component shown in orange, in an optical neural network 

(ONN). In this design, the inputs are optical signals propagating through 

waveguides, and the multiple hidden layers work to implement matrix-vector 

multiplication (MVM) operations on that input vector before being output from the 

output layer. 

 

1.4.4 Mach-Zender Interferometer (MZI) 

 MZIs, specifically vector MZIs, form one building block of the optical interference units 

(OIU) portion of an ONN which implements the desired MVM functions and, as shown in Fig. 

1.9, are constructed using a combination of photonic components: two passive, directional 

couplers, one at the beginning and end of the device, respectively, and an active, phase-shifting 

component located between the two couplers with a modulator on one branch to induce a phase 

shift, φ, in the signal in that branch.  
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Figure 1.9: A diagram depicting a Mach-Zender interferometer, which has two branches formed 

by optical waveguides. It is composed of two passive, directional couplers, one at the 

beginning and one at the end of the device, and an active, phase-shifting component 

in between the couplers formed by putting an optical modulator on one branch of the 

MZI. 

 

The transfer matrix for this vector MZI is a matrix product of the transfer matrices of the three 

components: 

𝑀𝑀𝑍𝐼𝑉  𝑀𝑐𝑜𝑢𝑝𝑙𝑒𝑟𝑀𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑜𝑟𝑀𝑐𝑜𝑢𝑝𝑙𝑒𝑟  (
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1

√2
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𝑖𝜑 0
0 𝑒−𝑖𝜑
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)  (1.8) 

 (
𝑖 sin(𝜑) − cos(𝜑)

cos(𝜑) −𝑖  sin(𝜑)
)     (1.9) 

Any optical signals passing through this MZI will then be multiplied by these weights, resulting 

in output signals that are a linear combination of the input signals: 

(𝑜𝑢𝑡1 𝑜𝑢𝑡2)  (𝑖𝑛1 𝑖𝑛2) (
𝑖 sin(𝜑) − cos(𝜑)

cos(𝜑) −𝑖  sin(𝜑)
) 

 (𝑖(𝑖𝑛1) sin(𝜑) + 𝑖𝑛2 cos(𝜑) −(𝑖𝑛1) cos(𝜑) − 𝑖(𝑖𝑛1) sin(𝜑) )  (1.10) 

 

 Practically, this phase shift is implemented by introducing an active phase modulator in 

one branch of the MZI. This modulator must be active as opposed to passive so that the 

modulation weights can be updated as the ONN is trained. In my research, I focused on using the 

linear electro-optic (EO) or Pockels effect implemented in strontium barium niobate (SBN) thin 

films, which will be discussed in detail in Chapter 2 and Chapter 5. 

Coupler Coupler

Phase Shifter
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Chapter 2 – Fundamental Physics and Experimental Methods 

 

In this chapter, I will give brief overviews of the primary materials used in my research, 

vanadium dioxide and strontium barium niobate, as well as their growth and characterization 

methods as these have a significant effect on their electric and electro-optic properties. 

Additionally, I will also discuss the fundamental device physics, fabrication, and characterization 

methods of the devices implementing these materials. 

2.1 VANADIUM DIOXIDE (VO2) 

 Vanadium dioxide (VO2) or vanadium (IV) oxide exists in many different physical 

polymorphs depending on the surrounding temperature and pressure conditions, whether in thin 

film or bulk, and depending on substrate lattice matching. However, below 340 K, the primary 

stable phase is the monoclinic (M1) phase (space group P21/c) with unstrained lattice parameters 

a ≈ 5.75 Å, b ≈ 4.53 Å, c ≈ 5.38 Å, and β ≈ 122.6° and crystal structure shown in Fig. 2.1(a), 

where V atoms form twisted V-V dimers along the c-axis where the distance between cations in 

each dimer is approximately 2.65 Å and the distance between separate dimer pairs is 3.12 Å1. 

Another well-studied phase, the VO2 (R) phase (space group P42/mnm), is reported to have 

unstrained lattice parameters a = b = 4.55 Å and c = 2.86 Å and a crystal structure shown as in 

Fig.2.1(b). In a single unit cell, each V4+ ion at the unit cell center and at each vertex is 

surrounded by six O2- ions forming an octahedron. Additionally, these octahedra are stacked and 

share edges such that the V atoms along the c-axis form an equally spaced chain of V cations 

with approximately 2.87 Å between each atom1.  
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Figure 2.1: Diagrams of the crystal structure of (a) the high-temperature, metallic VO2 (R) and 

(b) the low-temperature, insulating VO2 (M1) phase. In (a), the vanadium atoms 

(gray) each surround by a polyhedral of oxygen atoms (red) form an equidistant 

chain along the crystallographic c-axis, but following the structural phase transition, 

these atoms shift slightly, creating twisted, V-V dimers along the new 

crystallographic a-axis, as shown in (b). 

 

The VO2 (M1) phase undergoes a first-order insulator-to-metal transition (IMT or MIT) at 

~340 K which, in bulk crystals, corresponds to a structural phase transition (SPT) into the rutile 

VO2 (R) phase as well as an increase in electrical conductivity up to the order of 105 2. However, 

in ultrathin (less than a critical thickness of 7.5 nm) films, it has been shown that VO2 (R) 

experiences a thermally induced IMT from an insulator to a metal without the corresponding 

SPT3.  

2.1.1 Mott vs Peierls Type Transition 

While the properties of the IMT in VO2 are well documented, questions still remain 

regarding the precise mechanism behind it as well as the origin of the insulating gap in the low-

temperature (M1) phase. The bandgap of the insulating phase has been measured to be at or near 

0.6 eV4,5. 
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Following the experimental observation of an MIT in VO2 in 19596, Goodenough 

proposed a one-electron band structure for both the insulating VO2 (M1) and the metallic VO2 

(R). In the metallic phase, depicted in Fig. 2.2(a), the band structure is composed of 3d, 4s, and 

4p energy levels from the V4+ cations and 2s and 2p levels from the O2- anions. Crystal field 

splitting, specifically the cubic component of the V4+ cations in the octahedra, then causes the 

degenerate 3d level to first split into a twofold-degenerate state with Eg symmetry and a 

threefold-degenerate state with T2g symmetry. Since the octahedra formed by the V4+ and O2- 

ions share edges along the c-axis, the orthorhombic component of the crystal field removes the 

remaining degeneracy in the 3d states by splitting the two-fold degenerate Eg state into two dσ 

orbitals and the three-fold degenerate T2g state into a doublet eg
π or dπ orbital and one singlet a1g 

or d|| orbital. He then argues that the two V 3dπ and the single O 2pπ orbitals combine by covalent 

mixing to form higher energy antibonding (π*) and lower energy bonding (π) states which 

overlap with the d|| orbital. The Fermi energy is then located in the π and d|| orbital region, but 

with an energy gap between the Fermi energy and the top of the π band that is equal to 2.5 eV 

and has been experimentally confirmed with photoemission and optical measurements7–9. Then, 

in the insulating phase, shown in Fig. 2.2(b), the π* band is slightly raised above the Fermi 

energy and the d|| band is split, Goodenough argues, by homopolar V dimer bonding along the 

crystal c-axis. Subsequent studies found that the role of electronic correlation could not be 

completely neglected and still fully describe the properties of the M1 phase10,11 or the existence 

of an M2 phase and a triclinic (T) phase12.  
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Figure 2.2: A diagram depicting a proposed electronic band structure in (a) VO2 (R) and (b) VO2 

(M1). In the metallic VO2 (R) phase in (a), the Fermi energy lies in the middle of the 

d|| band, but in the insulating VO2 (M1) phase in (b), the d|| band is split and the π* 

band raise slightly above the Fermi energy to create an insulating band gap. 

 

For the next several decades, competing experimental and first-principles studies further 

complicated the debate1,5,13–22 with some emphasizing the “Mott-ness” and some the “Peierls-

ness” of the transition and others introducing new mechanisms as potential causes, including 

orbital switching17. Furthermore, the discovery of metastable, monoclinic metal phases of VO2
23 

proved that dimerization of V-V atoms is unnecessary to cause the IMT. However, even these 

descriptions don’t completely describe all of the properties of VO2 (insulating and nonmagnetic 

M1 phase, metallic R phase with no long-range magnetic order, and a lower total energy of the 

M1 phase than the R phase], the current consensus24 appears to be that in order to more 

completely describe the complicated behavior of VO2, some combination of electron-electron 

correlation, a coupling to lattice distortions, antiferrodistortive components, and multi-orbital 

physics. 

2.2 STRONTIUM BARIUM NIOBATE (SBN) 

 Strontium barium niobate (SrxBa1−xNb2O6 with 0.32 < x < 0.82 or SBN) is a relaxor 

ferroelectric and has a tetragonal tungsten bronze (TTB, space group P4bm) crystal structure 

with a unit cell, shown in Fig. 2.3, with unstrained lattice parameters: a = b ≈ 12.44 Å and c ≈ 

EFEF

d  

  

d  

d   

(a) (b)

  



 

56 
 

3.92 Å for x = 0.75 (although the lattice constants decrease with decreasing values of x) and 

consisting of ten Nb atoms, each at the center of corner-sharing NbO6 octahedra.  

 

Figure 2.3: Diagrams of the crystal structure of SrxBa1−xNb2O6, (tetragonal tungsten bronze, 

space group P4bm) with NbO6 octahedra displayed for reference. A1 (teal) and A2 

(blue) sites are also displayed as generic “atoms” since both Ba and Sr atoms can 

populate the A2 sites and only Sr atoms or oxygen vacancies are capable of 

populating the A1 sites. 

 

The interstitial sites between octahedra, called C (trigonal), A1 (tetragonal sites), and the 

larger A2 (pentagonal sites), are partially occupied by divalent Sr2+ and Ba2+ cations except for 

the C sites, which all remain empty. Due to strain energy considerations, the larger Ba cations are 

only capable of occupying the larger A2 site, while the smaller Sr cations are generally able to 

populate both A1 and A2 sites38. As the Sr/Ba ratio changes for values of 0.30 < x < 0.80, the 

occupancy of these sites will also adjust and impact the resulting dielectric properties39. 

However, the overall occupancy of SBN unit cells is inherently limited since one of the six total 

A1/A2 sites must remain vacant in order to maintain electroneutrality40. Since A2 sites can be 
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populated by both Sr and Ba cations, it is also likely that vacancies tend to be located at A1 

sites41. 

In particular, while relaxor ferroelectrics generally exhibit high amounts of physical 

deformation under an applied electric field (i.e. electrostriction), electrostriction in SBN, and by 

extension, the Pockels coefficient, can be significantly influenced by changing the Sr 

concentration. The ferroelectric properties in SBN result from the relative displacement of the 

Nb5+ cations within the NbO6 octahedra and the tilting of the octahedra with respect to each 

other42. Both of these mechanisms are significantly affected by the Sr/Ba ratio due to the radius 

difference between the two (249 pm for Sr vs 268 pm for Ba) as well as the random distribution 

of site occupancies across unit cells.  

2.3 ELECTRO-OPTIC EFFECT 

The electro-optic effect, generally, is the change in refractive index induced in a material 

that is exposed to an applied electric field. When an electric field is applied to a material, that 

material gains a net polarization related to its electric susceptibility,  

|P⃑⃑ |  |D⃑⃑ | − ϵ0|E⃑⃑ |     (2.1) 

where D is the displacement field resulting from the field in the material. 

In isotropic linear materials, the resulting polarization, P⃑⃑ , from an applied electric field, E⃑⃑ , is 

given by: 

|P⃑⃑ |  ϵ0χ
(1)|E⃑⃑ |     (2.2) 

where ϵ0 is the electrical permittivity of a vacuum and χ(1) is the linear electric susceptibility. 
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However, in other materials called nonlinear materials, the magnitude of the polarization is 

instead nonlinearly dependent on the strength of the applied electric field:  

|P⃑⃑ |  ϵ0 [χe|E⃑⃑ | + χ
(2)|E⃑⃑ |

2
+ χ(3)|E⃑⃑ |

3
+⋯] 

 ϵ0|E⃑⃑ | [(χe +  ) + χ
(2)|E⃑⃑ | + χ(3)|E⃑⃑ |

2
+⋯] − ϵ0|E⃑⃑ |   (2.3) 

 

where χ(2) and χ(3) are the second-order and third-order susceptibilities, respectively. 

The displacement field can be evaluated to be: 

|D⃑⃑ |  ϵ0|E⃑⃑ | [(χe +  ) + χ
(2)|E⃑⃑ | + χ(3)|E⃑⃑ |

2
+⋯]  ϵ0ϵr|E⃑⃑ |  (2.4) 

where ϵr is the relative permittivity. 

Then the index of refraction can be calculated by: 

n2   ϵr  
1

η
 (χe +  ) + χ

(2)|E⃑⃑ | + χ(3)|E⃑⃑ |
2
+⋯   (2.5) 

where η is the impermeability of the material. Then the index of refraction is given by: 

n  [(χe +  ) + χ
(2)|E⃑⃑ | + χ(3)|E⃑⃑ |

2
+⋯] 1/2   (2.6) 

We can see that applying an electric field has the effect of changing the index of refraction in 

these materials. However, while this description of the electro-optic effect is technically correct, 

a different formalism has been used in the past to emphasize the coefficients of each term as well 

has making it easier to calculate the change in index of refraction induced by the applied electric 

field. 
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Additionally, since electro-optic materials are anisotropic, a true description of the effect 

requires a tensorial notation with the polarization now written in Einstein notation. In this new 

formalism, the index of refraction can be expanded in a Taylor expansion assuming a negligible 

field such that: 

    n(E)  n(0) + a1E +
1

2
a2E

2 +⋯    (2.7) 

If we then define the expansion coefficients a1 and a2 to include 

       a1  −
rn3

2
     

a2  −sn
3      (2.8) 

then, 

Δη

Δn
 
dη

dn
 

d

dn
(
1

n2
)     (2.9) 

Δη  (
−2

n3
)Δn  (

−2

n3
) (n(0) + a1E +

1

2
a2E

2 +⋯− n(0))  (
−2

n3
) (−

rn3

2
E +

sn3

2
E2 +⋯)

 (2.10) 

Δη  rE + sE2 +⋯     (2.11) 

In tensor notation, the change in the impermeability can then be written in terms of increasing 

orders of the electro-optic effect: 

Δηij  ∑rijkEk + ∑sijklEkEl +⋯    (2.12) 

 

2.3.1 Linear Electro-Optic (Pockels) Effect 
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The origin of the Pockel’s effect or linear EO effect in SBN is strongly related to these 

structural differences and can be precisely quantified. By definition, the Pockels effect is the 

change in refractive index of a material due to an applied electric field in first order (i.e. linear). 

Additionally, the effect only occurs in materials that are both noncentrosymmetric, as this means 

that the χ(2) tensor described previously is nonzero, and ferroelectric41. The magnitude of the 

effect also largely depends on the crystal orientation and is thus quantified by a Pockel’s tensor. 

The total effect is measured as a change in the impermeability tensor which is defined using Eq. 

(2.12) assuming the applied electric field is small enough to neglect all but the linear electro-

optic effect: 

Δηij  ∆(
1

nij
2)  ∆(ϵ

−1)ij  ∑ rijkEkk     (2.13) 

where ηij is the impermeability tensor, ϵ is the dielectric tensor, rijk is the Pockels tensor (third 

rank), and Ek is the applied electric field. Since the dielectric tensor in a lossless, non-optically 

active medium is real and symmetric, the impermeability tensor which is the inverse of the 

dielectric tensor is also real and symmetric (i.e. the tensor is invariant when the indices i and j are 

interchanged). This allows us to simplify the third-rank tensor notation for the Pockels tensor, 

rijk, into a 6 × 3 object, rγk, using what is known as the Voigt notation, which condenses the first 

two indices into a single index according to the following pattern: 

(
ij ⋯ ⋯
⋮ ⋱ ⋮
⋮ ⋯ ⋯

)  (
     3
     3
3 3 33

)  (
 6 5
6  4
5 4 3

)   (2.14) 

and the resulting Pockels tensor, rij, becomes: 
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rγk  

[
 
 
 
 
 
r11 r12 r13
r21 r22 r33
r31 r32 r33
r41 r42 r43
r51 r52 r53
r61 r62 r63]

 
 
 
 
 

     (2.15) 

In ferroelectric materials, related to the previous discussion, this Pockels tensor can be 

written in terms of so-called electronic, ionic, and piezoelectric components: 

rijk   rijk
el + rijk

ion + rijk
piezo

    (2.16) 

which all contribute to the total unclamped Pockels tensor and can be individually calculated for 

each material. The electronic term originates from the interaction of the applied electric field and 

the valence electrons of the material assuming that the remain at fixed equilibrium positions 

while the ionic term comes from the interaction of the applied electric field with the ions and 

their resulting displacement from that equilibrium. The final piezoelectric term is introduced in 

the case that the frequency of the applied electric field is low enough to couple to phonon modes 

in the lattice and induce strain by way of the converse piezoelectric effect. This strain then 

modulates the index of refraction. 

2.3.2 Index Ellipsoid 

In order to quantifiably measure the impact of the Pockels effect on light passing through 

an anisotropic medium, it is first useful to define what is known as the index ellipsoid, shown in 

Fig. 2.4, which is a surface of constant energy density associated with a plane wave propagating 

through the medium43,44. Using the principal axes (x, y, z) of the crystal, this index ellipsoid can 

be represented by the following relation: 

∑ ηij(E)xixj  ∑
1

nij
2 xixjij   ij     (2.17) 
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where x1 = x, x2 = y, and x3 = z. 

When no electric field is applied to the medium, the impermeability tensor is diagonal in 

the principal axis frame and can thus be expressed generally (for a biaxial crystal) as: 

x2

nxx
2 +

y2

nyy
2 +

z2

nzz
2        (2.18) 

If the crystal is isotropic (nxx = nyy = nzz) or uniaxial (nxx = nyy ≠ nzz,  nyy = nzz ≠ nxx, or nzz = nxx ≠ 

nyy) this expression can be further simplified. 

 

Figure 2.4: A diagram of the index ellipsoid for an optically uniaxial and negative (no < ne) 

crystal. When a laser is incident on the surface of the crystal, the x and y components 

of the polarization sample a 2D ellipse from the ellipsoid which modulates the light 

according to the corresponding indices of refraction. 

 

After including a general change in the impermeability tensor from the linear EO effect in 

Voigt notation, the index ellipsoid now becomes (in Einstein notation): 

 

(
 

nxx2
+ r1kEk) x

2 + (
 

nyy2
+ r2kEk) y

2 + (
 

nzz2
+ r3kEk) z

2 

+ yzr4kEk +  zxr5kEk +  xyr6kEk       (2.19) 
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which corresponds to both a rotation into new principal axes and a scaling of the ellipsoid. In 

practice, this equation will typically be simplified as certain terms of the Pockels tensor for the 

material are zero due to symmetry arguments. 

