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ABSTRACT

INFRARED ELECTRO-THERMO-OPTICAL DEVICES BASED ON THE PHASE
TRANSITION OF VANADIUM DIOXIDE

by

Noraica Davila Meléndez

In this work, electro-thermo-optical devices were developed for near-infrared (NIR) wave-
lengths by exploiting the optical properties of vanadium dioxide (VOg). VOs9 undergoes into
an insulator-to-metal transition (IMT) in which its optical, electrical, and structural proper-
ties change abruptly as a function of its temperature. The changes in these properties show
hysteretic behavior.

Sol-gel deposition process was investigated for growing VO thin films on SiOg9 and
Si/SiOg substrates. Its composition and crystallization were characterized by X-ray diffrac-
tion and Raman spectroscopy. Atomic force microscopy and a 3-D surface contact profilome-
ter were used to analyze the surface topography of the films. These thin films were compared
with VOg thin films deposited by pulsed laser deposited (PLD). VOg thin films deposited
by PLD were used to develop the devices presented in this work.

In the present work, the IMT is induced thermally, using photo- or electro-thermal tech-
niques. Two devices were developed: 1) a NIR image projector and 2) a fully electronic
variable optical attenuator (VOA) to operate in the NIR region. The first device uses the
inherent hysteresis in the optical properties of VO9 across its phase transition, which allowed
for the programming of patterns onto the VO thin film. The second device emerged from
the optical transition in VOso, in which the electro-optical changes in the film were induced
electro-thermally (i.e. a “thermo-electro-optical device”). The strong correlation between
the electrical and optical properties in VO enabled the implementation of a self-sensing
technique, which reduced the optical hysteretic behavior and simplified the modeling and

control of the attenuation.
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CHAPTER 1
INTRODUCTION

Vanadium dioxide VO3 exhibits a solid-to-solid phase transition in which the crystallographic
structure of the material changes from monoclinic (M) to rutile (R). This transition in VO,
also referred to as an insulator-to-metal transition (IMT), can be induced thermally, in which
case occurs at a temperature of around 68°C [1]. The optical, electrical, and mechanical
properties of VO9 change simultaneously during the IMT. The multifunctionality of VO
across its IMT has enabled the use of this material in many specific devices, including
temperature and optical sensors [2, 3|, micro-electro-mechanical systems (MEMS) actuators
[4, 5] and optical active components, such as modulators [6] and shutters [7].

The optical transmittance of VOo decreases from near to mid infrared (IR) wavelengths
(900 nm to 2500nm) across the IMT [8, 9]. The magnitude of this change increases with
wavelength until terahertz frequencies around 1 THz [10]. The transmittance of VOo changes
abruptly showing the hysteretic behavior across its phase transition for wavelengths around
1550 nm as shown in Figure 1.1. In this Figure 1.1 the transmission across a ~ 300 nm
VO3 thin film on SiO9 substrate was measured by a laser beam profiler. The film was heated
at a constant rate of ~0.4 °C/s waiting ~3 s between sampling for temperature stabilization.
The optical signal was normalized with respect to the VO transmission at ~25°C to set a
100 % transmission for the VO9’s M phase. The R phase of the material corresponds to its
transmission at 100 °C after the IMT. This signal was attenuated to ~1% from the initial

transmission, which makes VOg9 desirable for optical applications.



100

—o— Heating
—a— Cooling

80

[e2]
o
1

Transmission (%)
N
o
1

N
o
1

20 30 40 50 60 70 80 90 100
Temperature (°C)

Figure 1.1: Optical transition in VO for a wavelength of 1550 nm as a function of temper-

ature for a heat rate of ~0.4°C/s.

The electrical resistance in VOo drops from two to three orders of magnitude when the
solid-to-solid phase transition is induced [11]. The magnitude and shape of this drop depends
on many microstructural properties, but mainly on the film’s stoichiometry, grain size and
crystal orientation. The electrical transition for the same ~ 300 nm VOs thin film on SiO9
substrate is shown in Figure 1.2. During this measurement the heat rate was ~0.4°C/s. It

reveals its hysteretic behavior, similar to the change in transmission shown in Figure 1.1.
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Figure 1.2: Electrical resistance change in VO39 as the phase transition is thermally induced

with a heat rate of ~0.4°C/s.

Although the change of individual properties shows hysteresis, the correlated nature of the
optical and electrical properties changes across the phase change in VO9 can be combined to
significantly reduce the hysteresis. This strong correlation between the optical and electrical
properties in VO9 during the material’s IMT allows for the implementation of a self-sensing
mechanism that enables the development of electro-thermo-optical devices where the optical

properties can be controlled by sensing the resistance of the VO9 film.

1.1 Problem Description and Motivation

IR projectors are widely used for testing IR cameras, but they are also used to assists IR
vision in military training, to provide deception to the reality for homeland security, and

to simulate the operating environment for IR sensors. While the IR cameras technology



keeps growing, there is a need for IR projectors to match the current IR cameras technology
demands, including stable images. Three different technologies have been used to develop
IR projectors: thermal resistive arrays, modulation-based deformable micro-mirrors, and
quantum photonics. These previous technologies exhibited issues such as large power con-
sumption, high peak currents, complex and expensive fabrication methods, slow processing
speeds and flickering images [12]. Stable IR images can be achieved integrating VOso thin
films with a simple optical system and process.