For example, the Pockels tensor in SBN (space group P4bm) is equal to: 

rγk
SBN  

[
 
 
 
 
 
0 0 r13
0 0 r23
0 0 r33
0 r42 0
r51 0 0

0 0 0 ]
 
 
 
 
 

     (2.20) 

And due to symmetry r13 = r23 and r42 = r51 43. This means only certain terms in the index 

ellipsoid remain: 

(
 

nxx2
+ r13Ez) x

2 + (
 

nyy2
+ r23Ez) y

2 + (
 

nzz2
+ r33Ez) z

2 

+ yzr42Ey +  zxr51Ex        (2.21) 

Since bulk SBN is optically uniaxial and negative (no < ne) with the optical axis along the 

crystallographic [001] direction (c-axis), the indices of refraction are given by nxx = nyy = no and 

nzz = ne. 

(
 

no2
+ r13Ez) x

2 + (
 

no2
+ r23Ez) y

2 + (
 

ne2
+ r33Ez) z

2 

+ yzr42Ey +  zxr51Ex        (2.22) 

 

2.4 DEPOSITION METHODS 

 A variety of methods are used for thin film deposition depending on the material used, the 

desired deposition rate, and the need for uniformity. In my research, I primarily used sputtering 
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and electron-beam physical vapor deposition, which are the focus of this section, although I 

occasionally had collaborators perform additional kinds of deposition, including atomic layer 

deposition and chemical vapor deposition for yttria-stabilized zirconia (YSZ), SiN, and SiO2 thin 

films.  

 

2.4.1 Sputtering 

Sputtering is a physical vapor deposition method widely used in industry and research 

settings for thin film deposition of a solid target material varying from metals to insulating or 

dielectric materials at deposition rates ranging from a few Angstroms of material per second to a 

few nanometers per second depending on the target material, pressure, and sputtering power 

chosen. As part of my research, I utilized two different types of sputtering systems. The first, in 

the Demkov Lab at UT Austin, was a DCA Instruments custom hybrid deposition chamber 

capable designed for off-axis RF magnetron sputtering, and the second was a Kurt J. Lesker 

PVD-75 sputtering system capable of both on-axis DC and RF sputtering with no magnetron 

enhancement. 

DC sputtering is the most basic type of sputtering and also the most limited in terms of 

deposition rates, operable pressure ranges, and material compatibility. In this type of system used 

in my research, a 2” or 3” target covered with the desired material and a conductive copper 

backing acts as the cathode and either the chamber itself or substrate holder acts as the grounded 

anode for the applied voltage. A shutter is also used to prevent deposition of the target material 

until the desired deposition rates are reached.  
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During operation, mass flow controllers (MFCs) fill the chamber with argon gas at either 

a chosen partial pressure or flow rate, a static voltage is applied at the cathode. At high enough 

bias values, the resulting electric field in the chamber ionizes the working gas, creating a cloud 

of positive ions which are accelerated towards the target. These heavy ions bombard the surface 

of the target, ejecting atoms of the target material through momentum exchange. The neutral 

sputtered target atoms travel through the vacuum where they deposit on the substrate, which is 

rotated at a constant speed to ensure uniform thin film deposition. While oxygen can also be 

introduced into the chamber using MFCs for reactive sputtering, the buildup of oxide on the 

metallic target surface insulates the cathode/anode path, eventually extinguishing the plasma. 

This effect can be mitigated by performing reactive sputtering using RF magnetron sputtering. 

A typical RF magnetron sputtering system is depicted in Fig. 2.5.  In the RF magnetron 

sputtering systems used in my research, the system is maintained at high vacuum pressures 

between 10-7 and 10-6 Torr using a turbo pump. The cathode and anode designs are similar to that 

of the DC system, but with the addition of planar magnets are located behind the cathode. The 

substrate holder in our custom system also had heating capabilities.  
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Figure 2.5: A diagram of an off-axis, RF magnetron sputtering system as used in my research. In 

such a system, an AC bias is applied to the target/cathode, ionizing the Ar gas in the 

chamber into Ar+ ions (red). These ions are then accelerated by the electric field 

towards the target. Sputtered target atoms (grey) are ejected towards the substrate 

where they deposit as a thin film. 

 

Similarly to the DC system, mass flow controllers control argon gas and oxygen gas, if 

performing reactive sputtering, flow into the chamber, but instead of a DC bias, an AC voltage at 

RF frequencies is applied at the cathode. During the positive voltage cycles, the resulting process 

proceeds as in DC sputtering with positive ions being generated and accelerated towards the 

target surface to physically sputter material.  

Secondary electrons are also generated in this process and are emitted from the cathode 

surface. However, the movement of these electrons is restricted by the nearby static magnetic 

field and alternating electric field, confining them to a region just above the surface of the target 

where they can also scatter and further ionize the working gas. Although the bombardment of 

positive ions does tend to charge the target cathode, especially with insulating materials, the 

positive (“cleaning”) cycle of the AC signal prevents significant accumulation of ions which 

maintains the strength of the electric field in the chamber and the resulting plasma. 

2.4.2 Electron-Beam Physical Vapor Deposition (EBPVD) 

Target/

Cathode
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Figure 2.6: A diagram of an EBPVD system and key components used in my research with (a) a 

side view of the entire system, (b) a top view of the turret and crucibles, and (c) a 

side view of the electron gun and crucible components. In (a), the smaller process 

chamber (with the planetary holder and substrates) and larger source chamber are 

kept physically separate by a lock with separate vacuums during venting and pump 

down for efficiency. Prior to deposition, an ion gun can be used to mill away native 

oxides from the surface of the substrates. In (b), the rotating turret depicts how 

crucibles with different source material can be alternated for stack deposition. In (b), 

the electron gun emits a beam of electrons which is directed by a magnetic field into 

the crucible being used for deposition. Once the source material melts, source atoms 

begin to evaporate from the crucible towards the substrate and deposit in a thin film. 

 

 Electron-beam physical vapor deposition (EBPVD) or evaporation is another commonly 

used form of thin film deposition used in research and industry settings and is capable of 

depositing at high rates of up to 100 μm/min. In my research, I used a Temescal FC-2000 

electron beam evaporator for thin film and metal deposition. 

 In a typical EBPVD system used in my research, shown in Fig. 2.6(a), a substrate is first 

placed on a planetary holder located in the process chamber separated from the source chamber 

by a load lock. This planetary holder can be rotated to increase film uniformity and can also be 

substituted for a three-dome rolling fixture which gives a more conformal deposition. The 

electron beam and source crucibles are located in the source chamber along with a filament-type 
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ion gun used for milling native oxides on the substrate prior to film deposition. The crucibles 

themselves are placed on a rotatable turret source with multiple pockets for different target 

source materials, shown in Fig. 2.6(b). 

Evaporation is performed by first pumping down the source chamber to a low pressure 

(optimally near or below 5.0 × 10-7 Torr for deposition) and then using electromagnetic 

alignment to direct an electron beam (accelerated at 10 kV and beam current varying between 

20-100 mA for my research) into the crucible filled with source material, shown in Fig. 2.6(c). 

The incident electrons from the beam then cause the material to either melt or sublimate in the 

crucible and evaporate into the chamber for deposition on the substrate. 

2.5 PHYSICAL CHARACTERI ATION 

 Once thin films/devices are deposited/fabricated, an essential step in predicting and 

understanding how they will behave is to study the surface and bulk morphology as well as the 

crystal structure and orientation of the component domains. These methods, a combination of 

microscopic and spectroscopic techniques, use x-ray, electrons, and nanoscale probes to 

stimulate and probe the sample. 

2.5.1 X-Ray Diffraction (XRD) 

 X-ray diffraction (XRD) is a physical characterization technique used primarily to 

determine the crystallographic structure of thin film samples. x-rays, which have wavelengths 

ranging from tens of nanometers to tens of picometers, are particularly well suited to this task as 

these wavelengths correspond to most crystal lattice parameters. Additionally, if the energy of the 

x-ray photon is much less than the rest mass of an electron, we can assume that the x-rays will 
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scatter elastically (Thomson scattering) resulting in approximately specular reflection from 

crystal planes in the lattice. 

 

 

Figure 2.7: A diagram depicting (a) the basic principle of Bragg diffraction working in x-ray 

diffraction and (b) an example of x-ray diffraction data from a vanadium dioxide 

(VO2) thin film and a YSZ substrate plotted on a log scale. In (a), the difference in 

path length resulting from diffraction of monochromated x-rays from successive 

crystal lattice planes results in either constructure interference (peaks) or destructive 

interference as seen in (b). Specifically, the large peaks in (b) are from the (111) and 

(222) family of planes in YSZ. 

 

When the incident x-rays are constrained to be monochromatic, the necessary conditions 

for diffraction for diffraction to occur are met. When incident x-rays are then reflected by crystal 

planes as shown in in Fig. 2.7(a), a phase shift is introduced into the x-rays according to the 

difference in the optical path length of x-rays reflected by successive planes. When this phase 

shift is an integer multiple of the wavelength, the Bragg diffraction condition: 

nλ   dhklsin θ      (2.23) 

where n is the order of diffraction, dhkl is the lattice spacing between a given set of crystal planes 

identified by their Miller indices hkl, and θ is the incident angle of the x-rays, is met. The 

fulfillment of this condition corresponds to constructive interference between reflected x-rays 
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and is represented by a peak on an XRD plot, as in Fig. 2.7(b), whereas any x-ray interaction that 

does not satisfy this condition destructively interferes and is represented by the lack of a peak.  

 

Figure 2.8: A diagram of a four-axis x-ray diffractometer (XRD). The x-ray source emits x-rays 

Cu Kα source which then passes through incident optics including soller slits and a 

Ge two-bounce monochromator before striking the sample. The diffracted beam then 

passes through receiving optics including a Ni foil sheet if a monochromator is not 

used before hitting the detector. Depending on the type of measurement used, any of 

the four axes (ω, 2θ, ψ, and φ) can be altered or scanned.  

 

Using this principle, both the out-of-plane and in-plane orientations of the crystal 

structure can be evaluated depending on your control of the degrees of freedom of the x-ray 

diffractometer, an example of which is depicted in Fig. 2.8. In my research, I used a Rigaku 

Ultima IV Diffractometer using a Cu Kα source in combination with soller slits, a Ge two-

bounce monochromator, and Ni foil sheet to filter undesirable Kβ peaks. A typical diffractometer 

has five main controllable parts (listed from left to right in Fig. 2.8): the x-ray source, incident 

optics, goniometer/sample, receiving optics, and the detector. While the controllable degrees of 

freedom do vary based on the type of diffractometer used, fundamentally, the most conventional 
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diffractometers (known as four-axis diffractometers) use four degrees of freedom: ω, 2θ, ψ, and 

φ, where ω is the incident angle of the x-rays, 2θ is the angle between the incident x-rays and the 

detector, ψ is the tilting angle of the goniometer, and φ is the rotation angle about the surface 

normal of the goniometer. 

 

Figure 2.9: A diagram depicting an x-ray diffractometer configured for grazing incidence XRD 

from both a side profile and a top view. The side view shows the narrow ω angle, 

while the top view shows how φ and 2θχ are controlled in a 2θχ—φ scan. 

 

For out-of-plane XRD (AKA 2θ—ω scan), the ω angle in Fig. 2.8 is fixed to be exactly 

half of 2θ while the diffractometer scans across all 2θ values while keeping the scattering plane 

(AKA Bragg plane) parallel to the surface of the sample, and the resulting data is plotted as a 

function of 2θ. Since the Bragg plane is parallel to the sample surface, the lattice planes analyzed 

are those which are also oriented parallel to the sample surface or out-of-plane. Out-of-plane 

XRD maximizes the penetration depth of x-rays to probe the entire volume of the thin film down 

to and into the bulk of the substrate (up to a maximum of approximately 100 µm total). Since the 

substrate is typically highly epitaxial, substrate peaks tend to dominate the out-of-plane 
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diffraction pattern, and this region is typically attenuated by adjusting the receiving optics 

accordingly. 

In-plane XRD (AKA grazing incidence XRD or GIXRD), is another class of diffraction 

used to probe the in-plane crystal structure of thin films. My research used the symmetric 2θχ—φ 

scan, shown in Fig. 2.9, where the x-ray source (and by extension, ω) and the detector and out-

of-plane 2θ angle are instead fixed to a single small angle above the sample surface 

(approximately 0.3° in my measurements). This means the Bragg plane is no longer parallel to 

the sample surface but is instead closer to being parallel to the surface normal. The in-plane 

rotation angle, φ, and in-plane diffraction angle, 2θχ, are then centered about a particular in-plane 

crystallographic direction, which ensures that the Bragg plane is now parallel to those family of 

lattice planes, and 2θχ and φ are scanned to analyze which lattice planes are oriented parallel to 

the chosen Bragg plane. GIXRD, as opposed to out-of-plane measurements, are incredibly 

surface sensitive (tens of nanometers compared to tens of microns) due to the shallow incident 

angle of the x-rays. This substantially reduces the strength of substrate peaks in the diffraction 

pattern while still probing the entirety of the thin films. 

2.5.2 Pole Figures 
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Figure 2.10: (a) A diagram depicting how x-ray diffraction data from a sample is represented as 

a 2D stereographic pole figure by rotating a fixed-length scattering vector, k, for a 

chosen crystal plane through an entire hemisphere by moving the sample tilt angle, 

α, and rotation angle, β, through their respective ranges: 0° ≤ α ≤ 90° and -180° ≤ β 

≤ 180°. (b) An example of pole figure data obtained from a thin film of SrxBa1-

xNb2O6 deposited on an STO substrate. 

 

 Pole figures measurements are a subcategory of XRD and are a considered to provide a 

more thorough examination of the crystal orientations present within a sample. They are a 

graphical representation of the various crystal orientations present in a film and are typically 

displayed as a stereographic projection of the sphere formed by a fixed-length scattering vector, 

k, for a chosen crystallographic plane while varying the tilt angle from the sample surface 

normal direction, α, and the rotation angle around the sample surface normal direction, β, 

depicted in Fig. 2.10(a).  

 In my research, pole figures were obtained using the in-plane pole figure measurement 

method45. This method enables the control of the α, β, and 2θB (Bragg Diffraction) angles while 
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keeping the sample surface flat by instead controlling 2θχ, φ, ω, and 2θ. The resulting pole figure 

will be plotted in a polar representation from 0° ≤ α ≤ 90° and -180° ≤ β ≤ 180° as in Fig. 

2.10(b).  

2.5.3 Scanning Electron Microscopy (SEM) 

 Scanning electron microscopy (SEM) is a high spatial resolution imaging technique 

which circumvents the diffraction limit of optical wavelengths (~200 nm) by instead using the de 

Broglie wavelength of electrons. In SEM, an electron beam is used to scan the surface of a 

sample and produce high resolution images by detecting the location and energy of emitted 

secondary or back-scattered electrons from the sample.  

 

Figure 2.11: A diagram of a scanning electron microscope (SEM) containing commonly used 

components. In this system, an electron gun emits a beam of electrons which is then 

accelerated to the desired energy level by an anode. A series of condenser lenses are 

used to focus the beam size down to a chosen spot size, and deflection coils are 

used to scan the beam laterally across the sample. Various detectors, including a 

back-scattering detector and secondary electron detector, are then used to gather 

information about the sample surface which is then displayed on a screen. 
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The electron beam produced in both SEM systems used in my research (UT Austin: Scios 

2HiVac Dual Beam FIB/SEM, Sandia National Labs: FEI Nova NanoSEM 450) was emitted by 

a thermally assisted Schottky-type field emission gun (FEG) which use zirconia-coated tungsten 

crystals. A typical SEM system is shown in Fig. 2.11. Prior to hitting the sample, the electron 

beam enters into the microscope column where it is first accelerated to a chosen energy by an 

anode and then condensed using several different condenser lenses to a chosen spot size often 

below 1 nm of resolution, and finally the beam can be scanned and moved using x, y deflection 

coils or plates to both raster scan over a chosen area of the sample and to target different areas on 

the sample. 

After the electron beam hits the sample, several different kinds of signals are produced 

and can be detected to obtain information about the sample: (1) secondary electrons, (2) back-

scattered electrons, (3) X-rays, (4) cathodoluminescence, (5) absorbed current, and (6) 

transmitted/diffracted/scattered electrons. In my research, I exclusively used the secondary 

electrons for imaging, so I will limit my detailed discussion to those specifically. 

Secondary electrons are low-energy (<50 eV) electrons emitted from the conduction or 

valence band of surface atoms (on the order of 10 nm)46 in the sample after inelastic scattering 

with the electron beam. These electrons are then detected using either an Everhart-Thornley 

detector (ETD), which uses a collector-scintillator-photomultiplier tube to convert the captured 

electrons into a digital image, or a through-lens detector (TLD), which is also a photomultiplier-

tube based detector but is located in the column itself. The TLD is capable of ultrahigh 

(nanometer) resolution imaging by immersing the sample in the magnetic field of the objective 

lens, which reduces lens aberration effects. Surface charging is an additional effect that can 

reduce image resolution as well as complicating the imagine procedure. Charging is caused by 
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the absorption of incident electrons by insulating SEM samples and reduces the number of 

secondary electrons emitted and detected by the system. To mitigate this effect with insulating 

samples, I deposited a thin (~5 nm), conducting layer of Au on the sample. 

2.5.4 Scanning Transmission Electron Microscopy (STEM) 

Scanning transmission electron microscopy (STEM or TEM) is an imaging technique 

with an ultrahigh (<1 nm) spatial resolution achieved, as in SEM, by using the nanoscale de 

Broglie wavelength of electrons to overcome the diffraction limits of traditional optical 

microscopes. In a typical STEM system, shown in Fig. 2.12(a), an electron beam is controllably 

focused by a column of lenses, apertures, and objective pole pieces onto an extremely thin (<100 

nm) sample and then rastered across the entire surface using scan coils so that the electron beam 

is parallel to the optical axis at each point. The transmitted or scattered electron wavefunctions or 

emitted X-rays can then be detected by a variety of detectors to gather atomic-scale information 

about the thin sample which is composed of a variety of light-element and heavy-element atomic 

“columns”, depicted in Fig. 2.12(b). These detectors include bright field (BF), annular bright-

field (ABF), high-angle annular dark field (HAADF), differential phase contrast (DPC), 

universal, electron energy loss spectrometers (EELS), or energy-dispersive X-ray spectrometers 

(EDX). In my research, I used a JEOL NEOARM Low kV Aberration Corrected STEM system 

equipped with ABF and hybrid HAADF detectors, which will be the focus of this description. 

As shown in Fig. 2.12(a), ABF detectors are located in line with the transmitted electron 

beam, but only detect transmitted electrons in a narrow ring-shaped circumference (11 to 22 

mrad or 0.6-1.3°) and integrated over time as the beam is raster scanned. When the electron 

beam is located between atomic columns, the electron beam passes through essentially 

undisturbed, and the intensity of the transmitted beam is uniform across the detector resulting in 
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a bright spot on the resulting image. In contrast, when the beam is incident on a light-element 

column, the electrons are forward focused to a narrow beam by elastic scattering and pass 

through the center of the ring-shaped circumference of the ABF detector, so they aren’t detected, 

resulting in a dark spot on the image. When the beam is incident on a heavy-element column, the 

electrons are highly scattered at large angles away from the detector and likewise result in dark 

spots on the image. 