Near-IR variable optical attenuators (VOAs) are used in optics to control the intensity of a
transmitted optical signal. VOAs can provide discrete or continuous attenuation. Mechanical
systems with motorized stages facilitate the switching among attenuation levels, but noise
is introduced with the mechanical movement. Such devices have limited attenuation levels
despite being continuous and are not offered with fully-electronic control. Electronic control
of the optical IR transmittance through VO9 can be achieved by the strong correlation
between the material’s optical and electrical properties.

The problems addressed in this thesis are:

e Study of a sol-gel process to deposit VO9 thin films on large areas such as 4 inches

walers.

e Characterize VOg thin films grown by sol-gel process by X-ray diffraction, Raman

spectroscopy, surface topography, electrical and optical behavior.

e Programing optical states in VOg thin films by localized heating, using the optical

memory of VOg to achieve multiple optical states.
e Use the developed VOo-based IR projector to store and project stable IR images.
e Characterize the speed, contrast and resolution of the developed IR image projector.

e Measured the optical and electrical VOg properties simultaneously to determine a

model to accommodate transmission-to-resistance experimental data.



e Use self-sensing feedback techniques to electronically control the optical transmission

of a designed and fabricated monolithic micro variable optical attenuator.

e Characterize the time response and attenuation parameters of the developed micro

VOA.

1.2 Thesis Statement

This work presents the development of two optical devices suitable for IR wavelengths: 1.
an IR image projector, and 2. a fully electronically controlled variable optical attenuator
(VOA). Two different VOA designs were fabricated and actuated by conductive heating in
two different ways: one by using an external Peltier heater and the other by using integrated

resistive heaters.

Thesis Statement: The development of an IR image projector is accomplished by ex-
ploiting the VOg optical memory capability, which improves current image projectors technol-
oqy issues offering a simple optical system and process. A fully electronically variable optical
attenuator, which uses the strong correlation between the electrical and optical properties
i VOgy can provide advantages in terms of simple fabrication and attenuation self-sensing

control.

1.3 Thesis Contributions

This thesis addressed the problems described in Section 1.1. The contributions of this
thesis are: 1. the comparison of sol-gel deposition process and pulsed laser deposition for
growing of VOg thin films, 2. the development of a near-infrared (NIR) image projector
and 3. an electronically controlled VOA. Localized photo-thermal excitation was used to

trigger the VO9 phase transition, creating a pattern on the thin film which allowed for the



projection of an NIR image; self-sensing technique was implemented to reduce the hysteresis

of the optical transmission across the VO thin film during its phase transition.

1.4 Dissertation Outline

The remaining work is organized as followed: Chapter 2 presents the background of VOo
thin films properties and deposition processes, electro-thermo-optical devices including IR
scene projectors and variable optical attenuators. The optical, electrical and structural
properties of VO9 are discussed. VO9 deposition is discussed in Chapter 3. In Chapter
4 a NIR image projection based on the optical memory of VO3 is developed and discussed.
A variable optical attenuator for NIR is presented in Chapter 5. A scaling study of micro
size variable optical attenuator devices is presented in Chapter 6. Last Chapter 7 shows

the contributions of this work and the proposed work for further investigation.



CHAPTER 2
BACKGROUND

2.1 Optoelectronic Devices

Optoelectronic devices combine electrical and optical signals to detect or convert one signal
into another signal. Nowadays, solar cells are the most commonly known optoelectronic
devices. They use photons to create electron-hole pairs in a semiconductor, which gener-
ate an electric current [13]. Other optoelectronic devices use electrical signals to produce,
detect, manipulate or control optical signals such as optical sources and detectors. Optical
sources use electrical signals to produce optical radiation (e.g. photodiodes, LEDs, LASERS)
[14, 15|, while photodetectors detect optical radiation and convert it into electrical signals
(e.g. cameras, charged-coupled devices (CDDs)) [16]. IR image projectors and electronically
controlled variable optical attenuators (VOAs) are optoelectronic devices, which use electri-
cal signals to manipulate optical signals. Figure 2.1 shows the classification of these two
optoelectronic devices. Many other types of optoelectronic devices exist; but the emphasis is
given to IR image projectors and VOA, since those are the devices developed in this thesis.

Optical attenuators reduce the intensity of optical signals. These components can be
passive or active depending on the used technology and applications. Active optoelectronic
devices require an external power source in order to be operated, while passive components
do not.

Image projector technologies are based in optical sources combined with different physics
and materials to drive these projection processes for visible and IR wavelengths. Projectors
technologies use plasma displays, liquid crystal displays (LCD), and digital light projectors
(DLPs) [17, 18, 19].