 

Figure 2.12: (a) A diagram of a scanning transmission electron microscope (STEM) containing 

commonly used components. The components used are similar to those in an SEM, 

but the captured electrons are transmitted through the sample instead of reflected. 

TEM is used to create a 2D, cross-sectional image of the atomic columns in a 

sample. These columns, shown in (b), are composed of both light and heavy atoms, 

which scatter incident electrons at both shallow and extremely large angles. Two 

types of detectors commonly used in TEM are annular bright-field (ABF) and high-

angle annular dark field (HAADF) and capture electrons across a range of angles 

which result in slightly different data being collected. Examples of the images 

obtained in ABF and HAADF are shown in (c) and (d), respectively.  

 

As shown in Fig. 2.12(a), HAADF detectors are located at extremely high scattering 

angles (50-100 mrad or 2.9-5.7°) and capture electrons scattered by Rutherford scattering from 

the nuclei of atoms in the sample. When the beam passes between atomic columns, no electrons 
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are scattered or detected, and the resulting image appears dark. When the beam is incident on 

light-element\heavy-element (small Z\large Z), the nuclei scatter incident electrons at 

smaller\larger angles, resulting in few\many electrons being captured by the HAADF detector. 

Data from these points appear as dim\bright spots on the image, shown in Figs 2.12(c)-(d). The 

Z contrast between light and heavy elements in the HAADF image is greater than in ABF 

images, which makes it particularly useful in identifying different elements in an otherwise 

homogeneous sample47,48. 

2.5.5 Atomic Force Microscopy (AFM) 

 

Figure 2.13: (a) A diagram of an atomic force microscope (AFM) with key components, and (b) 

an example of an AFM micrograph of a vanadium oxide (VOx) thin film. In (a), the 

AFM tip, located at the end of a cantilever, is brought either into contact with the 

sample or very near depending on the mode of operation. The tip is then rastered 

across the surface of the sample while a laser is reflected off of the back of the tip 

before being captured by a diode detector. The information gathered from the 

reflected laser as the tip moves with the sample topography can be represented 

visually as in (b), where the topography of the sample surface is shown in x, y, and 

z directions. 

 

Atomic force microscopy (AFM) is a nanoscale characterization technique that can 

provide very-high x-y resolution on the order of nanometers and ultra-high vertical resolution at 
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subnanometer resolutions of the surface of a sample. The operating principle behind a typical 

AFM system, shown in Fig. 2.13, is using a tip attached to a flexible cantilever to scan across the 

sample interacting with the surface atomic force (typically the Van de Waal’s force), and a 

laser/diode combination is used to detect the movement of the cantilever with the sample surface 

and reconstruct an image based on the resulting data (force measurement, topography, and signal 

phase). In my research, I used an Asylum MFP-3D AFM system and aluminum coated AFM 

probes with a resonance frequency of 330 kHz and force constant of 42 N/m.  

There are generally three modes of AFM operation: contact, tapping, and non-contact, 

which each provide varying degree of vertical and lateral resolution. In my research, I 

exclusively used the tapping mode, in which the cantilever is controlled to oscillate at its 

fundamental resonance frequency during the scan across the sample surface. A feedback loop is 

then constructed using the optical data collected by the laser/photodiode combination to keep the 

cantilever oscillation amplitude constant as the probe scans over different features. 

2.6 CHEMICAL CHARACTERI ATION 

 Since variations in the chemical composition of thin films can strongly affect electronic 

conductance, phase transition properties, and nonlinear optical coefficients, my research also 

focused heavily on chemical characterization processes which could accurately determine film 

stoichiometries as well as the presence of contaminants. These include x-ray photoelectron 

spectroscopy and Raman spectroscopy. 

2.6.1 X-ray Photoelectron Spectroscopy (XPS) 

  One of many photoelectron spectroscopy (PES) techniques based on the 

photoelectric effect, x-ray photoelectron spectroscopy (XPS) uses x-rays to stimulate the 
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emission of photoelectrons from a sample which are then detected and recorded across a 

spectrum according to their detected kinetic energy, shown in Fig. 2.14(a). This measured kinetic 

energy can then be used to classify the regions of captured photoelectrons based on the element 

they originated from as well as an approximate relative composition of those elements in the 

entire sample (i.e. sample stoichiometry). 

 

Figure 2.14: (a) A diagram of an x-ray spectrometer (XPS) including a hemispherical analyzer 

for capturing photoelectrons, and (b) example XPS data on the O 1s and V 2p 

orbitals in VO2 thin film sample. In (a), monochromated x-rays from an Al Kα 

source excite photoelectrons from core energy levels of the sample, and those 

within the allowed range of kinetic energies pass through the hemispherical 

analyzer and are detected.  

 

The theory of the photoelectric effect, first proposed in 1905 by Albert Einstein49, can be 

basically understood using the following equation: 

hν   ϕ + B. E.+K. E.      (2.24) 

where hν is the quantized photon energy of the incident x-rays, φ is the work function of the 

material being analyzed, B.E. is the binding energy for the initial state of the emitted 

photoelectron, and K.E. is the kinetic energy of the emitted photoelectron. 
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However, although the description of the photoelectric effect is simple, a complete 

theoretical explanation of XPS has not yet been demonstrated. Traditionally, the process is 

treated in an approximate and piecewise manner as in the semiclassical model popularized by 

Berglund and Spicer in 1964 50, in which a bound electron in its ground state absorbs an incident 

photon (in my research, monochromated Al Kα x-rays with energies of 1.486 keV) and is ionized 

as a free electron by overcoming its binding energy. The ionized electrons propagate through the 

material, sometimes experiencing inelastic scattering, and those with enough energy remaining to 

overcome the energy barrier, φ, at the material surface are emitted into the vacuum with a net 

kinetic energy. Assuming these electrons behave as plane waves, the photoelectrons are emitted 

within an escape cone of angle θ.  

Once emitted, these photoelectrons pass through a hemispherical analyzer (in my 

research, a VG scienta R3000 hemispherical analyzer) to further map photoelectrons to their 

associated kinetic energies. First, it uses a narrow entrance slit which selectively allows only 

photoelectrons with an emission angle near zero. Then, the admitted electrons pass between 

concentric hemispherical shells in which a bias, ΔV, is applied across the inner (radius,  1) and 

outer (radius,  2) hemispheres that causes the electron trajectories to bend with centripetal force. 

The bias is chosen to correspond to a pass energy, Ep, such that electrons with this kinetic energy 

will travel a circular path of radius,  p, centered between the inner and outer hemispheres before 

hitting the electron detector:  

ΔV  
1

e
(
R2

R1
−
R1

R2
) Ep     (2.25) 

where:  

Rp  
R1+R2

2
      (2.26) 
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The position of the electron on the detector is compared to the fixed pass energy and 

initial x-ray photon energy to determine the photoelectron binding energy which is then plotted 

as a function of the detected intensity as in Fig. 2.14(b). Electrons too far outside this chosen 

pass energy will have trajectories with small or larger radii and will collide with the hemispheres 

rather than being detected.  

2.6.2 Using XPS to Determine Film Stoichiometry 

Once a spectrum has been measured for a given material, a typical analysis involves 

determining the specific concentration of each element from the measured peak intensities and 

calculating the resulting stoichiometry of the entire film. In the three-step model, the intensity of 

the primary (unscattered) photoelectrons is defined as a function of energy: 

I(E, ω)  P(E,ω) × T(E) × D(E)     (2.27) 

where P(E,ω) is the photoexcited electron distribution, T(E) is the transmission function, and 

D(E) is the escape function51. 

Practically, the evaluation of the distribution P(E,ω) requires some kind of approximation 

such as the Hartree-Fock or Born-Oppenheimer approximation since it is conceptually related to 

electron excitation from occupied states to unoccupied states. In my research, we instead used a 

simplified approximation assuming a homogeneous sample52 which instead defined the intensity 

to be: 

I  N × σ × λ(E) × T     (2.28) 

where N is the concentration of the compound in the sample, σ is the photoionization cross 

section for that compound, λ(E) is the inelastic mean free path (IMFP), and T is the transmission 

function. For comparison, Eqs. 2.27 and 2.28 are defined using similar concepts of excitation, 
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transmission, and escape probability although the derivation of these terms is somewhat 

different. 

Using Eq. 2.28, we can solve for the specific concentration of an element, Ni, in a material using: 

Ni  
Ii

σ×λ(E)×T
     (2.29) 

and the relative atomic concentration of that element, Xi, in the material using: 

Xi  
Ni

∑ Nii
     (2.30) 

The intensity, Ii, of an element is determined by calculating the area under a given 

elemental peak minus any background noise functions used in peak fitting, of which there are 

several: linear, Shirley, and Tougaard. My research solely used the Shirley function for simplicity 

of analysis. In the simplest cases, like oxygen, calculating the area of a peak requires the use of 

only a single peak. However, spin-orbit coupling, which leads to orbital splitting in certain 

orbital peaks, must be accounted for to ensure an accurate calculation. 

2.6.3 Spin-Orbit Splitting 

Spin-orbit splitting is a phenomenon where unpaired electron spins of unexcited electrons 

couple with unpaired electrons spins of valence electrons in an atom. This coupling between the 

spin momentum (spin quantum number, s) and angular momentum (azimuthal quantum number, 

l) leads to electrons with slightly different total angular momentum values given by the quantum 

number: 

j  |l ±
1

2
|     (2.31) 

For p, d, and f orbitals (l > 0), this difference in j corresponds to a slight difference in binding 

energy which is manifest as split peaks for a given atomic orbital, as in Fig. 2.15. These split 
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peaks also have predictable differences in both height, intensity, and area due to their differences 

in multiplicity which is given by: 

multiplicity   j +       (2.32) 

In the example data in Fig. 2.15, shown with a fitted peak model, the 2p orbital of vanadium has 

an azimuthal quantum number, l = 1, corresponding to two values of j, 
1

2
 and 

3

2
, and two states 

with slightly different energy levels. These states have multiplicities of 2 and 4, respectively, 

which corresponds to an area ratio of 1:2 for the two peaks. 

 

Figure 2.15: An example x-ray photoelectron spectrum (XPS) taken from a vanadium dioxide 

(VO2) thin film with peaks fitted using CasaXPS. The leftmost peak located at 530 

eV is attributed to the O 1s orbital, and the right two peaks are attributed to the 

spin-orbit split V 2p orbital. 

 

2.6.4 Raman Spectroscopy 

Vibrational Raman spectroscopy, more generally referred to as Raman spectroscopy, is a 

spectroscopic technique which can also be used as a chemical diagnostic method to identify the 

kinds of molecules present in a sample. This is especially useful if the sample has multiple 
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molecules with the same elements but varying stoichiometries, which could be more difficult to 

differentiate with a technique like XPS where peaks created by photoelectrons from similar 

molecules often have significant overlap. 

 

Figure 2.16: (a) A diagram of a Raman spectrometer, and (b) a diagram showing three of the 

main types of photon scattering processes which are used in Raman spectroscopy. 

In (a), a monochromated laser is sent through a beam splitter which reflects some of 

the photons onto the sample where they scatter off the sample. These scattered 

photons again pass through the beam splitter before a filter is used to selectively 

block all Rayleigh scattered photons. The remaining photons are directed onto a 

diffraction grating where they are spatially resolved by their respective 

wavelengths, detected, and the amount of Raman shift is calculated and displayed. 

 

 The instrumentation used in a Raman spectroscopy system is fairly straightforward, as 

shown in Fig.2.16(a), where a single wavelength, continuous wave (CW) laser is focused onto 

the sample, producing both elastically (Rayleigh) and inelastically (Stokes and anti-Stokes) 

scattered light. The elastically scattered light is filtered out from the beam, and the remaining 

light is directed onto a diffraction grating before being directed onto a charge-coupled device 

(CCD) array detector optimized for the chosen wavelength. The resulting data is plotted using 

the intensity or count rate as a function of the wavenumber of the Raman shift in cm-1. In my 
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research, I used a Renishaw InVia u-Raman microscope using 532 nm excitation and a laser 

power of <0.1 mW. 

 When the photons from the incident laser light hit the sample, they are absorbed by the 

electrons in the surface molecules, exciting these electrons to higher energy levels, as shown in 

Fig. 2.16(b). In the special case of resonance spectroscopy, the energy of the incident photons is 

chosen to exactly correspond to existing energy levels (eigenstate) of the sample, but in general 

Raman spectroscopy, the photon energy doesn’t correspond to a specific energy level. This 

means that when the photon is absorbed, electrons are excited to so-called “virtual” energy 

levels, which themselves are not eigenstates of the system, but are a superposition of eigenstates 

and are inherently unstable. Over a short timeframe, electrons excited to these virtual states 

decay to lower, real energy levels and scatter photons corresponding to the energy difference 

between the two states. 

 If the electron decays to its same pre-excitation energy level, this is called Rayleigh or 

elastic scattering, and a photon of the same frequency as the initial photon is emitted. If the 

electron decays to a state higher than its pre-excitation energy level, this is called Stokes 

scattering and is a kind of inelastic scattering resulting in a photon with a lower frequency than 

the initial photon. If the electron decays to a state lower than its pre-excitation energy level, this 

is called anti-Stokes scattering and is a kind of inelastic scattering resulting in a photon with a 

higher frequency than the initial photon. Anti-stokes scattering is only possible if the initial 

electron was already in an excited state when further excited by the incident photon. Once the 

scattered photons pass through a diffraction grating and are detected, the magnitude of the 

Raman shift is calculated, and the photon count is plotted as a function of the Raman shift. Since 

the Raman shift can be either positive (anti-Stokes) or negative (Stokes), only the magnitude of 
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the shift is used to plot the data so that a single peak could contain both Stokes- and anti-Stokes-

scattered photons. 

 

Figure 2.17: An example Raman spectrum of VO2 (M1). The peaks labelled correspond to both 

the Ag and Bg lines of Raman-active vibrations. Although 18 total modes have been 

identified, only 17 are located within this data range, and one is missing around 450 

cm-1. Peak (3) at 197 cm-1 corresponds to the stretching motion of the V-V dimers 

along the rutile c-axis or monoclinic a-axis, and both peaks (4-5) and (8) have been 

reported to correspond to a tilting motion of the V-V dimers, while the remaining 

peaks are attributed to various V-O vibrational modes53. 

 

2.6.5 Interpreting Raman Spectra 

 Since a Raman spectrum will show peaks in the number of photons corresponding to a 

given Raman shift in wavenumber, interpreting the data requires determining which material and 

which fundamental molecular and lattice vibrations produce those peaks. These vibrational 

modes are determined by Raman selection rules which are in turn dictated by the change in a 

particular molecule’s dipole moment due to an external electric field. This effect can be 

quantified by: 
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P  αE      (2.33) 

where P is the dipole moment of a molecule, α is a polarizability constant, and E is the external 

electric field. If a vibration induced by an incident electromagnetic wave changes the 

polarizability of the target molecule, the scattered light will undergo a shift corresponding to the 

change in the dipole moment and lead to a peak. Conversely, if a particular vibration doesn’t 

significantly alter the dipole moment of the molecule, there will be little shift in the scattered 

light and no peaks will form.  

An example of captured Raman spectroscopy data and the corresponding vibrational 

modes for VO2 (M1) is shown in Fig. 2.17.  
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Chapter 3: VO2 deposition: Effect of Substrate and Growth Method on 

Sputtered Thin Films 

 

A portion of this chapter was included in A. Christensen, A. B. Posadas, B. Zutter, P. 

Finnegan, S. Bhullar, S. Bishop, A. A. Talin, and A. Demkov, J. Appl. Phys. 134, 105301 (2023). 

To assist in the development of VO2-based ECRAM, I was tasked with studying the formation 

and properties of VO2 deposited by sputtering on YSZ single crystal substrates. This research 

demonstrated that VO2 thin films with a large metal-to-insulator transition (MIT) change in 

conductance on the order of 1000 could be readily and consistently be achieved as well as to 

propose a physical model for the thin film deposition. 

3.1 INTRODUCTION 

Interest in vanadium dioxide (VO2) comes from its ability to undergo a metal-to-insulator 

transition (MIT) that can be exploited in electronics and photonics. For high-quality, single-

crystal VO2, the MIT occurs at a temperature of ∼340 K1 and is generally characterized by a 

large change in electrical conductivity, with a metallic state above the transition temperature, and 

a semiconducting (insulating) state below it2. This makes it attractive as a possible electronic 

switch and for optical switching applications in integrated photonic circuits such as bistable 

optoelectronic devices, optical logic gates, and in optical communications3–5.  

Vanadium metal supports multiple oxidation states, and its oxides crystallize in a wide 

variety of polymorphs. Depending on the particular oxidation state, vanadium (II) oxide (VO), 

vanadium (III) oxide (V2O3), vanadium (IV) oxide (VO2), vanadium (V) oxide (V2O5), as well as 

the intermediate oxides known as Magnéli phases are possible1,6. Even within the dioxide 

stoichiometry alone, there are seven different polymorphs7,8: the room-temperature stable 
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monoclinic M1 phase (space group P21/c), the monoclinic M2 phase (space group C2/m) 

metastable at ambient temperatures, a third monoclinic, high-pressure M3 phase (space 

group P2/m), the tetragonal A phase (space group P42/ncm), and the monoclinic B phase (space 

group C2/m) that are metastable in bulk but convert to the high temperature metallic rutile R 

phase (space group P42/mnm) upon heating and a triclinic T phase (space group P ⁠)9. The 

monoclinic semiconducting (insulating) M1 phase that exists at temperatures below 340 K is of 

particular interest due to its MIT when it transforms into the metallic R phase10.  

Previous studies on VO2 (M1) thin films revealed that the magnitude of this electrical 

transition (the ratio of the conductivity change) is on the order of 104 at a transition temperature 

of ∼340 K or ∼68 °C11. The detailed physical mechanism for the phase transition has not been 

fully resolved, but it is commonly believed to be a combination of the Mott- and Peierls-type 

transitions3. This view combines electron correlation effects with a structural transformation 

since it has been argued that neither of these mechanisms on their own creates a sufficiently large 

optical bandgap to match that of the low-temperature monoclinic VO2, typically reported to be 

0.6 eV12,13.  

Research on VO2 thin films has run the gamut in terms of the substrates used and the 

crystal orientations for each of these substrates. These include amorphous SiO2, rutile TiO2, 

Al2O3 (sapphire), SrTiO3, MgO, GaN, hBN, yttria-stabilized zirconia (YSZ), Si with a NiO 

buffer, and Si with a YSZ buffer. These substrates were selected for a variety of reasons ranging 

from potential device applications in integrated circuits to purely structural studies on structural 

stabilization. For example, TiO2 (110) was used to induce epitaxial strain in the VO2 films that 

were shown to be single-phase (110) VO2 (M1)14. SiO2, SrTiO3, and Si with buffer layers were 
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used due to their potential to be incorporated into silicon-based technology and ability to form 

preferentially (010)-oriented monoclinic VO2
15–17. C-plane sapphire was used due to its stability 

at high temperature, transparency, and hexagonal symmetr18–20 to develop epitaxial (010)-

oriented VO2 (M1). On the other hand, MgO (111) was used due to its relatively small lattice 

mismatch with (001)-oriented VO2 (M1)20. GaN was used due to the potential applications in 

photonic cavity-based devices and active metamaterials with switchable oxides3, while hBN was 

used as a transferable substrate that enables epitaxial VO2 to be deposited on one substrate and 

then moved to a different one that is not conducive to epitaxial VO2 growth21.  