Optoelectronic Devices
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Transmissive Solid-State Fiber-gap

Figure 2.1: Classification of IR image projectors and VOAs optoelectronic devices.
2.2 Infrared Image Projectors

Infrared image projectors, also known as infrared scene projectors, have been developed since
1970’s to test IR sensors [20]. A thermal source covered with a shadow mask was used as an
emitting IR radiation to produce a static synthetic image. Soon after, demands for dynamic
image projectors technologies emerged. In 1982 the Bly cell was reported as the first dynamic
IR projector [21]. A visible light was converted to IR by using a Bly cell, which consisted
of a suspended membrane (gold/cellulose nitrate) in vacuum. A visible image was projected
into the cell, absorbed and emitted in the IR region by the membrane. Extensions to this
technology emerged during the same decade with thermal resistor arrays and liquid crystal
valve technologies [20]. These developed technologies for IR projectors can be divided in

three categories: emissive, reflective and transmissive.



2.2.1 Current Technologies

2.2.1.1 Emissive IR projectors

Emissive IR projectors are based on devices emitting IR radiation by Joule heating. These
optoelectronic devices can be formed by current-driven thin film resistors, suspended mem-
brane resistors, silicon bridge resistors, Bly cells arrays, or laser diode arrays. Metals and
SiGe are some of the materials used to fabricate emitting resistors [22]. Thermoelectric ele-
ments has been investigated for single pixels, which showed an emissivity of 0.95 at 130 °C
[23]. They compared this performance with Si emitters having ~0.1 emissivity at 140 °C.
Previously described resistors arrays have been monolithically fabricated with CMOS inte-
grated circuits to independently activate each resistor as a pixel to project an image [24, 22|.
Figure 2.2 shows a micro-electro-mechanical (MEMS) suspended membrane resistors array.

In this device the active emitter area (image pixel) is the isolated heating element.

Optically active emitter area

Figure 2.2: Suspended membrane resistors array used in emitter IR projectors [24].

IR laser diodes are part of this emission technology category. IR radiation from a current-

driven laser diode arrays were programed to project an image as shown in Figure 2.3 [12].



Figure 2.3: IR laser diode array used in emitter IR projector [12].

2.2.1.2 Reflective IR Projectors

Reflective IR projectors are based on materials or structures that reflect IR wavelengths
and mechanisms to control the reflection direction. These modulation-based electro-optical
devices, such as scanning lasers and micromirrors arrays. The intensity of an IR laser beam
is modulated and steered vertically. A reflective scanning mirror is used to determine the

horizontal direction projecting an image into an image plane (See Figure 2.4).

Pinhole
Scan
Mirror - Modulator Modulator IR Laser
r 3
Intensity
Control
Vertical
Sean Control Input
Horizontal Electronics Scene Data

Scan

Figure 2.4: IR projector based on laser scanning technology [12].
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Digital micromirror devices (DMD) modulate IR radiation by controlling individual IR
reflecting mirrors electronically [25]. Figure 2.5 shows the optical setup for projecting an
image with a micromirror array. An IR lamp irradiates into the micromirror array. These
mirrors are electronically controlled to tilt +20° into “ON” or “OFF” positions. One plane

is projected as an IR image and the other is absorbed.
Image
Projection

Projection

IR Lens

Absorber

Micromirror Array

Figure 2.5: Projection setup with reflective IR micromirrors array [25].

2.2.1.3 Transmissive IR Projectors

Transmissive IR projectors are based on materials and systems that can modulate or control
IR radiation passing through them. This category includes IR liquid crystal light valves
(LCLVs) projectors and galvanic cells, which can modulate IR radiation. IR LCLV projectors
converts visible wavelengths into IR wavelengths [26]. A visible image is projected to one

side of the LCLV. The pattern is transferred to the liquid crystal (LC) causing a polarization

11



change due to molecular rearrangement. Polarized IR radiation is focused on the LC side and

rotated by the polarized pattern [12]. Figure 2.6 shows the use of LCLVs as IR projectors.

Projection
Lens

Imaging

LCLV Polarizer lans

eamsplitter

Visible
Projector

Blackbody
Source

Relay Lens

Image
Projection

Figure 2.6: Transmissive IR projector using a liquid crystal light valve (LCLV) [12].

2.2.1.4 Other Technologies for IR Projectors

Other technologies for IR projectors have been explored, such as bulk silicon photonic (trans-
missive), plasma display (emissive) and electron-beam-addressed membrane light modulation
(reflective) |27, 28, 29]. The bulk Si photonic projector is based on optical down-conversion
technique, which uses the indirect band gap of Si to absorb short wavelengths (A < 1 pum)
and emit longer wavelengths in the IR thermal region [30]. Plasma displays are based on
cavities structures filled with gas, which are electronically driven to produce plasma. No-
ble gases, CO and COg can be used for IR wavelengths [28]. Membrane light modulation,
also known as deformable mirrors spatial light modulation, was addressed by a scanning e™
beam gun [29]. An IR source irradiated the membrane which was used to modulate the IR

reflection onto an image projection plane.
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2.3 Variable Optical Attenuators (VOAs)

Variable optical attenuators (VOAs) are another key components in optical communication
systems. Optical signals with fixed intensity are desired in these systems. However, since
they travel long distances often are amplified throughout the transmission lines. When these
signals reach the routing or modulation systems they have different intensities from which
they were generated. VOAs are used to adjust these intensities with the equalization and
synchronization of multiple optical signals and channels.