Some of the more frequently used deposition methods for VO2 include RF or DC 

magnetron sputtering and pulsed laser deposition (PLD). These two methods have various 

advantages and disadvantages. While RF sputtering, like PLD, does require a high-vacuum 

system, it does not require an additional laser or optical setup. Thus, the overall cost and 

complexity of the system can be kept relatively low. Furthermore, sputtering is capable of 

deposition on much larger substrates when compared to PLD, making it a more attractive method 

for industrial settings. Our interest in the use of pure YSZ (space group Fm3̅m ⁠) as a substrate, as 

opposed to merely using a YSZ buffer, stems from its high ionic conductivity that enables YSZ 

to act as a solid electrolyte to conduct O2− ions, making it particularly useful for electrochemical 

switching of VO2 22 and CMOS-compatible fabrication. Fundamentally, it is instructive to 

explore the effect that the YSZ substrate orientation has on the orientation and phase of the 

VO2 film formed, in light of its many possible phases. Our study looks at both (100)- and (111)-

oriented YSZ substrates. 
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In this chapter, we compare VO2 films grown in a single step by off-axis, reactive RF 

sputter deposition of VO2 at elevated temperature, with those obtained by oxidation annealing of 

a polycrystalline vanadium metal film that was also deposited by RF sputtering. We find that the 

single-step reactive sputtering process at elevated temperatures on both YSZ substrate 

orientations yields metastable VO2 (B), which appears to be structurally stabilized by epitaxy. 

The metal sputtering and subsequent oxidation process on (100)-oriented YSZ results in (010)-

textured polycrystalline VO2 (M1) exhibiting an MIT on the order of 103. The same metal 

sputtering and the subsequent oxidation process on (111)-oriented YSZ also yield the same 

(010)-textured polycrystalline VO2 (M1), but with a noticeably higher degree of overoxidation, 

so the film is overall more insulating and has an on/off ratio of ∼40%, the size of that formed on 

(100)-oriented YSZ. The magnitude of this MIT is on the same order as polycrystalline films 

reported for other substrates14–21.  

3.2 EXPERIMENTAL METHODS 

The films are deposited using a DCA Instruments custom hybrid deposition chamber 

capable of both off-axis RF magnetron sputtering and molecular beam epitaxy. The process gas 

is controlled by defining the flow rate ratio of Ar to O2 using active feedback of the individual 

mass flow controllers (upstream flow control) and the total system pressure as measured by a gas 

species-independent capacitance manometer. For the sputter deposition, we specify the forward 

RF power, with the reflected power kept at zero using an automatic capacitance tuning network. 

Prior to any deposition, the 2 in. vanadium metal target (Kurt Lesker) was pre-sputtered at the 

deposition conditions for about an hour to remove surface contamination. In this study, we use 

YSZ substrates with (100) and (111) orientations with lateral dimensions of 10 × 10 mm2 (MTI 

Crystal) and also 2 in. wafers with (111) orientations (CrysTec). We degrease each substrate by 
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sonication in acetone, isopropanol, and de-ionized water for 10 min. The samples are then loaded 

into the deposition chamber and outgassed at 700 °C in vacuum for 10 min and cooled down to 

the deposition temperature. 

We grow VO2 by two different methods: (1) sputtering vanadium metal in Ar at 300 °C 

followed by a post-deposition oxidation treatment in an O2 atmosphere at 550 °C, as shown 

in Fig. 3.1 and (2) reactive sputtering of vanadium in oxygen-containing process gas (5% O2 in 

Ar) at 400 °C, as shown in Fig. 3.2. For both processes, the substrate was located in an off-axis 

geometry 5.5 cm above the sputtering axis. 

 

Figure 3.1: Diagram depicting the vanadium metal sputtering + oxidation process. Vanadium 

metal is sputtered from a target and deposited on the substrate, which is then 

partially oxidized by residual oxygen in the chamber and oxygen outdiffusion from 

the substrate. The rest of the oxidation occurs when oxygen gas is introduced at a 

pressure of 5 mTorr. 
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Figure 3.2: Diagram depicting the reactive sputtering process. Vanadium is sputtered from the 

target in an oxygen environment (reactive sputtering) and deposited on the substrate 

as disorganized oxidized vanadium. These molecules then organize into the 

structurally stabilized VO2 (B). Slight overoxidation does occur due to oxygen 

outdiffusion from the substrate and excess oxygen in the process gas. 

 

For the metal deposition, we introduced Ar gas into the chamber with a total pressure of 

9 mTorr and used an RF power of 30 W, which results in a metal deposition rate of 3.2 nm/min, 

as measured by a quartz crystal microbalance (QCM). Following the deposition of 60 nm of 

metal at 300 °C, we increased the substrate temperature to 550 °C and annealed the sample for 

30 min in an environment of 5 mTorr of O2, which is expected to produce 100 nm of VO2. 

For the reactive sputtering process, we introduced Ar and O2 into the chamber at a ratio 

of 95% to 5%, respectively, to a total pressure of 7 mTorr at a substrate temperature of 400 °C. 

We then sputtered the vanadium target using an RF power of 75 W for a growth rate of 

1.19 nm/min (measured as VO2). Films of 100 nm thickness were grown, which was confirmed 

by cross-sectional transmission electron microscopy (TEM) (see Fig. 3.3). Due to surface 

roughness, we did not use x-ray reflectivity (XRR) measurements to confirm thin film thickness. 

Instead, we used transmission electronic microscopy (TEM) to confirm QCM measurements. 

Since lamellas for TEM imaging are collected using focused ion beam (FIB) etching, there are 

                  

                 

                

      

            



 

100 
 

several possible limitations to using this method to confirm surface thickness. First, FIB etching 

is a destructive technique that can potentially remove surface material, which can directly impact 

thickness measurements. Second, each lamella is a 12-micron cross-section of a 10×10 mm 

sample, so any thickness measurement made is a local measurement of thickness as opposed to 

an aggregate method like XRR. However, we have accounted for these possible limitations in 

several ways that give confidence to our measurements. First, while off-axis RF magnetron 

sputtering is known to deposit thin films of non-uniform thickness23, rotating the sample during 

deposition has been shown to mitigate this issue. Second, the destructive impact of FIB etching 

is minimized by first depositing a layer of carbon using electron beam deposition and a layer of 

platinum using ion beam deposition. 

 

Figure 3.3: Transmission electron microscopic images of vanadium dioxide synthesized by 

oxidation on YSZ (100)-oriented substrate. (a) At a scale of 200 nm, the 

approximately 100 nm thick vanadium dioxide film appears to have a polycrystalline 

profile with crystallites with an average diameter of 50 nm. 
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We analyzed the film composition immediately after deposition without air exposure 

using an in situ x-ray photoemission spectroscopy (XPS) system equipped with a VG Scienta 

R3000 hemispherical analyzer and a monochromatic Al Kɑ source with a photon energy of 

1486.6 eV and a line width of 0.85 eV. Measurements were taken for binding energy ranges 

encompassing both O 1s and V 2p (referred to as the V 2p region) between 535.0 and 510.0 eV 

and for the O 2p and V 3d region near the Fermi level (referred to as the valence region). The V 

2p region was used to determine the film stoichiometry. A low-energy electron flood gun was 

used for charge compensation of the insulating YSZ substrate. All data points were uniformly 

shifted such that the main O 1s peak has a binding energy of 530.0 eV. We performed curve 

fitting and peak decomposition using CasaXPS software24. The spectra were fitted by requiring 

that all component peaks within each of the V 2p1/2 and V 2p3/2 manifolds have identical full 

width at half maximum (FWHM) values and that corresponding V 2p1/2 peaks and V 2p3/2 peaks 

have the theoretical branching ratio of 1:2. 

The film crystal structure was analyzed using x-ray diffraction (XRD) with a Rigaku 

Ultima IV diffractometer with a Cu Kɑ source and Ni filter. The 2θ−θ measurements were 

performed at a scan rate of 7.5°/min over a 2θ range of 10° to 70° to capture the substrate peaks 

and the (020) Bragg peak of VO2 (M1). We studied surface morphology using an Asylum MFP-

3D atomic force microscope (AFM) mounted with a PPP-NCHR standard non-contact/tapping 

mode probe with a reflective aluminum coating. The tip has a 330 kHz resonance frequency, 

42 N/m force constant, and 125 μm length. 

To further characterize the phase composition of the films and determine their insulator-

to-metal transition behavior, we performed Raman spectroscopy and temperature-dependent 
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conductivity measurements, respectively. The Raman measurements were performed using a 

Renishaw InVia μ-Raman microscope using 532 nm excitation with laser power set to <0.1 mW 

to avoid specimen heating. For electrical measurements, the VO2 films were patterned into 

rectangular strips measuring 16 × 8 μm2 using a Cl3/Ar inductively coupled plasma etch recipe to 

define them, followed by the deposition of Ti/Au (2/50 nm) contacts. Chips measuring 

5 × 5 mm2 with several such devices were mounted onto chip carriers and wire-bonded for 

making electrical contacts. The chips were placed in an oven with a temperature control and the 

current was measured at 100 mV applied bias, while the oven temperature was cycled over the 

range of 25–110 °C at a rate of 10°/min. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Effect of the deposition method on thin film stoichiometry 

Our analysis begins with a discussion of the stoichiometry of the thin films formed by 

vanadium metal deposition followed by oxidation, as determined by in situ XPS and ex 

situ Raman spectroscopy. Prior to oxidation, the sputtered vanadium metal was determined to be 

partially oxidized by residual oxygen in the sputtering chamber and by oxygen out-diffusion 

from the YSZ substrate, as shown in Fig. 3.1. Quantification of in situ XPS measurements of the 

core level and valence band spectra, shown in Fig. 3.4, yields a surface composition of VO0.8. 
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Figure 3.4: X-ray photoelectron spectra (XPS) for (a) the energy range for O 1s and V 2p 

orbitals and (b) the energy range of the V 3d orbital for vanadium suboxide with 

stoichiometry VO0.8. 

 

Post-oxidation XPS measurements of the V 2p region of the thin film deposited on (100)-

oriented YSZ after oxidation, shown in Fig. 3.5(a), reveal asymmetric V 2p1/2 and V 2p3/2 peaks 

with maximum values at 523.7 and 516.7 eV, respectively, with tails on the high binding energy 

side. We fit the spectrum using two symmetric Gaussian components each for both the V 

2p1/2 and V 2p3/2 peaks, with one component corresponding to a nominally V4+ oxidation state 

located at 516.2 eV, and a second component at a higher binding energy corresponding to a 

nominally V5+ oxidation state located at 518.1 eV. The components are constrained to have an 

identical full width at half maximum (FWHM). Using the integrated areas of O 1s and V 2p 

portions of the spectrum, we calculated the surface stoichiometry to be VO2.1, using the Scofield 

relative sensitivity factors25.  In situ XPS measurements of the core level spectra for the oxidized 

film grown on (111)-oriented YSZ, shown in Fig. 3.6(a), reveal similar results to the films 

deposited on (100)-oriented YSZ, but consistently show that such films are slightly more 

oxidized with a surface stoichiometry closer to VO2.2, even though the same process is used for 

both substrate orientations. 
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Figure 3.5: XPS for (a) the energy range for O 1s and V 2p orbitals and (b) the energy range of 

the V 3d orbital for VO2 formed by first depositing vanadium metal and then 

oxidizing this film in an oxygen environment on (100)-oriented YSZ. Characteristic 

features in (a) include a V 2p3/2 peak centered near 516.25 eV and in (b) a symmetric 

V 3d peak centered at 1.5 eV, which has a height ratio of 0.26 relative to the O 2p 

peak centered at 6 eV. 

 

Fig. 3.6: (a)-(b) XPS for the same energy ranges as in Fig. 4a on (111)-oriented YSZ. The Fermi 

energy is set to zero. Characteristic features in (a) include a V 2p3/2 peak centered near 

516.2 eV and in (b) a symmetric V 3d peak centered at 1.5 eV which has a height ratio 

of 0.31 relative to the O 2p peak centered at 6 eV. 

 

In situ XPS measurements of the valence regions, shown in Fig. 3.5(b) and Fig. 3.6(b), 

reveal two features: a large, broad O 2p feature centered around 6 eV, and a smaller, narrow V 

3d peak centered near 1.5 eV. The presence of a V 3d peak is indicative of a vanadium sub-

https://pubs.aip.org/view-large/figure/84874952/015301_1_5.0150898.figures.online.f4.jpg
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oxide, as this peak is normally absent in pure V2O5. The XPS spectra for thin films formed by 

sputtering + oxidation on (111)-oriented YSZ has similar features to the spectra formed on (100)-

oriented YSZ by the same method, but it does differ in several key points. The components (V5+ 

and V4+), which make up the V 2p spin-orbit pairs, are spaced slightly farther apart in the spectra 

shown in Fig. 3.6(a). Although different by < 1 eV, the effect does broaden the FWHM of each 

peak. Furthermore, in the valence region, the peak at ~1.5 eV in Fig. 3.6(b) is more symmetric 

than in the film spectra on YSZ (100), there is a deeper and slightly wider valley between the O 

2p peak and the V 3d peak. This increased symmetry and more pronounced valley has been 

associated with slightly overoxidized VO2 in previous studies26. Additionally, in this slightly 

overoxidized state, there is no signal present at EF, indicating a lack of delocalized d-band states 

and a lack of a coherent part of the spectral function26. Since these samples are insulating at room 

temperature, this matches conductance measurements taken later. 

From prior studies on how the V 3d peak changes as a function of oxygen content, we 

have determined that in phase-pure VO2, the height ratio of V 3d to O 2p should be 1:5. For the 

oxidized sample grown on YSZ (100), we find this ratio to be 1:3.9, and for the oxidized sample 

grown on YSZ (111), we find this ratio to be 1:3.2, indicating a higher relative surface oxidation 

compared to the sample on YSZ (100). To corroborate the composition of the bulk of the film, 

we utilize Raman spectroscopy described below. 
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Figure 3.7: Raman spectra for samples grown by metal sputtering + oxidation (a) on (100)-

oriented YSZ and (b) on (111)-oriented YSZ, and the corresponding fit using reported 

data for single phase VO2 and single phase V2O5 combined in a VO2:V2O5 ratio of 

1.8. In (a), peaks corresponding to the reported values of VO2 appear at 142.8, 191.5, 

222.2, 259.0, 307.0, 337.5, 386.9, 495.9, and 612.6 cm−1, with an extraneous peak at 

645.6 cm−1 not associated with the VO2 spectrum appearing only in (a). If V2O5 were 

present, there would be additional peaks located at points marked by (*) in (a). In (b), 

the same peaks corresponding to VO2 appear, but additionally, peaks corresponding 

to V2O5 appear at 101.7, 284.0, 488.4, 525.7, and 700.4 cm−1 marked by (*). 

 

A Raman spectrum at room temperature taken on the oxidized sample deposited on YSZ 

(100), as shown in Fig. 3.7(a), shows only Raman shifts corresponding to VO2 (M1), with no 

significant V2O5 contribution. The Raman spectra for VO2 (M1) are characterized by a tall, broad 

peak located at ∼618 cm−1 (Ag), corresponding to V–O stretching modes, two tall, narrow peaks 

very near each other located at ∼200 cm−1 (Ag), corresponding to V–V vibration modes, and 

multiple smaller peaks located around these three peaks that tend to correspond to V–V 

vibrations below 300 cm−1 and to V–O stretching between 300–700 cm−1 27. These results, which 

are bulk-sensitive, imply that the slight overoxidation observed in XPS for the sample grown on 

YSZ (100) occurs only in the near-surface region. A Raman spectrum at room temperature taken 

on the oxidized sample deposited on YSZ (111), as shown in Fig. 3.7(b), shows Raman shifts 
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corresponding to VO2 (M1), and a substantial V2O5 contribution in both cases. The V2O5 spectra 

have four peaks which are not present in VO2 at 101.7 (Ag), 284.0 (Bg), 488.4 (Ag), 525.7 (Ag), 

and 700.4 cm−1 (Bg)10. When the normalized heights of these peaks are compared to those of 

VO2, the relative proportion of VO2–V2O5 varies between 2:1 and 1:1. These results indicate that 

the films formed on (111)-oriented YSZ are slightly over-oxidized in the bulk of the film and at 

the surface. 

 

Figure 3.8: XPS for (a) the energy range for O 1s and V 2p orbitals and (b) the energy range of 

the vanadium 3d orbital for VO2 formed by reactive sputtering on (100)-oriented YSZ 

and (c)-(d) the same energy ranges on (111)-oriented YSZ. The Fermi energy is set to 

zero. Characteristic features in (a): an asymmetric V 2p3/2 peak near 516.4 eV, and (b): 

a symmetric V 3d peak at 1.5 eV, with a height ratio of 0.2 relative to the O 2p peak 

at 6 eV. Characteristic features in (c): an asymmetric V 2p3/2 peak near 516.0 eV, and 

in (d): a symmetric V 3d peak at 1.5 eV, with a height ratio of 0.18 relative to the O 

2p peak at 6 eV. 
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VO2 thin films formed by reactive sputtering provide additional insight into the formation 

of VO2 and are markedly different from those formed by sputtering + oxidation. In the core level 

regions shown in Fig. 3.8(a)-(c), the FWHM of the V 2p3/2 peak is equal to 2.8 eV, consistent 

with previous studies on VO2, but the V5+ component increases by approximately double the area 

from those samples grown by sputtering + oxidation. Additionally, the V4+ component area is 

approximately halved, consistent with the relative vanadium concentration remaining constant. 

There is also an increase in oxygen concentration corresponding to increased O 1s component 

area. Previous studies also indicate that core level VO2 spectra contain V3+ components centered 

at 515.0 eV, but such V3+ components were incompatible with our fit to the spectra shown in 

Fig. 3.8(a). On the (100)-oriented substrate, in situ XPS measurements of the V 2p region, 

shown in Fig. 3.8(a), reveal similar asymmetric V 2p1/2 and V 2p3/2 peaks with maximum values 

at 524.1 and 517.0 eV, respectively, this time with tails on the low binding energy side. Our peak 

fitting for these measurements corresponds to the presence of a V4+ state centered at 516.0 eV 

and a V5+ state centered at 517.3 eV with an imposed constraint of identical FWHMs. In 

situ XPS measurements of the valence region, shown in Fig. 3.8(b), reveal that the V 3d feature 

is roughly 50% smaller than in samples formed by metal deposition and oxidation, with a V 3d/O 

2p height ratio of 1:5. In both cases, the shapes of the spectra indicate primarily a mixed 

V2O5/VO2 phase, with the calculated composition from the core level spectra being VO2.2. On 

the (111)-oriented substrate, in situ XPS measurements of the V 2p region, shown in Fig. 3.8(c), 

show very similar results as the film grown on (100)-oriented YSZ. In both cases, the shapes of 

the spectra indicate primarily a mixed V2O5/VO2 phase, with the calculated composition being 

VO2.2. In situ XPS measurements of the valence region, shown in Fig. 3.8(d), reveal that the V 
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3d feature is roughly 50% smaller than in samples formed by metal deposition and oxidation, 

with the V 3d/O 2p height ratio of 1:5.6. 