VOAs in visible and NIR wavelengths are widely used in optics, photonics and optical
networks. The most commonly known attenuators are used in free space configuration,
while more complex designs are combined with optical fibers in photonics and communication
networks. They are commercially available for a single optical density (OD), meaning a single
attenuation level. For multiple attenuation values, a step variable or continuous variable
attenuator with manual control is used.

VOAs optoelectronic components are electronically driven and interact with optical sig-
nals without detecting or producing them, similar to optical filters, couplers, splitters, mod-
ulators, and wavelength-tunable optical filters.

In the last decade, electronically controlled VOAs have been developed to assist com-
munication networks demands. Commercially available devices are based on optoceramic
materials (PMN-PT and PLZT) [31]. MEMS-based VOAs that are compatible with optical
fibers and electronically controlled have also been reported. Some of them use micromirrors
and reflective materials [32, 33, 34|, others are based on microfluidics, ferrofluidics [35, 36, 37|,
and others are assisted with piezoelectric materials [38]. Plasmonic-based VOAs have also
been investigated using waveguides [39, 40, 41]. Liquid crystal cells for near-IR wavelengths
have been explored in VOAs [42|. More recently, an electronically controlled VOA based on

multilayered graphene operating at 785 nm was reported [43].
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2.3.1 Current Technologies

2.3.1.1 Micro-electro-mechanical systems (MEMS) VOAs

MEMS-based VOAs control the attenuation by using planar reflection with deformable mir-
rors or by blocking the radiation with shutter-based devices using a knife edge to block part
of the radiation passing through the optical path [44]. Figure 2.7 shows a diagram of a

VOA having an electronically controlled mechanical shutter.

Fiber

Figure 2.8: MEMS variable optical attenuator by retro-reflection of IR light (a) device SEM
image, (b) working principle: initial state (left) attenuation state (rigth) [34].

Several devices emerged from the technology that uses reflection to control the attenua-
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tion of an optical signal. Figure 2.8 shows two reflective MEMS mirrors placed within an
optical path to control its attenuation. In this case, electronically controlled folded-beam
springs move the mirrors [34]. Piezoelectric materials were used to move reflective mirror
in MEMS VOAs (38|, Figure 2.9 and Figure 2.10 show a reflective plate and an elliptical
mirror MEMS-based VOA, respectively. This device uses reflection to block the optical path
[32].

Elliptical mirror

Input fiber

Output
fiber

Figure 2.10: Elliptical mirror variable optical attenuator (a) top view, (b) side view [32].
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2.3.1.2 Microfluidics and Ferrofluidics VOAs

Microfluidic-based VOAs combine optics and fluids in micro devices without having moving
parts. The fabrication of these devices is similar to those MEMS-based VOAs. Microfluidic
VOAs started by placing a voltage controlled liquid lens in between an optical beam path
[46]. The output of an optical fiber was aligned with this lens and coupled into a fiber. The
liquid lens was formed at the interface of two different fluids. Its curvature was electronically
controlled by electrowetting with an external applied voltage [47]. The beam is misaligned
when the curvature of the lens changes, thus it is deflected from the fiber input. The

schematic for this VOA application is shown in Figure 2.11

Fiber Fiber

..___IAtteriuation

<—Liquid Lens

Voltage Controller
AN
&

Figure 2.11: VOA device based on voltage controlled liquid lens [46].

An optofluidic tunable attenuator uses a liquid-core waveguide to change the transmission
of a coupled fiber. The transmitted power changes by controlling the fluid rate of the
waveguide, thus changing its core width [48]. The transmission decreases as the core width

reduces. Figure 2.12 shows this working mechanism for this device.

Input Liquid-core/ Output

optical liquid-cladding optical
fiber waveguide fiber(s)
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Figure 2.12: Optofluidic device with fluid rate tunable core width and attenuation [48].
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A ferrofluid-based VOA shown in Figure 2.13 uses a fluidic shutter which is electronically

controlled by an electro-magnet [37].

Fiber Input

rd

Ferrofluid

Fluid Channel

WK Electro-magnet
Fluidic Shutter
/ Transparent Liquid

Fiber Output

Opaque
Liquid

Figure 2.13: Ferrofluid based VOA [37].

A magnetic VOA was developed by using ferrofluid dispersed on a microchannel and
with ferrofluid doped PDMS [49]. An optical fiber was aligned into a cantilever waveguide
suspended inside this microchannel. This cantilever was actuated by applying an external
magnetic field, thus deflecting the waveguide output. The fiber input gets attenuated by
this deflection. Using a similar fabrication process a PDMS cantilever was doped with the

same ferrofluid and actuated by an external magnet.

PDMS layer  Optical path

-m-

Magnetical
M-PDMS layer actuation

B#0

Figure 2.14: Ferrofluid doped PDMS cantilever waveguide actuated by electro magnets [49].
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Figure 2.14 shows the attenuation of the laser beam with the cantilever deflection.