Raman spectra at room temperature were also taken for the samples deposited on YSZ 

(100) and YSZ (111) by reactive sputtering and a plain YSZ (100) substrate, which are shown 

in Fig. 3.9. It is clear that the spectra are substantially different from both the VO2 (M1) and 

V2O5 spectra, with the exception of the single broad peak located near ∼618 cm−1. Instead, there 

are two, or possibly three, overlapping peaks at ∼80, 115, and 140 cm−1 and a much smaller peak 

at 300 cm−1 that are all present in the data for VO2 (B)/(100)YSZ, VO2 (B)/(111)YSZ, and for 

(100)YSZ, although the relative intensities of each of these peaks are different in each case. The 

literature on VO2 (B)9 indicates that its Raman spectrum overlaps with the YSZ spectra, which 

could explain the lack of any unique peaks for that phase. 

 

Figure 3.9: Raman spectra for samples grown by reactive sputtering on (100)- and (111)-

oriented YSZ and a spectrum for the plain YSZ substrate. There are three distinct 

features in each of the three spectra, occurring at 80, 300, and 618 cm−1. However, 

the peak at 80 cm−1 also overlaps with what appears to be two highly overlapping 

peaks centered at 115 and 140 cm−1. Additionally, the intensity of the spectra for the 

VO2 (B) samples decreases significantly compared to the YSZ substrate. 
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3.3.2 Effect of the deposition method on crystal structure 

Beginning with the process of VO2 formation by metal deposition plus oxidation, we first 

analyze the results of how vanadium metal crystallizes as it is deposited on our two substrate 

orientations. Vanadium metal belongs to the cubic Im3̅m space group and has a lattice parameter 

a = 3.04 Å28. When depositing vanadium metal on both orientations of the YSZ substrate, 

however, XRD data reveal no peaks corresponding to pure vanadium metal, and instead, as 

shown in Fig. 3.10, there is a singular and dominant peak located at 38.4° which corresponds to 

the (111) peak from vanadium monoxide (VO) or the V2+ oxidation state.  

 

Figure 3.10: X-ray diffraction data on a log scale for VO formed after vanadium metal 

deposition on (100) YSZ with no subsequent oxidation. In order to properly 

distinguish the VO peak at 38.4° from the large YSZ (200) peak, the default stage 

tilt (ω) was adjusted by 0.2° to drastically reduce the size of the out-of-plane 

substrate peak. 

This partial oxidation of vanadium is likely due to the out-diffusion of oxygen from the 

YSZ substrate29 and the presence of residual oxygen in the sputtering chamber. AFM images, 
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shown in Fig. 3.11, taken of VOx prior to oxidation show a surface with an RMS roughness of 

1.9 nm and an average grain width of 0.1 μm. 

 

Figure 3.11: AFM amplitude image at a scale of 1 × 1 μm, showing the surface of a vanadium 

oxide (VO0.8) film formed by sputtering from a vanadium metal target on the YSZ 

substrate at 300 °C. 

 

After the oxidation treatment, out-of-plane XRD is measured with data for the (100)-

oriented substrate shown in Fig. 3.12(a). The XRD scan reveals the two primary substrate peaks 

corresponding to the (200) and (400) peaks of YSZ at 34.85° and 73.50°. Figure 3.12(a) also 

shows multiple smaller thin film peaks located at 39.80° and 44.25°/44.90°, which correspond to 

the (020) and the (021)/(12−1) planes in VO2 (M1), respectively. Two relatively small peaks also 

appear at 31.40° and 65.15°, which are residual Cu Kβ peaks from the YSZ (200) and YSZ (400) 

reflections. Further investigation into the (020) peak using a rocking curve shown in Fig. 

3.13 reveals a FWHM of roughly 0.25°. The narrower the peak being analyzed, the more 
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uniformly oriented out-of-plane that family of planes is. The 0.25° full-width-at-half-maximum 

(FWHM) of this peak indicates that there is a strong texture or a preferred out-of-plane 

orientation of the VO2 (M1) (020) family of planes or that the (020) family of planes mainly 

exist at angles within ±0.125° to the substrate out-of-plane direction.  

 

Figure 3.12: X-ray diffraction data on a log scale for VO2 formed by metal 

deposition + oxidation on (a) YSZ (100)-oriented substrate and (b) (111)-oriented 

substrate, and schematics of (c) two possible orientations of the (010)-oriented 

VO2 (M1)/(100)-oriented YSZ interface, and (d) one possible orientation of the 

(010)-oriented VO2 (M1)/(111)-oriented YSZ interface. The red dots represent the 

oxygen sublattice of YSZ and their in-plane separations for the two surfaces. Given 

the YSZ lattice parameters of a = b = c = 0.512 14 nm and given that the lattice 

vectors for VO2 (M1) are a = 0.536 nm and c = 0.539 nm, the average lattice 

mismatch for (010)-oriented VO2 (M1) on (100)-oriented YSZ shown on the left in 

(c) is approximately 5.4%, and the average lattice mismatch for the orientation on 

the right in (c) is approximately 7.0%. For (d), the average lattice mismatch for the 

given (010)-oriented VO2 (M1) on (111)-oriented YSZ shown is approximately 

17.1%. 
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Interestingly, in the XRD data for the (111)-oriented substrate, shown in Fig. 3.12(b), 

only VO2 (M1) peaks are present despite the presence of V2O5 in the Raman spectra discussed 

earlier, which implies that V2O5 is likely formed in an amorphous state. The VO2 peaks observed 

are the same as in the (100)-oriented substrate. Possible lattice matching schemes for both 

substrate orientations are shown in Figs. 3.12(c) and 3.12(d). 

 

Figure 3.13: Logarithmic rocking curve of a feature at 39.0° corresponding to the VO2 (M1) (020) 

family of planes in Fig. 12(a). The peak in the center has a FWHM of 0.25°. 

 

Analysis of the two substrate orientations after deposition by reactive sputtering yields 

markedly different results. For the (100)-oriented substrate, shown in Fig. 14(a), we no longer 

see any VO2 (M1) peaks, and instead, we find a mix of VO2 (B) and V2O5 peaks. The VO2 (B) 

peaks appear at 14.35°, 28.90°, 44.15°, and 59.70° and correspond to the (001), (002), (003), and 

(004) lattice planes (c-axis orientation). A representative rocking curve for this family of peaks at 

44.15° shown in Fig. 15(a) has a FWHM of 2.75°, which indicates significant mosaicity grains at 
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many small angles relative to the out-of-plane direction in the (003) family of planes. These 

grains primarily exist within approximately ±1.45° degrees of the substrate out-of-plane 

direction. 

The V2O5 peak appears at 20.05° and corresponds to the (010) lattice plane in the 

orthorhombic phase of V2O5 and is much smaller in intensity than the VO2 (B) peaks, indicating 

that its volume fraction is much less than that surface-sensitive XPS measurements might 

suggest. Diffraction measurements for the (111)-oriented substrate, shown in Fig. 14(b), show a 

similar blend of VO2 (B) and orthorhombic V2O5 peaks, with VO2 (B) peaks located at 14.40°, 

44.05°, and 77.25°, which correspond to the (001), (003), and (005) lattice planes, and the 

V2O5 peaks located at 20.05° and 41.45°, which correspond to the same (010) and (020) lattice 

planes. The rocking curve for the (003) peak of VO2 (B) shown in Fig. 15(b) has a wide FWHM 

of 2.90° similar to that of the film sputtered on (100)-oriented YSZ. Lattice matching schemes 

for (001)-oriented VO2 (B) on both (100)- and (111)-oriented YSZ are shown in Figs. 

14(c) and 14(d). 
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Figure 3.14: X-ray diffraction data for VO2 formed by sputtering on (a) a (100)-oriented and (b) 

a (111)-oriented YSZ substrate and schematics for possible orientations of (c) the 

(001)-oriented VO2 (B)/(100)-oriented YSZ interface and (d) the (001)-oriented 

VO2 (B)/(111)-oriented YSZ interface. The red dots represent the oxygen 

sublattice of YSZ. For (a), besides the substrate peak at 34.80°, peaks located at 

14.35°, 28.90°, 44.15°, and 59.70° correspond to the (001), (002), (003), and (004) 

of VO2 (B), respectively. The peak appearing at 20.05° corresponds to the (010) 

lattice plane in the orthorhombic phase of V2O5. For (b), peaks located at 14.35°, 

44.10°, and 77.25° correspond to the (001), (003), and (005) of VO2 (B), 

respectively, and although the (002) and (004) peaks are likely present, they are 

hidden by the substrate peaks. The peaks at 20.05° and 41.50° correspond to the 

(010) and (020) lattice planes in the orthorhombic phase of V2O5, respectively. 

Given the YSZ lattice parameters shown and given that the lattice vectors for 

VO2 (B) are a = 1.204 nm, b = 0.369, and c = 0.643 nm, the lattice mismatches for 

the given (001)-oriented VO2 (B) on (100)-oriented YSZ shown in (c) are 

approximately 9.5% and 1.5%, and the lattice mismatches on (111)-oriented YSZ 

shown in (d) are approximately 4.6% and 1.5%. 
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Figure 3.15: Logarithmic rocking curves of a feature at 44.15° in (a) Fig. 9a and in (b) Fig. 9b. In 

(a), the peak in the center has a FWHM of 2.75°, and in (b), this peak has a similar 

FWHM of 2.90°. 

 

From the XRD data and the lattice mismatches reported in Fig. 14, we see that on YSZ, 

which has a 3.64 Å surface oxygen in-plane spacing for either orientation, VO2 (B) preferentially 

forms when VO2 is deposited directly by reactive sputtering at elevated temperature as it matches 

the in-plane oxygen spacing along the b-axis of VO2 (B) quite well, with the corresponding 

matching along the a-axis being not too unreasonable. This structural stabilization is likely what 

drives VO2 (B) to form when directly deposited as VO2 on YSZ. On the other hand, the films 

formed by metal deposition plus oxidation consistently crystallize in the equilibrium VO2 (M1) 

phase. During subsequent oxidation, VO2 formed is less sterically bound to the atomic structure 

of the substrate surface and forms in its normal equilibrium phase. The fact that the VO2 (M1) 

film grows predominantly with a (010) orientation is likely the result of the initial vanadium 

monoxide layer with a close-packed (111) orientation that is formed prior to oxidation, which 

implies that the underlying substrate still has a weak influence on the film orientation. Our 

results strongly suggest that lattice and atomic matching more strongly determines the crystal 
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structure of the thin film during reactive sputtering than for a thin film formed from metal 

deposition followed by oxidation. 

To confirm this hypothesis, we grew VO2 by the reactive sputtering process on a 

thermally oxidized silicon wafer (100 nm SiO2) using the same conditions that led to VO2 (B) on 

YSZ. With an amorphous substrate, randomly oriented, polycrystalline VO2 (M1) is formed as 

determined using XPS and XRD analysis, corroborated with resistance vs temperature 

measurements. The core level spectra shown in Fig. 16(a) indicate a stoichiometry similar to 

other VO2 samples discussed, and in Fig. 16(b), the 1:4.6 height ratio of the valence band peaks 

also supports this conclusion. Grazing incidence detector scan XRD (GIXRD) data, shown 

in Fig. 16(c), shows a set of peaks characteristic of the powder pattern of VO2 (M1). Thus, we 

conclude that VO2 (M1) forms on amorphous substrates as a random polycrystalline film when 

grown with reactive sputtering, strongly supporting our conclusion that a lack of structural forces 

allows VO2 (M1) to form as it is the equilibrium phase. 
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Figure 3.16: X-ray photoelectron spectra for (a) the energy range for O 1s and V 2p orbitals and 

(b) the energy range of the V 3d orbital for vanadium dioxide formed by metal 

deposition + oxidation on an amorphous SiO2 substrate. Characteristic features in 

(a) include an asymmetric V 2p3/2 peak centered near 516.1 eV and in (b) a 

symmetric V 3d peak centered at 1.5 eV, which has a height ratio of 0.21 relative to 

the O 2p peak centered at 6 eV. (c) Grazing incidence x-ray diffraction detector 

scan for VO2 formed by reactive sputtering on a SiO2/Si substrate. The scan shows 

that randomly oriented polycrystalline VO2 (M1) forms on an amorphous substrate. 

 

3.3.3 Effect of substrate orientation and deposition method on MIT 

We measure the magnitude of the MIT associated with each substrate and deposition 

method, and these results are shown in Fig. 3.17. In samples grown by the oxidation of deposited 

vanadium metal, the transition magnitude is on the order of 103. The measured transition 

temperature window is ∼65–76 °C, in line with bulk VO2 (M1). Additionally, devices formed on 
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both (100)- and (111)-oriented YSZ exhibit transitions of similar magnitude, with the (100)-

oriented YSZ device yielding a slightly higher conductance in line with its higher proportion of 

VO2 (M1). As shown in Fig. 3.18 in samples grown by reactive sputtering, the nearly linear 

decreasing behavior and magnitude of resistance with respect to increasing temperature is typical 

of the semiconducting VO2 (B) phase30 and not the sharp MIT associated with VO2 (M1). These 

results confirm what we observe in XPS and XRD and demonstrate that when VO2 is formed by 

the oxidation of deposited vanadium, VO2 (M1) is the dominant phase present, regardless of the 

YSZ substrate orientation and corresponding lattice matching. When the film is instead deposited 

directly in the crystalline form using reactive sputtering at an elevated growth temperature, 

VO2 (B) is the preferred phase due to structural stabilization, and no MIT is observed. 

 

Figure 3.17: Temperature-dependent conductance measurements taken using devices (shown in 

the inset) fabricated on YSZ by metal deposition + oxidation. In YSZ (100), an 

on/off ratio of about 2 × 103 is observed, but with the films grown on YSZ (111), a 

similar on/off ratio of 1 × 103 is observed but with a lower overall conductance. 
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Figure 3.18: Resistance measurements taken at room temperature and 120°C on VO2(B) thin films 

deposited on both (100)- and (111)-oriented YSZ using voltmeter probes and a hot 

plate. The initial resistances of 50-70 Ω decrease approximately linearly with 

increasing temperature to ~27 Ω. 

 

3.4 CONCLUSIONS 

During reactive sputtering of VO2, the vanadium metal and oxygen first react and then 

deposit on the heated YSZ substrate. The vanadium and oxygen species have enough energy to 

move and combine in the most energetically favorable phase as dictated by the substrate. Due to 

the close lattice and atomic matching between the YSZ oxygen sublattice and the VO2 (B) phase, 

it is this phase that forms when grown directly in the crystalline form on YSZ. The presence of 

VO2 (B) is confirmed by out-of-plane XRD diffraction measurements and the magnitude of the 

MIT is negligible. This unwanted structural stabilization and corresponding lack of an MIT can 

be overcome by decoupling the phase formation from crystallization, which is accomplished by 

vanadium metal sputtering followed by oxidation annealing. This allows the equilibrium 

VO2 (M1) to form in spite of any preferred orientation caused by the substrate. In this process, 

sputtered vanadium atoms are no longer as strongly constrained by lattice matching and are able 
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to form a well-ordered, oriented polycrystalline thin film. When oxidized, these polycrystalline 

grains are then able to form into the equilibrium M1 phase from the surface downward, 

unconstrained by any structural forces, with the corresponding emergence of the MIT. Thus, by 

simply altering the method of deposition, unwanted structurally stabilizing forces can be 

mitigated to achieve the desired phase. 

This new deposition paradigm illustrates the synergistic significance that each element of 

the deposition process possesses and gives new insight into a specific implementation using VO2, 

YSZ, and RF sputtering that shows promise in neuromorphic computing applications. 

3.5 REFERENCES 

1. Y. Zhou & S. Ramanathan. Mott Memory and Neuromorphic Devices. Proc. IEEE 103, 

1289–1310 (2015). 

2. F. J. Morin. Oxides Which Show a Metal-to-Insulator Transition at the Neel Temperature. 

Phys. Rev. Lett. 3, 34–36 (1959). 

3. S. Wall et al. Ultrafast disordering of vanadium dimers in photoexcited VO2. Science 362, 

572–576 (2018). 

4. J. G. McInerney. Bistable Optoelectronic Devices. in Optoelectronic Materials, Devices, 

Packaging, and Interconnects vol. 0836 244–253 (SPIE, 1987). 

5. S. Lysenko et al. Light-induced ultrafast phase transitions in VO2 thin film. Appl. Surf. Sci. 

252, 5512–5515 (2006). 

6. J. B. Goodenough. The two components of the crystallographic transition in VO2. J. Solid 

State Chem. 3, 490–500 (1971). 



 

122 
 

7. B. L. Chamberland. New defect vanadium dioxide phases. J. Solid State Chem. 7, 377–384 

(1973). 

8. C. Leroux, G. Nihoul, & G. Van Tendeloo. From VO2 (B) to VO2 (R): Theoretical structures 

of VO2 polymorphs and in situ electron microscopy. Phys. Rev. B 57, 5111–5121 (1998). 

9. P. Shvets, K. Maksimova, & A. Goikhman. Polarized Raman scattering in micrometer-sized 

crystals of triclinic vanadium dioxide. J. Appl. Phys. 129, 055302 (2021). 

10. P. Shvets, O. Dikaya, K. Maksimova, & A. Goikhman. A review of Raman spectroscopy of 

vanadium oxides. J. Raman Spectrosc. 50, 1226–1244 (2019). 

11. B. S. Mun et al. Nonpercolative metal-insulator transition in VO2 single crystals. Phys. Rev. 

B 84, 113109 (2011). 

12. T. C. Koethe et al. Transfer of Spectral Weight and Symmetry across the Metal-Insulator 

Transition in VO2. Phys. Rev. Lett. 97, 116402 (2006). 

13. S. Lee et al. Electronic structure and insulating gap in epitaxial VO2 polymorphs. APL Mater. 

3, 126109 (2015). 

14. Y. Muraoka & Z. Hiroi. Metal–insulator transition of VO2 thin films grown on TiO2 (001) 

and (110) substrates. Appl. Phys. Lett. 80, 583–585 (2002). 

15. D.-H. Youn et al. Growth optimization and electrical characteristics of VO2 films on 

amorphous SiO2/Si substrates. J. Appl. Phys. 95, 1407–1411 (2004). 

16. A. Gupta et al. Semiconductor to metal transition characteristics of VO2 thin films grown 

epitaxially on Si (001). Appl. Phys. Lett. 95, 111915 (2009). 

17. A. Gupta. Semiconductor-to-metal Transition Control in Novel VO2/Silicon and  

VO2/Sapphire Epitaxial Thin Film Heterostructures for Device Applications. (North Carolina 

State University, Raleigh, North Carolina, 2011). 