2.3.1.3 Solid-state VOAs

Solid-state VOAs, also known as electro-chromic VOAs (ECVOA) are based on electro-optic

(EO) or electro-chromic (EC) materials. The optical properties of these EO or EC materials

change when an electric field is applied. Some of these materials are polymer complexes,

optoceramics, organic materials and materials oxides [50].

Redox electroactive polymers have been explored in VOAs devices, such as Poly(3,4-

ethylenedioxythiophene) (PEDOT), Poly(3,4-alkylenedioxythiophene) (PADOT), and dual

polymer layers: PDDA /Naph-SO3Na [51, 52, 53|. These polymer-based VOAs operate in

reflective mode as shown in Figure 2.15 with a switching speed between 1 to 5 s.

Copper Contacts

- 4
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Polymer counter |
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‘\Fiber optics -

From source Ta detectar

(a)

Figure 2.15: Polymer-based electrochromic variable optical attenuator (a) device diagram,

(b) device image in neutral (top) active (bottom) [52].

Optoceramics such as Pb(Mg; 3Nbg 3)03-PbTiO3 (PMN-PT), Pby_xLax(ZryTiiy)1 /403
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(PLZT) and LiNbO3 have been used in commercially available VOAs operating in transmis-
sion mode [31]. Dinuclear molybdenum complex (oxo-Mo(V)) was used in an IR VOA with

applied voltage of 1.5 V [54].

2.3.2 Device Configuration

VOAs can be implemented in free-space, in-line with optical fibers or in fiber-gap config-
uration [55, 45|. This configuration is based on how the propagating light interacts with
the VOA. In free-space configuration the light propagates through air before and after the
VOA device. In-line configuration accommodates bare fibers into the device as shown in
Figure 2.16. Fiber-gap configuration uses a split bare fiber as shown in Figure 2.17. These
split fibers can be collimated and conditioned before reaching the VOA by using external
passive components. This type of configuration is in a way a compact form of free-space
configuration since the light propagates through air after the fiber is split. Other fiber-gap
configurations have a split fiber with no extra optics as shown in Figures 2.7 and 2.18. In
general the free-space configuration can be adapted with bare fiber [56|, dual fiber collimator

[57], or fiber output/input collimator [58].

Glycerine droplet
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Figure 2.16: In-line VOA configuration [55].
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Figure 2.17: Fiber-gap VOA configurations with couplers (left), lens, dual collimator, mirror
and diffraction grating (right) [59].

Springs : Fiber Gap

AN

Figure 2.18: Fiber-gap VOA configuration with split fiber and no additional optical compo-
nents [45].

2.3.3 Attenuation Control

Several optical systems with attenuation control using variable optical attenuators have been
developed for MEMS and EO based VOAs [60, 61, 62]. The attenuation level is controlled
by closed-loop feedback as shown in Figure 2.19. The output optical signal from the VOA
is split into a photodetector and the output of the system. The photodetector signal is used

for the feedback control.
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Figure 2.19: Closed-loop control system for a VOA [61].
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2.3.4 Applications

2.3.4.1 Optical Communication Networks

Optical communications networks use advanced modulation systems to route signals through-
out long distances. These modulation systems need to minimize signals crosstalk and regen-
eration . Dense wavelength division multiplexing (DWDM) systems are modulation systems
widely use to pack and route optical signals. DWDM is a cost-effective solution for optical
networking because it shares optical components for all the channels connected to it [63].
Figure 2.20 shows the basic optical network for DWDM. Optical signals with a limited
wavelength window (A1 ~ \y) are packed by a multiplexer (MUX) into a transmission opti-
cal fiber. Signals are amplified as needed according to the transmission distance. An optical
add-drop multiplexer (OADM) routes the signals by adding or removing them. These sig-
nals are packed again into an optical transmission fiber and recovered by a demultiplexer

(DEMUX).

Am (R —

X7 P TR

X Transmission ¥ RX
N 1Ll N

fiber
Add-Drop

Figure 2.20: Optical network for dense wavelength division multiplexing (DWDM) [63].

OADMs, also known as reconfigurable optical add-drop multiplexers (ROADMs) are
extensively used in DWDM [64]. All-optical ROADMs modulate optical signals without
converting them into electrical signals by transmittance modulation [63].

ROADM technologies are based on polymer thermo-optic array, waveguide and Braggs
grating, optical switches and variable optical attenuators (VOAs) 65, 66, 64, 67|. A mono-

lithic ROADM configuration based on arrayed waveguide grating (AWG) and VOAs integra-
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tion is shown in Figure 2.21. This 9-channels ROADM uses two AWGs and 4 VOAs. The
packed input signal (A — A\g) is recovered into nine signals by AWG 1. Aq goes to the output
channel. Four channels (A9 — A5) are set to add or drop signals at the input of AWG 1 and
output of AWG 2. Four VOAs control the intensity for Ag — Ag and connect both AWGs.
The output signals are multiplexed by AWG 2 into four drop channels and one packed signal
containing A1 and Ag — Ag.

Electronic control of VOA arrays are required to control optical signals and to advance

this ROADM technology.