 

123 
 

18. S. Yu, S. Wang, M. Lu, & L. Zuo. A metal-insulator transition study of VO2 thin films grown 

on sapphire substrates. J. Appl. Phys. 122, 235102 (2017). 

19. E. Kumi-Barimah, D. E. Anagnostou, & G. Jose. Phase changeable vanadium dioxide (VO2) 

thin films grown from vanadium pentoxide (V2O5) using femtosecond pulsed laser deposition. 

AIP Adv. 10, 065225 (2020). 

20. H. Koo et al. Effect of lattice misfit on the transition temperature of VO2 thin film. J. Mater. 

Sci. 47, 6397–6401 (2012). 

21. S. Genchi et al. Growth of vanadium dioxide thin films on hexagonal boron nitride flakes as 

transferrable substrates. Sci. Rep. 9, 2857 (2019). 

22. N. Q. Minh & T. Takahashi. Science and Technology of Ceramic Fuel Cells. (Elsevier, 

1995). 

23. R. A. Rao et al. Uniform deposition of YBa2Cu3O7 thin films over an 8 inch diameter area by 

a 90° off‐axis sputtering technique. Appl. Phys. Lett. 69, 3911–3913 (1996). 

24. G. H. Major et al. Practical guide for curve fitting in x-ray photoelectron spectroscopy. J. 

Vac. Sci. Technol. A 38, 061203 (2020). 

25. J. H. Scofield. Hartree-Slater subshell photoionization cross-sections at 1254 and 1487 eV. J. 

Electron Spectrosc. Relat. Phenom. 8, 129–137 (1976). 

26. S. Joshi, N. Smieszek, & V. Chakrapani. Effects of charge fluctuation and charge regulation 

on the phase transitions in stoichiometric VO2. Sci. Rep. 10, 17121 (2020). 

27. E. Evlyukhin et al. Directly measuring the structural transition pathways of strain-engineered 

VO2 thin films. Nanoscale 12, 18857–18863 (2020). 

28. J. L. Jorda & J. Muller. The vanadium-rhenium system: Phase diagram and 

superconductivity. J. Common Met. 119, 337–345 (1986). 



 

124 
 

29. A. B. Posadas, S. Kwon, A. Christensen, M. J. Kim, & A. A. Demkov. Facile growth of 

epitaxial vanadium monoxide on SrTiO3 via substrate oxygen scavenging. J. Vac. Sci. 

Technol. A 40, 013416 (2021). 

30. A. Srivastava et al. Selective growth of single phase VO2(A, B, and M) polymorph thin 

films. APL Mater. 3, 026101 (2015). 

 

 

 

  



 

125 
 

Chapter 4 – VO2-based ECRAM 

 

A portion of this chapter is included in a paper due for submission at the time of writing 

this dissertation with authors S. Oh, A. L. Gross, A. S. Christensen, T. D. Brown, S. 

Radhakrishnan, P. S. Finnegan, J. D. Sugar, S. R. Bishop, K. S. Woo, P. B. Balbuena, R. S. 

Williams, E. J. Fuller, S. Kumar, and A. Alec Talin. This research builds on past research 

studying VO2 deposition on YSZ and subsequent chemical and electrical characterization.  

Specifically, we explore the physics governing the properties of VO2 and other phase of 

vanadium oxide during oxygen vacancy injection in a nonvolatile, ECRAM device architecture 

and the tunability of these properties to achieve both dynamic reconfigurability as well as 

scalability, tunability, and long-term stability. My contribution to this research was in fabricating 

the nanogap ECRAM devices using electron beam lithography and performing some initial 

electrical characterization of the finished devices. The fabrication and characterization of the 

nanowire devices is not included in the paper due for submission. 

4.1 INTRODUCTION 

Analog memory forms the foundation for analog in-memory computing by relying on a 

large number of nearly continuous states, which should ideally be measurably distinct from one 

another as well as stable over long periods of time. These states, in contrast to binary digital 

memory, enable a system to make the same computations with fewer hardware components 

(greater information density) and greater energy efficiency. As an example, consider the first 

eight digits of an irrational number like π:  

𝜋  3. 4 59 6 
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In binary form, this number is still irrational and would have to be approximated based on the 

desired level of precision for your system. To accurately represent only the first eight digits of π 

requires single-point precision (24 bits of significand precision): 

𝜋    .00 00 0000      0  0   

Storing this value requires as many as 24 separate memory cells each storing one bit, although 

multibit cells could reduce that number somewhat. A single analog memory cell, on the other 

hand, is capable of storing this approximate value of π with the same precision in a single analog 

state. The bounds of each of these states are defined by both non-equilibrium thermodynamic and 

kinetic processes and can be precisely programmed using a variety of methods including the 

motion of ions (filamentary ReRAM, CBRAM), electrons (non-filamentary ReRAM), and 

crystal domains (PCM). 

However, these core processes, which enable analog memory operation in their respective 

systems, also come with their own limitations on speed, stability, and functional 

reconfigurability. As an example, filamentary ReRAM and CBRAM systems, which operate 

using frozen non-equilibrium kinetic states like conductive filament formation during soft 

dielectric breakdown in vacancy-migration-oxide memories, have achieved excellent scalability, 

energy efficiency, and stability, but have struggled to demonstrate functional reconfigurability as 

either an artificial neuron or synapse is an obstacle. This is mainly due to the inherent asymmetry 

and nonlinearity of the SET and RESET operations1 although some studies have been done to 

mitigate this2,3.  
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Figure 4.1: A diagram depicting the basic structure and function of an ECRAM device operating 

using oxygen vacancies. Programming voltage pulses (VG > 0 for potentiation and 

VG < 0 for depression) drive oxygen vacancies from either the reservoir to the 

channel (potentiation) or from the channel to the reservoir (depression) with 

increased or decreased channel conductance, respectively. 

 

Electrochemical random-access memory (ECRAM) is a form of analog memory which 

was introduced with the goal of resolving these fundamental device limitations by mimicking the 

charge storing mechanism in rechargeable batteries using ion intercalation or injection. However, 

past studies using ECRAM have similarly struggled to simultaneously achieve both long state 

retention and fast programming times4–6, and the two actually tend to be inversely related. Since 

ECRAM stores information using ion intercalation with protons or lithium ions or using oxygen 

vacancy injection from a reservoir to a channel, as shown in Fig. 2.1, a programmed device 

possesses a chemical potential gradient between the cathode and anode that tends to equilibrate 

(lose its stored information or state) when the two are shorted for state retention measurements. 

However, recent research in WO3-x-based ECRAM using oxygen vacancy injection and a 

YSZ solid electrolyte demonstrated nanosecond programming time and retention of 

approximately 10 years at 360 K under short circuit, which is on par with current industry 

standards for memory and posited that the formation of distinct, thermodynamically stable 

phases of WOx (i.e. phase separation) was responsible for the long retention7. 
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Heater/Gate (V G > 0)

Source Drain
Reduced State Oxidized State Oxygen Vacancies
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Inspired by this idea as well as the exceptionally long state retention of primary 

batteries8–10, we proposed using a VO2-based ECRAM to achieve long-term state retention by 

phase separation since VO2 had previously been reported to exhibit an electrochemically driven 

and reversible phase conversion to V2O5
11. This phase conversion and subsequent separation 

between mixed VO2 and V2O5 phases represents a stable analog state. When combined with the 

inclusion of a YSZ electrolyte which has low ionic conductivity for oxygen vacancies at lower 

temperatures, this ECRAM provides nonvolatile information storage by preventing interphase 

diffusion. By incorporating an integrated heater, this thermal barrier can be overcome, and 

vacancy conductivity increased, through Joule heating, and the device can be programmed 

through oxygen vacancy injection.  As further motivation to use VO2 as the basis for these 

ECRAM devices, the metal-to-insulator transition (MIT) present in VO2 results in a highly 

neuron-like, nonlinear change in electrical conductivity. Since a low level of channel bias during 

device operation wouldn’t activate the MIT in VO2, operation in this regime would enable 

synapse-like resistance behavior that would be tunable depending on the programmed oxidation 

state. However, at higher channel biases, the MIT would be activated, and neuron-like resistance 

behavior could also be achieved and be similarly tunable with the device oxidation state. 

Combined the stability provided by phase separation, both of these device operation regimes 

would be both highly stable and have high endurance. 

In this research, we fabricated a VOx-based ECRAM device that achieves highly stable 

operation (down to 1% loss over 14 years under short-circuit) and that is scalable (down to a 

critical dimension of 20 nm). Using these existing devices, I then fabricated nanogap and 

nanowire devices which could be made to be dynamically reconfigurable, demonstrating tunable 

synapse-like resistance states, tunable neuron-like threshold switching, and self-oscillating 
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behavior. This rare combination of desirable properties significantly improves the performance 

of analog memory in neuromorphic computing applications. 

4.2 EXPERIMENTAL DETAILS 

For this study, we fabricated two types of vertically stacked VOx ECRAM devices with 

an integrated microheater. The first was designed with the microheater at the top of the device 

stack. For this device, the vertical stack is composed of a 20.8 nm VOx channel layer sputtered 

and patterned on a Si wafer with a 1 µm thermal SiO2 layer. This is followed by a 319.6 nm thick 

YSZ layer deposited by sputtering, a 66.4 nm VOx reservoir layer deposited by sputtering, and a 

128.7 nm Pt gate deposited by sputtering and then annealed at 673 K for 1,600 s in air. An 80 nm 

SiO2 layer is used as a passivation layer for the devices. The second type was designed with the 

microheater on the bottom of the device stack. For this device, a 90 nm Pt layer is sputtered and 

patterned into a heater on a Si wafer with a 1 µm thick thermal SiO2 layer.  This is followed by a 

74.3 nm VOx reservoir layer, a 234.8 nm thick YSZ layer, and 70.5 nm VOx channel layer and 

then annealing at 673 K for 1,600 s in air. Using the channel-on-top devices, two additional 

modifications are made to create nanogap and nanowire devices. For the nanogap devices used 

for neuronal behavior, metallic nanogaps (Au/Cr) are formed on the channel on the top devices 

by narrowing the gap between contacts with positive resist, e-beam lithography, metal 

deposition, and lift-off. For the nanowire devices, a soft etching mask was defined using negative 

resist, e-beam lithography and inductively-coupled-plasma (ICP) etching using a BCl3/Ar gas 

mixture.  An 80 nm thick passivation layer is deposited and patterned on the devices’ active area 

as the final step to prevent oxidation from air during device operation.  
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Figure 4.2: (a) An exploded schematic of the channel-on-top device structure. (b) An optical 

micrograph and (c) a cross-sectional scanning electron micrograph (SEM) of a 

prototypical device. (d) Ionic conductivity of the YSZ electrolyte at a range of 

temperatures with the inset showing the temperature of the device achieved at a 

range of powers generated by the heater. (e) Cyclic voltammetry measurements 

taken form the device at a range of device temperatures, measuring the 

electrochemical current at the gate. (f) Raman spectra of the VOx ECRAM channel 

measured with 532 nm laser in its reduced and oxidized states. (g) The peak area at 

145 cm-1 and 192 cm-1 are used for the 2D Raman map of VO2 and V2O5, 

respectively. The Raman spectrum for the reduced state shows the phase coexistence 

of VO2 and V2O5. (h) TEM-EELS of VOx ECRAM devices at reduced (left), 

intermediate (center), and oxidized (right) states.  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Stable Phase Conversion and Separation 

Using unmodified channel-on-top devices (second type), shown in Fig. 4.2(a)-(c), we 

demonstrate device functionality through electrothermal programming. Programming pulses to 

the device heater/gate and the resulting Joule heating thermally modulate the ionic conductivity 
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of the YSZ electrolyte, shown in Fig. 4.2(d), enabling oxygen vacancies to be more mobile in 

response to the applied bias as well. This increased mobility, which reaches a switching threshold 

at 150°C, is shown in Fig. 4.2(e). Below this threshold, oxygen vacancies aren’t mobile enough 

for injection through the YSZ electrolyte, and there is little change in the electrochemical 

current. Above this threshold, the amount of electrochemical current quickly increases with the 

oxygen vacancy mobility.  

We also collected Raman spectra of the VOx channel and analyzed electro-energy loss 

spectra (EELS) from transmission electron micrographs (TEM) of device cross sections to study 

both the microphysical behavior of VOx in the channel as well as the nanoscale evolution of the 

VOx phases and phase coexistence of the entire device during programming. The Raman spectra 

of the channel in both oxidized (blue) and reduced states, shown in Fig. 4.2(f), have peaks at 145 

cm-1 and 192 cm-1, corresponding to Raman active modes in V2O5 and VO2, respectively, and 

expected, the oxidized state appears to be mostly V2O5 and the reduced state appears to have 

more VO2, although the reduced state does also have a significant amount of V2O5 as well. 

However, to confirm that the two distinct phases do both coexist in the channel in both states, we 

also collected 2D Raman maps of the measured areas and compared the fractional percentage of 

both phases in each state, shown in Fig. 4(g). In the oxidized state, the V2O5 phase completely 

occupies the majority of the channel area, but distinct pockets of pure VO2 also exist near the 

perimeter of the channel surface. In the reduced state, both V2O5 and VO2 coexist in intermediate 

percentages across the surface of the channel with a higher proportion of VO2 than in the 

oxidized state. These maps demonstrate that the change in resistance state of the ECRAM device 

isn’t merely a gradual chemical doping, but the relative change in the fraction of coexisting 

phases VOx. Furthermore, although the Raman data collected is a surface measurement only and 
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not a bulk measurement, since the oxygen vacancies are injected upwards into the channel, any 

changes in the channel surface must have first occurred in the bulk. 

The precise phase evolution can be understood through the EELS data overlaid with 

cross-sectional TEM images of the devices, seen in Fig. 4.2(h). A newly completed ECRAM 

device is typically in the intermediate state with near stoichiometric VO2 (green) in the channel. 

Potentiation pulses drive oxygen vacancies into the channel producing a highly reduced VO2-x 

(red) state. Depression pulses drive oxygen vacancies away from the channel into the reservoir 

with the VO2 nearest to the electrolyte being oxidized first and the VO2 closest to the surface 

being oxidized last. This process is consistent with the layering of VO2 and V2O5 (cyan) seen in 

the oxidized state and gives clear evidence for the coexistence of both phases in various 

fractions. 
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4.3.2 Synaptic Behavior 

 

Figure 4.3: (a) Gradual resistive switching demonstrating a 17× ON/OFF conductance range by 

applying pulses to the heater/gate and then measuring the channel conductance. (b) 

The retention of 12 adjacent levels measured for 1 hour at 353 K with the heater/gate 

shorted. (c) The endurance measurement of a device performed at 353 K over 600 

cycles of potentiation and depression. 

 

Using ECRAM devices of the first type, we demonstrated synapse-like, gradual resistive 

switching over a 17× ON/OFF conductance range, as shown in Fig. 4.3(a). This switching is 

largely linear although there is some asymmetry between the potentiation and depression pulses, 

with more sensitive behavior appearing during depression. The states within this conductance 

range exhibit only a 0.1% loss in conductance over 1 hour under short circuit, shown in Fig. 

4.3(b), and have reliable endurance, undergoing 11,000 pulses before any substantial decrease in 

performance, shown in Fig. 4.3(c). 
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4.3.3 Reconfigurable Neuronal Behavior 

 

Figure 4.4: (a) A schematic of the structure of a nanogap device. (b) An optical micrograph of a 

nanogap device and (c) an SEM of the nanogap (i.e. 140 nm). (d) The pulsed I-V 

characteristic of an oxidized device with various gate/heater bias (i.e. 30 to 45 mA 

with 1 mA step). (e) The pulsed I-V characteristic of a device’s channel with various 

channel conductance while the heater bias is fixed to 32 mA. The switching voltage 

of a VOx ETCRAM device as a function of (f) heater current and (g) channel 

conductance, which is extracted from Fig. 4.4(b) and (c), respectively. The switching 

voltage is defined as the first input bias that start to flow > 50 A during the sweep 

from 0 to 7 V. (h) The dependency of the switching voltage on the heater current and 

the conductance state is captured with the EMA model and the compact thermal 

model. 

 

The nanogap devices of the second type, shown in Figs. 4.4(a)-(c), exhibit nonlinear, 

electrical threshold switching, in which the channel conductance increased sharply after the gate 

reaches electrical bias threshold, and the switching characteristics of this device were highly 

tunable using both heating and electrochemical programming. This threshold switching can be 

volatilely and controllably tuned to yield an increasingly gradual change in resistance as the 

sample temperature also increases, shown in Figs. 4.4(d) and 4.4(f). Furthermore, the switching 

threshold voltage characteristics can also be electrochemically and non-volatilely tuned through 

oxidation (reduction) to increase (decrease).  
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Figure 4.5: (a) Periodic oscillations are achieved on a device with a 140 nm gap (RCH = 1.61 

M) with VH = 0.97-1.0 V and VDD = 6.0 V. Moreover, the oscillation frequency  is 

dynamically adjusted from 23.13 kHz to 32.13 kHz by changing the heater bias from 

970 mV to 1.0 V. The inset shows an equivalent circuit of a nanogap VOx ECRAM 

device as an oscillatory neuron device. The channel is connected to a load resistor 

(i.e. RL = 100 k) in series. (b) A representative periodic oscillation (145 kHz) from 

a device with 80 nm gap on the channel (Rch = 518.7 k, VDD = 5.1 V, VH = 0.5 V). 

(c) Chaotic oscillation is achieved on the 140 nm gap device (Rch = 1.61 M) with 

VH = 0.0 V and VDD = 4.3 V. 

 

When highly reduced with low channel conductance, the switching voltage is near 2.7 V, but this 

value increases approximately linearly as the channel is oxidized until the voltage reached 

approximately 7 V, shown in Figs. 4.4(e) and (g). This combination of both synaptic and 

neuronal behavior in a single device ECRAM framework means that a fully functioning and 

integrated neuromorphic system using vanadium dioxide can be achieved and likely scaled down 

to the nanometer regime. This tunable resistance and switching voltage behavior were confirmed 

and the data fit in Figs. 4.4(f)-(g) using an effective medium approximation (EMA) model which 

is a percolation approximation model which represents electrical current flow in a mixed-phase 

medium12, and a compact thermal model13 using relative fractions of VO2, V2O3, and V2O5, 

shown in Fig. 4.4(h). 
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When these nanogap devices were biased closed to the switching threshold voltage with a 

load resistor in series, as in the inset of Fig. 4.5(a), two different kinds of electrical oscillations 

in the output voltage were observed under differing bias conditions: 1) tunable periodic 

oscillations, shown in Figs. 4.5(a) and (b), and 2) chaotic oscillations, shown in Fig. 4.5(c). 

While these varying types of oscillations weren’t completely predictable solely based off of the 

initial biasing conditions, they appeared consistently across multiple devices and device 

dimensions and, from past research on phase transition materials and strongly correlated oxide-

based devices including NbO2 and VO2
14–19, can be considered evidence of a memristive system 

with complex and varying degrees of freedom due to these phase transitions17. This self-

oscillating behavior has been attributed to a quasistatic negative differential resistance (NDR) 

resulting from device instability and local activity20 and can be used to amplify electrical signals 

when used as a neuron-like element to achieve low-power operation with full neuromorphic 

action-potential functionality21.  

4.3.4 Nanowire Devices 

 

Figure 4.6: An SEM of the nanowire ECRAM device with an off-angle view shown in the inset. 

The initial channel width, prior to etching the nanowire, was 4 μm. 
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To further explore the effects of scaling, we fabricated and tested a nanowire ECRAM 

device where the channel is laterally scaled down to ~140 nm, shown in Fig. 4.6. Initial electrical 

characterization indicates that the resistance of the nanowire channel can be changed by roughly 

an order of magnitude with the integrated heater, shown in Fig. 4.7(a), which indicates that the 

device can be programmed using potentiation and depression in the kΩ to MΩ range. By biasing 

the channel, these devices also exhibit neuron-like behavior by activating the IMT of the VO2 

through Joule heating, shown in Fig. 4.7(b).  

 

Figure 4.7: (a) An I-V sweep of the heater/gate from 0 V to 2.9 V while measuring the channel 

resistance and heater resistance indicating a reversible change in channel resistance 

from 410 kΩ to 41 kΩ. (b) An I-V sweep of the channel alone indicating a neuron-

like, nonlinear change in current at a high channel bias of 5.0 V. 

 

Furthermore, while biasing the channel, we observed noise in the channel resistance that 

appeared similar to slow random-telegraph-noise (RTN), shown in Fig. 4.8. RTN is primarily 

discussed in the field of highly scaled MOSFETs, where the random capture or emission of 

charge carriers in the gate channel by dielectric trap leads to a random fluctuation of threshold 

voltage and channel currents22. In ECRAM, these RTN-like fluctuations could indicate that 

oxygen vacancies are spontaneously diffusing into and out of the nanowire channel. While this 
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feature wasn’t directly related to our research, RTN has been used to manufacture true random 

number generators (TRNG) used in advanced cryptography23. 

As we decided to transition away from using VO2 as a primary device material due to its 

volatility in device processing, we did not perform additional electrical measurements, chemical 

characterization, or modeling on the nanowire devices. However, we do still have the ultimate 

goal of scaling ECRAM devices down to the tens of nanometers in all dimensions using EBL, so 

we may revisit these devices at a future time. 

 

Figure 4.8: A measurement of noise in the channel resistance of the nanowire ECRAM device in 

an oxidized state as a function of time. 

 

4.4 CONCLUSION 

Through electrochemical injection of oxygen vacancies through a solid electrolyte with a 

thermal barrier to ion movement, we demonstrated that mixed phases of VO2 and V2O5 can 

coexist and stabilize analog conductance states for use in nonvolatile memory. This type of 

device can also be used to achieve dynamic reconfigurability as several different types of 

neuromorphic computing elements: namely, synapse-like analog memory states, a neuron-like 

activation function, and both periodic and chaotic self-oscillating behavior. 
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Chapter 5 – Electro-optic Modulation in Thin Film SrxBa1−xNb2O6 

 

A portion of this chapter was included in A. Christensen, M. Reynaud, A. B. Posadas, X. 

Zhan, J. H. Warner, and A. A. Demkov, J. Appl. Phys. 136, 013102 (2024). While BaTiO3 is 

generally considered to be the most promising electro-optic (EO) material for Si integrated 

photonics (SiP) due to its ability to be easily integrated into conventional Si processing and high 

EO coefficient, our group has also been interest in studying SBN, which also has a very high EO 

coefficient behind BTO alone and demonstrating the feasibility of SBN-based optical modulators 

in future SiP technologies. 

5.1 INTRODUCTION 

Optical interconnects are considered to be a possible solution to several limitations of 

modern electronics, including data rate limits, energy dissipation at high signal frequency, 

electromagnetic interference, crosstalk, and signal degradation1. SiPh offers a promising path to 

meet these requirements, and advances have recently been made to enable optical 

communication down to the inter-circuit board level. While any competitive implementation of 

optoelectronic devices must be able to operate at extremely low energy per bit on the order of 

fJ/bit, the total energy budget of SiPh systems is currently limited by the power consumption of 

CMOS EO modulator drivers that remains at pJ/bit due to the high driving voltages of existing 

silicon-based modulators2,3. In order to drive optical communication signals at >100 Gbps per 

channel and to further miniaturize optical transducers to the chip-to-chip level, it is imperative to 

be able to make integrated EO modulators compatible with SiPh that operate at low voltage 

without having a large footprint. Ferroelectric-based EO modulators utilizing the linear electro-

optic or Pockels effect enable some of the most competitive emerging devices in the space of 

ultra-fast, low voltage, small footprint devices4. The Pockels effect is a nonlinear optical 
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phenomenon representing a first-order change in the refractive index of a material under an 

applied electric field, 

Δ (
1

𝑛𝑖𝑗
2 )  ∑ 𝑟𝑖𝑗𝑘𝐸𝑘𝑘           (5.1) 

where n is the refractive index tensor, r is the EO tensor, and E is the applied electric field. 

At present, the most widely used devices relying on the Pockels effect5 are made using 

lithium niobate (LiNbO3 or LN) with a maximum Pockels coefficient of ∼35 pm/V6. The modest 

value of the EO coefficient in LN requires relatively large devices (a few mm) and 

correspondingly long electrodes, which still presents a power consumption problem. In addition, 

lithium oxide is volatile making LN not compatible with standard SiPh foundries. This limitation 

spurred an active search for ferroelectrics with an even higher EO response that are compatible 

with Si fabrication. Two candidate materials have emerged in this space: barium titanate 

(BaTiO3) and strontium barium niobate (SrxBa1−xNb2O6 where 0.2 ≤ x ≤ 0.8) or SBN. 

SBN is one of the several ferroelectrics that exhibit an unusually large EO effect7. It has a 

crystal structure of tetragonal tungsten bronze (TTB, space group P4bm) that lacks inversion 

symmetry, leading to nonzero χ(2) and EO coefficients. The highest EO coefficient for this 

material has been reported for SBN with x = 0.75. The value of 1340 pm/V is reported in bulk 

single crystal for the r33 tensor component8, and 844 pm/V has been reported in thin films grown 

by pulsed laser deposition (PLD)9. With such a large EO coefficient, SBN has the potential to be 

used in waveguide electro-optic phase shifters in SiPh, provided it can be integrated into 

Si10. Other studies have reported r33 values for SBN thin films as large as 350 pm/V for SBN-

7511, 306.9 pm/V for SBN-7512, 235 pm/V for SBN-6113, and 186 pm/V for SBN-6014.  
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Barium titanate (BaTiO3, or BTO) has also been demonstrated to have a Pockels 

coefficient of 1300 pm/V in bulk and 923 pm/V15–17 in thin films deposited by MBE. Similar to 

BTO but unlike LN, the EO coefficient of SBN also has a significant piezoelectric 

contribution18. This might make it useful for low-temperature applications where the ionic 

response freezes out. However, SBN possesses properties that make it of potentially greater than 

or equal interest to BTO. First, SBN is transparent down to wavelengths of 330 nm19 and up to 

11 μm, which enables it to be used in a greater variety of applications20. Second, SBN has a very 

distinct c axis (ferroelectric direction) and a axis (non-ferroelectric direction) as opposed to BTO 

whose tetragonality is subtle. This means the crystalline orientation in BTO is easily perturbed 

by strain unlike that in SBN. Additionally, the Sr:Ba ratio in SBN can be used to tune the EO and 

dielectric properties to be optimized for specific applications. Sputter deposition is a good way to 

grow SBN because of its multi-cation nature, as it can stoichiometrically transfer the 

composition of the deposition source to the growing film. Given the better adaptability to mass 

manufacturing and easier operation of sputter deposition compared to PLD or MBE, 

optimization of the sputtering of SBN thin films can pave the way for the growth of thick films 

of high EO coefficient materials integrated on Si. 

Several studies on SBN thin films used (100)-oriented MgO substrates due to its close 

lattice matching with (001)-oriented SBN8,10,14. The refractive index of MgO is lower than that of 

SBN and allows the creation of slab waveguides21. Hybrid Pt/MgO substrates have also been 

used as the lattice parameter of Pt (100) is close to MgO (100) and because Pt can be used as a 

reflective electrode in interferometric measurements of the Pockels coefficient12. Both 

SrTiO3 (STO) and MgO can be utilized as buffer layers to facilitate integration of EO thin films 

with silicon10,22–24. As detailed by Su et al.23, SBN typically grows in two orientations on STO, 
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as shown in Fig. 5.1. In the first case [Figs. 5.1(a) and 5.1(b)], referred to as (310)-oriented 

SBN, there are four possible unit cell orientations, each rotated 90° from the other, and has the 

SBN ⟨310⟩ direction pointing out-of-plane.  

 

Figure 5.1: Schematic of the two possible crystallographic orientations of SBN (with lattice 

parameters a = b = 1.244 nm and c = 0.392 nm) on (001) oriented STO for (310)-

oriented SBN at an angle of (a) 18.4° relative to the surface normal and (b) this same 

orientation rotated 90°, and (001)-oriented SBN oriented with the c axis out-of-plane 

and rotated (c) 18.4° in plane around the surface normal and (d) 31.0° in plane 

around the surface normal. Red dots represent the oxygen sublattices of STO and 

their in-plane separations. 

 

The second case [Figs. 5.1(c) and 5.1(d)] has the SBN c axis pointing out-of-plane and 

can grow with four possible in-plane orientations rotated at ±18.4° and ±31.0° to the STO ⟨001⟩ 
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direction. Beskin et al. have reported a similar mixed orientation of SBN-50 films grown by 

molecular beam epitaxy (MBE) on a Si substrate with an STO buffer layer10.  

Infortuna et al. studied the growth of SBN-50 on STO single crystal substrates using 

pulsed laser deposition (PLD)24 and reported that by controlling the surface termination of STO 

to be either strontium oxide (SrO) or titanium dioxide (TiO2), one can control the out-of-plane 

orientation of SBN. They confirmed this using atomic force microscopy (AFM), piezoelectric 

atomic force microscopy (PFM), transmission electron microscopy (TEM), and cross-sectional 

electron diffraction. Here, we follow their approach using TiO2-terminated STO in order to try 

and preferentially grow (310)-oriented SBN by off-axis RF magnetron sputtering. 

We performed the growth of SBN thin films by RF magnetron sputtering on (001)-

oriented STO substrates on both as-received and TiO2-terminated surfaces. Stoichiometry of the 

grown films was confirmed to be close to x = 0.65 by x-ray photoemission spectroscopy (XPS), 

and the crystal structure and morphology were characterized using x-ray diffraction (XRD), 

TEM, and AFM. Using a transmission geometry that is sensitive only to in-plane polarization, 

the effective EO coefficient was measured to be as high as 229.7 pm/V for films grown on as-

received STO substrates, while it is closer to 90 pm/V for films grown on TiO2-terminated STO 

substrates. These values are significantly higher than those reported for LN and on par with 

values reported for sputtered BTO25. This makes SBN a potential EO material for integrated 

SiPh modulators, especially considering the issue of lithium oxide volatility in LN. 

5.2 EXPERIMENTAL DETAILS 

5.2.1 Growth 
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We use double-side polished STO substrates with (001) orientation and with dimensions 

of 10 × 10 × 0.5 mm3, chosen to fit the available sample holders in our laboratory. Each substrate 

is degreased by sonication in acetone, isopropanol, and de-ionized water for 10 min each. We 

then load samples in the UHV chamber and perform outgassing at 700 °C for 10 min. In order to 

create TiO2 termination for some of the substrates, we expose the outgassed substrates to a flux 

of Ti metal from an effusion cell at a substrate temperature of 700 °C at 7 × 10−7 Torr oxygen 

pressure. A total of 1.5 monolayers of TiO2 are deposited to obtain the double-TiO2-layer 

surface26.  

The SBN films are deposited using a DCA Instruments custom hybrid deposition 

chamber capable of both off-axis RF magnetron sputtering and MBE. The process gas is 

controlled by defining the mixture ratio of Ar to O2 and total system pressure and by controlling 

individual mass flow rates with active feedback from a capacitance manometer (upstream flow 

control). For sputtering, we control the forward RF power, and prior to deposition, we pre-sputter 

the 2 in.-diameter SBN target with nominally x = 0.75 (from Plasmaterials) for up to an hour to 

remove surface contamination. The SBN films were grown in 100% Ar at a substrate 

temperature of 850 °C, total pressure of 5 mTorr, and forward power of 100 W. The film growth 

rate was determined to be ∼12 nm/min using a quartz crystal monitor. The substrate was 

positioned 5.5 cm above the sputtering gun axis during growth. Films with thicknesses ranging 

from 100 to 500 nm were grown with thicknesses confirmed by TEM. After growth, the films 

appear gray due to oxygen deficiency. For this reason, an ex situ anneal in a Carbolite Gero tube 

furnace at 950 °C for 4 h with flowing O2 gas is performed, which causes the films to become 

transparent. 
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5.2.2 Material characterization 

We analyze the film composition immediately after deposition using an in situ XPS 

system with a VG Scienta R3000 hemispherical analyzer and a monochromatic Al Kɑ source 

with a photon energy of 1486.6 eV. Measurements were taken for binding energy ranges 

corresponding to O 1s, Sr 3d, Ba 3d, and Nb 3d regions. These regions were used in combination 

to determine the film stoichiometry. A low energy electron flood gun was used for charge 

compensation due to charging from the insulating STO substrate and thin film. 

The film crystal structure is analyzed using XRD with a Rigaku Ultima IV diffractometer 

with a Cu Kɑ source and a Ni filter. The out-of-plane measurements were performed over a 2θ 

range of 10°–70° to capture the substrate peaks and the (001) and (310) Bragg peaks of SBN. 

The in-plane measurements were performed over a 2θχ range of 10°–80° along both the STO 

⟨100⟩ and ⟨310⟩ directions. A full pole figure measurement was performed for the (211) peak of 

SBN to confirm the film orientations present in the film. 

We investigate the surface morphology using an Asylum MFP-3D atomic force 

microscope (AFM) mounted with a PPP-NCHR standard non-contact/tapping mode probe with a 

reflective aluminum coating. The tip has a resonance frequency of 330 kHz, 42 N/m force 

constant, and 125 μm length. 

We fabricate thin film lamellas along the STO [100] direction using a Scios 2HiVac dual 

beam focused ion beam (FIB)/scanning electron microscopy (SEM) system and analyze these 

using a JEOL NEOARM scanning transmission electron microscope (STEM) at 200 keV with 
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images taken with a high angle annular dark-field detector and an annular bright-field detector at 

magnifications from 80 k× to 25 M×. 

5.2.3 Electro-optic measurements 

Methods of measuring the EO coefficient generally fall into three categories: 

interferometric, polarimetric, and prism-coupling, which all use different experimental methods 

of extracting EO information from a variation in output light intensity27. We determined the 

magnitude of the effective EO coefficient of the as-grown sample without poling using a 

polarimetric, free space, EO measurement process described in Reynaud et al28.  

A series of chromium contact pairs was first deposited by e-beam evaporation and 

patterned using a photolithographic lift-off process. We then performed EO measurements at 

room temperature by first applying a DC voltage of 35 V between two adjacent semicircular 

chromium contacts with a 10 μm gap in between. This produced an electric field within the SBN 

thin film and induced a phase shift in an incident beam of linearly polarized laser light. We used 

a New Focus TLB 6800 l N 1550 nm diode laser in the transmission mode and focused the beam 

to a spot size of 50–60 μm. Different sets of chromium contact pairs are also rotated around the 

surface normal so that the applied electric field can be directed at angles of 0° and 45° relative to 

the x axis of the sample surface (and ideally parallel to the crystallographic c axis). An 

oscillating AC voltage between 3 and 5 V was then applied over this DC voltage using an Amtek 

Signal Recovery Model 7270 DSP lock-in amplifier at a frequency of 17.3 kHz which induced a 

regularly variable phase shift in light. The light was then relinearized by a quarter-wave plate 

with an induced rotation in polarization and altered intensity after passing through an analyzing 

filter before being detected by a Femto OE-200-IN2 photodetector and the variable power 
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measured by the lock-in amplifier. By plotting the ratio of the measured differential change in 

power, ΔP, given by28:  

Δ𝑃  
𝜕𝑃

𝜕𝜃𝑎
𝛿 +

𝜕𝑃

𝜕𝑃0
𝜏          (5.2) 

and the DC power, P, given by: 

𝑃  𝑃0 sin
2(𝜃𝑎 − 𝜃0) + 𝑐         (5.3) 

We then fit these data with the following equation derived from this ratio28:  

Δ𝑃

𝑃
 
2𝐴𝛿 sin(𝜃𝑎−𝜃0) cos(𝜃𝑎−𝜃0)+𝜏 sin

2(𝜃𝑎−𝜃0)

𝐴 sin2(𝜃𝑎−𝜃0)+𝑐
       (5.4) 

where θ0, τ, A, c, and δ are fitting parameters, and θa is the angle of the analyzer in the optical 

setup and the independent variable in the plot. 

Using δ, which is the rotation of the light polarization following the quarter wave plate, we can 

calculate the effective Pockels coefficient: 

𝑟𝑒𝑓𝑓  
2𝜆0𝛿

𝜋𝑛0
3𝐸𝑙𝑔

         (5.5) 

where λ is the wavelength of light; n is the index of refraction for SBN; E is the magnitude of the 

applied electric field; l is the film thickness; and g is a geometric factor of the percentage of 

“active” domains in the region between the contacts, which we estimate using transmission 

electron microscopy. 

5.3 RESULTS AND DISCUSSION 

5.3.1 X-ray Diffraction 

In order to access the largest Pockels component r33, it is necessary for both the static 

external electric field and the electric polarization of the incident light to couple to the c axis of 
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SBN, which is the polarization direction. For our transmission EO measurement setup, this 

means that the SBN c axis should ideally be in-plane for maximum response. 

Out-of-plane XRD measurements for as-received STO substrates, shown in Figs. 

5.2(a) and 5.2(b), have SBN peaks located at 46.1° and 46.4° corresponding to the (620) and 

(002) planes of SBN, respectively. These are as expected from the previous studies on SBN 

deposition on (001)-oriented STO that shows both (001) and (310) orientations 

present10,29. Despite the close proximity of these peaks to the dominant STO (002) peak, we were 

able to resolve at least one of them by introducing a 0.2° offset to our out-of-plane substrate 

alignment and greatly reducing the intensity of the substrate peak. We then decreased the scan 

rate to 1.5° /min in order to gain a finer data spread of this region. Interestingly, we also observe 

the presence of a (410) peak located at 2θ = 29.4°. Since the SBN (410) planes are only a 4.4° tilt 

from (310)-oriented SBN, it is possible that the presence of surface defects such as terraces, 

kinks, and adatom or advacancy clusters could lead to the detection of these (410)-oriented 

domains. 
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Figure 5.2: Out-of-plane x-ray diffraction data on a log scale for SBN formed by sputtering on 

(a) (001)-oriented STO substrate and (b) a fine-resolution scan around the (STO) 

(200) peak of the same sample. Also, x-ray diffraction data on a log scale for SBN 

formed by sputtering on (c) a TiO2-terminated STO substrate and (d) a fine-

resolution scan around the (STO) (200) peak of the same sample. In (a) and (c), 

strong substrate peaks are visible at 22.8° and 46.6° with additional SBN (410) and 

SBN (530) peaks in (a) and (c), respectively, being the only other visible peaks at 

this scale. In the fine scans in (b), peaks corresponding to the SBN (001) and (310) 

family of peaks are observed on the right and left of the STO substrate peak, 

respectively. 