Figure 2.21: Arrayed waveguide grating and variable optical attenuator integration (AWG-
VOA) [67].

2.4 Vanadium Dioxide

Vanadium dioxide (VOg) is a transition metal oxide exhibiting an insulator-to-metal tran-
sition (IMT). The electrical, optical, mechanical and structural properties of VOg change
during the IMT. The thermally-induced IMT transition occurs around ~68 °C [1, 8, 68, 69].
VO3 is one of the stable phases of vanadium oxides, which exhibits a transition near room
temperature [70]. Figure 2.22 shows the transition temperature for other vanadium oxides.

Vanadium pentoxide (V20O5) also exhibits an IMT for a transition temperature of ~280°C
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[71]. Many research efforts have been put to investigate ways to manipulate this transi-
tion temperature in VOg. The transition temperature of VOg could decrease or increase by

substitutional doping with Cr, Ti, W, Fe, among other elements [72, 73, 74, 75].
10°

/ V5,0,

/ VeOn

V50

VEDI'

2

V703

T T T 7T T "1
8 9 10 11 12 13 14

10°/T (K™)
Figure 2.22: Insulator-to-metal transition in different vanadium oxides [70].

The driven mechanisms for this transition in VO9 still under debate in the scientific com-
munity. Recently, the behavior described by Mott-Peierls transition was reported [76]. The

Peierls mechanism (related to the atomic structure) and the Mott transition described as the
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closure of the Mott band gap (around 0.7¢V) have been extensively studied as independent
mechanisms, but in the particular case of VOg, both mechanisms are related |77, 78, 79, 80|.

During this transition, VOg undergoes the insulator-to-metal transition (IMT) and a
structural phase transition (SPT). The IMT is related to the film’s change in electrical
resistivity and the SPT is associated to the crystalline structure transition [1, 81, 82]. These
transitions are strongly correlated since the change in the atomic structure causes a reduction
in the energy bandgap of the material. This VO9’s transition is fully reversible and it occurs

relatively fast (~2 ns) when triggered by voltage pulses [83].

2.4.1 Structural Transition

The structural phase transition in VO9 is solid-to-solid phase transition, in which the material
crystal structure change from monoclinic (M7) at room temperature to rutile (R) at higher
temperatures. During the structural transition the interplanar distances a, b and ¢ change as
the crystal structure is reordered. The distances are a,,=5.75 A, bm=4.53 A, Cm=5.38 A and
ar=b,=4.55 A, ¢,=2.85 A for the monoclinic and rutile phase, respectively. The c¢; direction

contracts after the SPT transition [84]. The structure change is shown in Figure 2.23.
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Figure 2.23: VOg structural transition representation of the unit cells [5].

Previously characterized VOg thin films grown PLD showed high orientation in the (011)

monoclinic planes at room temperature with the c¢; direction oriented parallel to the substrate
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(SiO9 and Si). During the transition, as the c; contracts, stress is introduced on the film,

changing the material’s mechanical properties.

2.4.2 Electrical Transition

The insulator-to-metal (IMT) transition in VOg was initially described by crystal field theory
[85]. It was described that the unusual properties in transition metal oxides were due to
electronic reordering in the outer d orbitals [86].

The vanadium atoms occupy the octahedral interspaces between oxygen atoms in the
tetragonal phase as shown in Figure 2.23. Hybrid molecular bands (dj; and d) are formed
by the oxygen 2p and vanadium 3d outer orbitals [87]. These two bands are near to the
Fermi energy level and participate in the IMT [88]. The dj; band split into valence (bonding,
low energy) and conduction (anti-bonding) bands resulting in a bandgap of ~ 0.7V for the
insulator state as shown in Figure 2.24. During the metallic phase, the d; shift to lower

energies and the dj; bands merge closing the energy bandgap.

Low-T: Insulator High-T: metal

Figure 2.24: Band diagram of VO9 insulator state (left), metal state (right) [88].
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2.4.3 Optical Transition

During the VO2’s optical transition the transmission, reflection and absorption all change.
Recent studies suggest this the change in the optical and electrical properties comes as the
result of the first-order insulator-to-metal-transition (IMT) in VOg, which is not driven by
the structural phase transition (SPT) [68, 89].

The VO9 transmission changes abruptly from 900 nm to 2500 nm wavelengths during the
IMT [8]. The magnitude of this change increases with wavelength until terahertz frequencies
(A=300ypm) [10]. This optical switching capability of VOg has been explored for mid-IR to
NIR image conversion and optical memory [90, 91]. Figure 1.1 shows the optical transition

in VOg for A=1550 nm.

2.4.4 Optical Memory

The optical transition in VOg9 exhibits a hysteretic behavior. The hysteresis in VOg9 thin
films make it possible to use it as an optical memory. This memory capability has been
investigated for multiple optical states programmed into a VO9 thin film as as function of
photo-thermal excitation (see Figure 2.25) [91].

Several technologies emerged from this optical memory in VOo. Among the first devices,
single crystal VOg was used to develop an IR optical modulator, which exhibited a very slow
switching response due to the single-crystal thickness and a resistive heater used to induce
the switching [6]. Later, the materialaAZs switching response was improved by using a VOg
film and Joule heating through doped-Si heating resistors, and an IR shutter was developed
[7]. More recently, a millimeter-size switchable IR filter array was developed using VO9 as
the thermochromic layer, diamond as a heat sink, chalcogenide glass for thermal insulation

with the substrate, and Pt electrodes as resistive heaters [92].
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Figure 2.25: Multiple optical states in VOo programed by photothermal actuation [91].

2.4.4.1 Other Optical Memory Systems and Materials

Optical memory systems emerged in the 1970s with holographic data storage [93|. After
decades of research compact disks (CDs) were released in 1983 [94]. These systems evolved
to digital video discs (DVDs) and blue-ray discs. In these systems the data is stored as
mechanical indents or pits (dark spots) onto a disk. These disks are optically read based on
a readout laser reflection [95]. Figure 2.26 shows the diagram for the CDs optical readout
system. A laser beam is collimated and polarized before passing through a quarter wave (\/4)
plate, which introduces a 90° phase difference. The circular polarized beam is reflected into
a mirror and focused into the disk. The reflective coating on the CD reflects the beam back
into the A/4 plate changing its polarization again with a phase shift of 90°. The beam is
reflected at the beam splitter interface towards the photodiode. The reading laser incident
on the pits on the CD will not return to the readout system due to poor reflection and

destructive interference [95]. The data storage capacity of CDs was increased by reducing
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the pit size and the reading laser spot size in the optical readout system.
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Figure 2.26: Optical readout system to retrieve stored data in CDs [94].

Other technologies have been explored for optical data storage, such as liquid crystals
(LCs), photo-polymerization, photo-refractive crystals, photo-bleaching and 3-dimensional
bits [96, 97|. Crystalline phase molecules are dispersed in a polymer to form LCs. These
molecules are partially oriented at room temperature, known as its anisotropic phase. This
orientation can be change to an isotropic phase by increasing the temperature above its glass
temperature Ty or applying an external electrical field. Data is stored in LCs by localized
laser heating. Similarly, data can be stored by photo-polymerization in a gel containing a
monomer and a photosensitive material. Photo-induced localized polymerization changes
the density of the material and consequently changes the material’s refractive index. The
stored optical pattern is based in this refraction index change.

Optical storage in photo-refractive crystals (e.g. Fe:LiNbOj3) is also based in the change
of the material’s refraction index. This index changes when an electric field is generated due

to a space-charge in the material when a photon is absorbed and free electrons are generated.
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Photo-bleaching is used for permanent data storage. A polymer block material containing a
fluorophore is written by a focused high intensity laser (> 1 mW), which decompose or bleach
the flourophore preventing it to have further optical emission. A laser with less intensity (<
1 mW) incident on the material will induce fluorescence in the areas not written.
3-dimensional bits or 3-D optical memories are based on layers of different materials.
The data is stored in depth layer Figure 2.27 shows the schematic diagram for a 3D optical
memory. Glass layers were used for permanent data storage similar to engraving [98|. Also
photo-polymers, photo-refractive materials and transparent materials (glass) are used for
these 3-D memories. A quantum optical data storage was reported by using a locking

technique for quantum memory [99].

Figure 2.27: 3-dimensional memory [98].

Photochromic materials (fulgides) and electron trapping materials (Sm3+-doped sulfides
Ca(Sr)S and Y903) are used for optical memory [100, 101]. Moreover, chalcogenides alloys
such as GegSboTes, SbySeq_;, Ing (Sb7gTez0)1—x,Gex (SbroTesp)1 -4, AgzIng(SbrgTezp)1—z—y
are used as rewritable materials in phase change memories [102|. These doped SbygTes al-
loys are commercially used materials in rewritable DVDs. GejgSbgg amorphous nanodots
were investigated for a new generation of rewritable optical disk [103]. These GejpSbgg

nanodots compared with GejgSbgg thin films reduce the thermal diffusion and show rapid

30



crystallization (ns range) increasing the optical memory speed. The material was written
by laser-induce crystallization using 300 ps pulses. A high density memory was achieved by
growing GejgSbhgg nanodots structure. The optical memory of this phase-change material

was stored in the amorphous phase to crystalline phase transition.

2.4.5 Self-sensing Feedback Technique

Self-sensing feedback technique is based on measurement and estimation of two different
system parameters. One parameter is measured while another is estimated. This technique
has been investigated for micro and nano manipulation using mainly in actuators for dis-
placement and applied force control [104]. In conventional manipulation systems external
sensors or embedded components are necessary to provide feedback for the control of the
displacement. Manipulators and actuators displacement control can be simplified by using
this self-sensing feedback technique eliminating the need for external components.

Several smart materials-based actuators have been used to implement the self-sensing
technique. Actuators based on bi-layer cantilevers, piezo resistors, lead zirconate titanate
(PZT), ion conducting polymer metal composite (IPMC), smart memory alloys (SMAs)
and VOo were reported [105, 106, 107, 108, 109, 110|. This technique also named as self-
sensing actuation (SSA) enables active control in these actuators by the estimation of the
displacement based on a measured parameter. In the PZT based actuators the capacitance
is measured, while in the other actuator the resistance is measured or sensed. Figure 2.28

shows the self-sensing technique used to estimate displacement in VOg-based microactuators.