Out-of-plane measurements for TiO2-treated STO substrates again taken at a 0.2° offset 

are shown in Figs. 5.2(c) and 5.2(d). In Fig. 5.2(d), the (002) SBN peak at 46.4° is visibly 

stronger. Additionally, a (530)-oriented SBN peak and a (610)-oriented SBN peak located at 

43.1° and 44.2°, respectively, have appeared indicating that Ti surface termination has caused 

changes compared to as-received termination. 
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Grazing incidence in-plane x-ray diffraction (GIXRD) measurements on SBN films 

grown on both as-received and TiO2-terminated, (001)-oriented STO give further information 

into the in-plane orientation of the film aligned along chosen crystallographic directions of the 

substrate. 

 

Figure 5.3: Grazing incidence in-plane x-ray diffraction data on a log scale for sputtered SBN on 

(a) and (c) (001)-oriented STO and (b) and (d) TiO2-terminated STO substrates. (a) 

Data collected along the in-plane STO ⟨100⟩ direction show strong peaks at 24.7° 

and 49.4° corresponding to the (310) planes of SBN oriented in-plane. Additional 

peaks corresponding to (210), (410), (420), (520), (720), (820), and (930)-oriented 

SBN domains indicate an in-plane structure with large mosaicity. In (b), the SBN 

(310), (620), and (930) peaks remain while extraneous peaks are removed. In (c), 

strong peaks corresponding to the SBN (210), (400), (510), (600), (720), (800), and 

(1000) planes are observed with additional weaker peaks also corresponding to 

(200), (011), and (420) planes that appear. However, in the data on TiO2-terminated 

STO substrates shown in (d), only those peaks corresponding to the (200) planes of 

SBN remain. 
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In GIXRD plots for SBN on as-received STO, shown in Fig. 5.3(a) along the STO ⟨100⟩ 

direction, strong peaks at 24.7° and 49.4° indicate that the (310) planes of SBN domains are 

oriented in-plane parallel to STO (100). Having SBN (310) in-plane means that the SBN (001) 

planes are oriented out-of-plane since these planes are perpendicular to each other. Additional 

peaks corresponding to (410), (520), (720), and (820) planes indicate that while the out-of-plane 

(001) orientation is well-defined, the in-plane orientations have a degree of variability in their 

orientations. Measurements along the STO ⟨310⟩ direction [Fig. 5.3(c)] similarly capture peaks 

corresponding to the (100) planes of SBN as described in Beskin et al 10. 

In the GIXRD measurements for samples on TiO2-terminated substrates, shown in Figs. 

5.3(b) and 5.3(d), the general effect of this substrate treatment was to eliminate the intermediate 

and weaker peaks along both scanned STO directions. In the STO ⟨100⟩ direction, the SBN 

(410), (520), and (720) peaks were removed while preserving the SBN (310), (620), and (930) 

peaks. This indicates that the films grown on TiO2-terminated substrates resulted in a generally 

lower in-plane mosaicity. 

To further confirm the SBN crystal orientations present, we obtained a full pole figure for 

the sample deposited on TiO2-terminated STO, shown in Fig. 5.4(a), using a fixed d-spacing of 

0.3202 nm and Bragg angle 27.84° corresponding to the SBN (211) crystallographic plane. This 

spacing was chosen in spite of the high multiplicity because of the high relative intensity of this 

diffraction peak as well as not having too many potential interfering interplanar spacings. 
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Figure 5.4: (a) Polar representation of full pole figure data for SBN formed on a TiO2-

terminated STO substrate and taken for the (211) d-spacing of SBN with additional 

focus on (b) α = 24.5°, (c) α = 55°, and (d) α = 58°. In (b), 20 primary peaks are 

visible with 16 of these peaks attributed to 4 (310)-oriented SBN domains rotated 

90° to each other matching the (001)-oriented STO surface; black labels are used for 

those in domain 1, red for domain 2, green for domain 3, and blue for domain 4. The 

remaining four peaks, labeled in pink, at −135°, −45°, 45°, and 135° are attributed to 

the (201) and (400) planes of these (310)-oriented SBN domains. In (c), there are 

four strong peaks located 90° apart from each other at β angles of −135°, −45°, 45°, 

and 135° that could be from the substrate. In (d), there are 28 individual peaks 

characterized as various families of peaks originating from two separate (001)-

oriented SBN domains, one rotated by ±18.4° with respect to the STO (001) 

direction, labeled in red, and the other rotated by ±31.0° to the STO (001) direction, 

labeled in black. 
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When observing the projection of the full pole figure, three circular bands are 

immediately visible at a polar angle of α = 24.5°, 55.0°, and 58.0°. Within each of these bands, 

“peaks” corresponding to differently oriented domains of SBN are visible.  

The band around α = 24.5° [Fig. 5.4(b)] can be ascribed to the four (310)-oriented 

domains rotated at 90° relative to each other that match the STO (001) surface. Note that the scan 

also picks up the {201} and {400} family of planes arising from the (310)-oriented domains 

which account for the peaks at β values of −135°, −45°, 45°, and 135°. 

At α = 55.0°, shown in Fig. 5.4(c), are a set of four strong peaks located 90° apart from 

each other at β angles of −135°, −45°, 45°, and 135° which could arise from the SBN (400) 

planes in (530) domains oriented in-plane along the [110] STO direction, an explanation 

supported by the presence of (530) peaks in the out-of-plane XRD scans. However, the relative 

intensities of these peaks are unusually strong, which is not well accounted for by this 

explanation or their expected weak behavior as (400)-type peaks. These could also be from 

substrate {211} planes that have a spacing of half the fixed d-spacing used to generate the pole 

figure. 

Within the band at α = 58.0°, shown in Fig. 5.4(d), there are 28 individual peaks that can 

be characterized as various families of peaks originating from two separate (001)-oriented SBN 

domains, one (in red text) rotated by ±18.4° with respect to the STO (001) direction and the other 

(in black text) rotated by ±31.0° to the STO (001) direction, which correspond to the two 

possible in-plane arrangements of SBN (001) on (001)-oriented STO. Note that the pole figure 

also picks up the {201} planes as indicated in the figure since these have a d-spacing close to 
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that of (211). Additionally, there is a twofold symmetric background variation, which is assumed 

to be due to a slight sample misalignment. 

When viewed as a whole, our GIXRD clearly indicates an enhancement of (001)-oriented 

domains over 310-oriented domains on TiO2-terminated STO substrates. However, while there 

were no obvious peaks from (310)-oriented SBN in GIXRD measurements for films on TiO2-

terminated substrates, our full pole figure shows that some amount of (310)-oriented SBN 

domains still remains. 

5.3.2 Transmission Electron Microscopy 

From the XRD measurements, we gather structural information across the entire 

1 cm × 1 cm SBN sample. However, to analyze the local crystal structure and to probe in-plane 

structures near the substrate interface, we use high angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM). 

Since (310)-oriented SBN forms in four possible orientations and (001)-oriented SBN 

forms in two orientations on a (001)-oriented STO substrate, it is essential to identify how each 

orientation would appear in a TEM image. As shown in Fig. 5.5, (310)-oriented SBN of the first 

or second orientation (with the a-b plane parallel to the lateral face of the lamella) generally 

appears as brighter regions in the ADF images with atoms appearing disordered due to the 

complex TTB structure of SBN from that perspective. Fast Fourier transform (FFT) images of 

these regions appear circular, as shown in the red inset of Fig. 5.5. (310)-oriented SBN of the 

third or fourth orientation (with the a-b plane perpendicular to the lateral face of the lamella, 

rotated 90° about the out-of-plane axis) generally appear as slightly darker regions in the ADF 

images; atoms appear to be aligned vertically in long, evenly spaced, vertical lines, and FFT 
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images of these regions have a horizontally oriented rectangular pattern, as shown in the green 

inset of Fig. 5.5. 

 

Figure 5.5: High angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) image of the SBN thin film on an as-received, (001)-oriented substrate with 

fast Fourier transform insets of (001)-oriented (purple) and (310)-oriented SBN 

grains (red and green), which give representative examples of images of how the 

four possible orientations of (310)-oriented SBN and the two possible orientations of 

(001)-oriented SBN appear in a cross section. 

 

(001)-oriented SBN of the first or second orientation (with the a-b plane oriented out-of-

plane) also appears as slightly darker regions in the ADF images, similar to some (310)-oriented 

SBN domains). However, atoms in these domains appear to be aligned horizontally in long, 

evenly spaced lines, and FFT images of these regions have a vertically oriented, rectangular 

pattern, as shown in the purple inset of Fig. 5.5. 

A TEM image of an SBN film on the as-received STO substrates, shown in Figs. 5.6(a)–

5.6(c), shows a section of the film near the substrate edge and gives a general idea of the film 
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morphology. Relative area analysis of Fig. 5.6(a) features combined with analysis from AFM 

images indicates that approximately 70% is (310)-oriented SBN, and although lamella like this 

samples only a local area of the film, we assume this to be representative of the entire sample 

due to continuous sample rotation during growth 30.  

 

Figure 5.6: HAADF-STEM image of an SBN thin film on an as-received, (001)-oriented 

substrate at (a) 200 nm, (b) 50 nm, and (c) 4 nm scales. In (a), the thickness of the 

film can be confirmed as approximately 200 nm. In (a), asymmetrical grains of 

multiple orientations of SBN are seen extending from the substrate interface to the 

carbon interface (film “surface”) and localized asymmetric grains appear near the 

substrate interface and are enclosed by a more dominant grain. Higher magnification 

images in (b) and (c) show that the crystal structure of these asymmetric grains is 

from both (001)-oriented and (310)-oriented SBN. 

 

TEM images of thick films (∼500 nm) on TiO2-terminated STO substrates, shown 

in Figs. 5.7(a)–5.7(c), show a section of the film taken near the center of the substrate. 

Compared to the films on as-received STO substrates, this thicker film has a greater proportion 

of (001)-oriented SBN domains, and these domains tend to be larger in size (≥2000 nm2) than 

those on as-received STO. While the relative number of (310)-oriented SBN domains appears to 

have decreased with TiO2 termination, the remaining domains tend to be of the first orientation 

type mentioned above, and the domains have much clearer grain boundaries. 
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Figure 5.7: HAADF-STEM images of an SBN thin film on a TiO2-terminated (001)-oriented 

substrate at (a) 200 nm, (b) 20 nm, and (c) 5 nm scales near the center of the 

substrate and from the edge of the substrate at (d) 500 nm, (e) 8 nm, and (f) 4 nm 

scales. In (a), the thickness of the film can be confirmed as approximately 500 nm. In 

(a)–(c), large domains (≥2000 nm2) are observed with clear grain boundaries and 

have a larger proportion of (001)-oriented SBN compared to the as-received STO 

samples. In (d)–(f), micrographs are composed of approximately 90% of (001)-

oriented SBN domains. 

 

Additional TEM images of films on TiO2-terminated STO substrates, shown in Figs. 

5.7(d)–5.7(f), show a section of the film taken near the edge of the substrate. Interestingly, (001)-

oriented SBN, as shown in Fig. 5.7(f), dominates this region of the sample, and as shown in Fig. 

5.7(d), a relatively low percentage (∼10%) of small asymmetric grains (≤100 nm2) correspond to 

(310)-oriented SBN and are nearly all of the first type of orientation mentioned above, as shown 

in Fig. 5.7(e). 
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Combined with our XRD measurements, we conclude that by depositing on a TiO2-

terminated STO (001), SBN grown by RF magnetron sputtering preferentially grows with an 

(001) out-of-plane orientation, in contrast to what has been reported by Infortuna et al 24.  

5.3.3 Electro-Optic Measurements 

We can rewrite Eq. (5.1) in terms of electric impermeability18,  

Δ(𝜂𝑖𝑗)  ∑ 𝑟𝑖𝑗𝑘𝐸𝑘𝑘         (5.6) 

where the impermeability, 𝜂𝑖𝑗, is equivalent to 
1

𝑛𝑖𝑗
2 ⁠. 

In crystals like SBN, with 4mm symmetry, the Pockels tensor takes on the following form: 

𝑟𝑖𝑗𝑘  

(

 
 
 

0 0 𝑟13
0 0 𝑟13
0
0
𝑟42
0

0
𝑟42
0
0

𝑟33
0
0
0 )

 
 
 

     (5.7) 

On evaluating 𝜂𝑖𝑗, we find: 

𝜂𝑖𝑗  (

𝜂𝑥𝑥
0 + 𝑟13𝐸𝑧 0 𝑟42𝐸𝑥

0 𝜂𝑦𝑦
0 + 𝑟13𝐸𝑧 𝑟42𝐸𝑦

𝑟42𝐸𝑥 𝑟42𝐸𝑦 𝜂𝑧𝑧
0 + 𝑟33𝐸𝑧

)    (5.8) 

 

Since SBN is optically uniaxial and negative (no < ne) with the optical axis along the 

crystallographic [001] direction, then ηxx = ηyy = ηo and ηzz = ηe. These values can then be used to 

define an index ellipsoid with a net distortion caused by the applied electric field. 
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The total phase shift, ϕ, induced in a light wave traveling through a Pockels cell and 

linearly polarized at an angle to an applied elected field can then be expressed as29:  

𝜙   𝛿  𝑘Δ𝑛𝑙   𝜋𝑛0
3𝑟𝑒𝑓𝑓𝐸𝑙  𝜆0⁄      (5.9) 

where δ is the phase shift introduced by the Pockels device, l is the distance propagated within 

the Pockels device, n0 is the unaffected index of refraction of the extraordinary optical axis, E is 

the magnitude of the applied electric field between the electrical contacts, λ0 is the vacuum 

wavelength of light, and reff is the effective Pockels coefficient of the Pockels device. 

 

Figure 5.8: Representative electro-optic data taken from vertically polarized light passing 

through a 45° chromium contact. On the y axis, the ratio of the measured differential 

change in power of the detector with the measured DC power is given, and the x axis 

gives the analyzer angle in radians. The strength of the EO modulation, represented 

by the fitting parameter δ, generally corresponds to the vertical range of the 

modulation curve. 

 

Our raw measurements of the differential change in power, ΔP, over the DC power, P, 

are given in Fig. 5.8 from which the parameter δ, given in Table 5.1, can be extracted and used 

                    

 
 
  
 



 

163 
 

to calculate the effective Pockels coefficient using physical quantities from our samples as 

described in the Experimental Details section and the following equation derived from the total 

phase shift, 

𝑟𝑒𝑓𝑓   𝜆0𝛿 𝜋𝑛0
3𝐸𝑙𝑔⁄      (5.10) 

As-received STO  δ  ( × 10−6) reff pm/V TiO2-terminated STO  δ  ( × 10−6) reff (pm/V) 

Pad 89–45° (3 V)  7.0  70.2  Pad 88–45° (3 V)  1.8  30.8  

Pad 88–45° (5 V)  9.9  59.4  Pad 87–45° (5 V)  5.2  87.6  

Pad 88–45° (3 V)  5.9  59.0  Pad 86–45° (5 V)  2.9  48.9  

Pad 87–45° (3 V)  5.7  57.2  Pad 84–0° (5 V)  2.8  46.9  

Pad 86–45° (3 V)  6.2  78.4  …  …  …  

Pad 82–0° (3 V)  9.8  229.7  …  …  …  

Pad 81–0° (5 V)  5.9  83.0  …  …  …  

Pad 80–0° (5 V)  8.3  116.4  …  …  …  

TABLE 5.1: Electro-optic data for thin film SBN films. 

 

To determine the effective EO coefficient defined above, we measure the change in 

optical polarization resulting from light traveling through the thickness of the SBN film. For this 

transmission EO measurement, we use an incident laser with a wavelength of 1550 nm (telecom 

C-band) and a thin film sample with 120 nm SBN grown on as-received substrates and 500 nm 

SBN grown on TiO2-terminated substrates. The recorded extraordinary index of refraction for 

SBN-65 is reported to be approximately 2.2331, and we apply electric fields with a nominal 

strength of 1.764 × 105 V/m. From the TEM images, we estimate a percentage of 70% (310)-

oriented SBN from the films on as-received STO substrates. Using these values, we calculate a 

maximum effective Pockels coefficient of 229.7 pm/V. The average effective Pockels coefficient 
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is 94.2 pm/V for thin film SBN on as-received STO. As our values of reff are essentially averages 

of r13 and r3327, where: 

𝑟𝑒𝑓𝑓  𝑟33 − (𝑛𝑜 𝑛𝑒⁄ )3𝑟13 ≈ 𝑟33 − 𝑟13     (5.11) 

and assuming that the relationship between r13 and r33 follows the experimentally determined 

relationship13: 

𝑟33 𝑟13⁄ ≈ 5     (5.11) 

the value of r33 in our films could be as high as 287.1 pm/V. 

In the case of films on TiO2-terminated STO substrates, using our estimated percentage 

of 10% (310)-oriented SBN, we calculate a maximum effective Pockels coefficient of 

87.6 pm/V, with an average effective Pockels coefficient of 49.5 pm/V. 

5.4 CONCLUSIONS 

We have deposited highly textured SBN-65 films of thicknesses varying between 100 and 

500 nm using off-axis RF magnetron sputtering on both as-received (mixed TiO2 and SrO 

termination) and TiO2-terminated (001)-oriented STO substrates. Structural characterization 

indicates that the films grown on as-received STO substrates formed SBN films of mixed (310) 

and (001) orientations with no clear preference between the two, while those grown on TiO2-

terminated STO substrates tend to form predominantly (001)-oriented SBN films with improved 

registry between the film and the substrate. Transmission electro-optic characterization of the 

SBN films shows a maximum Pockels coefficient of 229.7 pm/V for the films deposited on as-

received STO (mixed orientation) compared to 87.6 pm/V for films deposited on TiO2-

terminated STO ((001)-oriented SBN). Since it is necessary for both the modulating external 
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electric field and the electric polarization of the incident light to couple to the c-axis of SBN in 

order to access the largest Pockels coefficient, r33, a predominantly (001)-oriented SBN film will 

instead lead to coupling of the external electric field with the smaller r13 and r42 coefficients, 

which will greatly reduce the measured effective Pockels effect in a transmission geometry. 

Despite the multi-domain nature of thin films on both substrates, the maximum Pockels 

coefficient on as-received STO by sputtering is comparable or better than many highly oriented 

and epitaxial thin films deposited by sputtering, PLD, and solgel methods1,12,14,27, and offers a 

method of integration with Si for SiPh applications. 
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