2.5 VO3 Deposition Processes

VOs thin films can be deposited by chemical vapor deposition (CVP), sol-gel synthesis,
atomic layer deposition (ALD) and physical vapor deposition (PVD) processes such as pulsed

laser deposition (PLD), electron beam evaporation, and sputtering. The deposition condi-
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Figure 2.28: Self-sensing technique used in VO9 to estimate deflection by sensing the resis-
tance [111].

tions are crucial to obtain stoichiometry VOs. It can be obtained for most deposition tem-
peratures as shown in the vanadium oxides phase diagram in Figure 2.29. A mixing of the
other stable vanadium oxides phases represent a challenge to grow stoichiometric VOs.

The VO3 thin film quality and IMT is influenced by these deposition process and the se-
lected substrate [113]. VOg has been primarily deposited on sapphire (AlyO3), glass (Quartz,
fused silica), and silicon (Si) substrates. Other substrates such as silicon nitride (SigNy4) [114],
Germanium (Ge) [115], aluminum (Al) [116] and indium tin oxide (ITO) [117] have been
investigated.

The characterization of these thin films in mainly presented by X-ray diffraction (XRD)
for the 260 angle and by Raman spectroscopy. VOg oriented in the 011 planes shows a strong
peak around 28°. VO9 Raman spectroscopy characteristic peaks are around 192, 224, 309,
389, 612 and 824 cm L.
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Figure 2.29: Vanadium-oxide phase diagram [112].

2.5.1 Chemical Vapor Depostion (CVD)

VO3 thin films deposited by CVD and sol-gel synthesis involve a chemical reaction or de-
composition process using a vanadium-based precursor. Similar precursors have been used
for CVD and sol-gel synthesis in vapor or liquid state, respectively. Some of the used pre-
cursors are vanadium oxychloride (VOCL3), vanadium acetylacetonate (V(C5H7032),) and
vanadium tri-isopropoxide oxide (VO(OC3H7)3) [118]. The deposition can be achieved at
room temperature by hydrolysis followed by post annealing. CVD depositions at higher tem-
peratures (~400°C) often involve pyrolysis thermochemical decomposition to produce VOg
thin films [119]. Low-pressure CVD (LPCVD), atmospheric pressure CVD (APCVD), and
aerosol-assisted CVD (AACVD) have been investigated to produce these thin films [113].
Figure 2.30 shows XRD for VO grown by CVD over Si (100) substrate. Figure 2.31 shows
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the Raman spectra for VO9 on glass grown by CVD.
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Figure 2.30: X-ray difraction for VO9 grown by CVD over Si substrate [115].
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Figure 2.31: Raman spectrum for VOy grown by APCVD [118, 120].
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2.5.2 Atomic Layer Deposition (ALD)

ALD is a surface reaction process with accurate thickness control. This process use reactant
gases and vanadium-based precursors in gas or liquid state, similar to CVD. In some cases
a post annealing is necessary to produce VOo thin films. ALD offers accurate thin film
thickness control. However, this process is very sensitive to the used precursor and the
deposition conditions. This makes it challenging to achieve stoichiometric VOo [121]. A
mixing of vanadium oxide phases often occurs during these ALD depositions [122]. Also these
systems are expensive compare to other deposition systems and require high maintenance.
XRD results for VOo deposited on glass at different temperatures are shown in Figure
2.32 [123]. Two different phases for VOg monoclinic (M and M’) were observed at 400 °C.
This VO9 M’ phase does not exhibit the IMT and disappears for VO films deposited at
higher temperature. Stoichiometric VOo was obtained at 475 °C using vanadium acetylace-

tonate as a precusor and oxygen as the reactant gas for the deposition.
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Figure 2.32: X-ray diffraction for VOo grown by ALD on glass substrate. VO obtained at
475°C [123].
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2.5.3 Sputtering

Sputtering deposition processes include DC sputtering, radio frequency (RF) sputtering and
magnetron sputtering. During this process, ionized gas hit a target removing material atoms
from it. These atoms get deposited on a substrate. Magnetron sputtering can be imple-
mented with magnetically-assisted DC or RF sputtering to improve the uniformity of the
thin-film [118, 124].

Vanadium metal or vanadium oxide (VOg, V2O5) target materials are used [125] with
inert gas or a gas mixture (Ar-Og) [124]. Stoichimetric VOg grown by this technique shows

similar results as those presented for XRD, Raman spectroscopy and resistance drop.

2.5.4 Evaporation

Electron-beam and thermal evaporation processes are also used to grown VOsg thin films.
These PVD processes are very similar to sputtering. An electron beam is used to remove
material from a VOg target or a vanadium target with Ar/Oo gas [113, 126|, while the
substrate is maintained at room temperature.

Thermal evaporation deposition consists of a VOg9 thin films grown by thermal evap-
oration or e-beam evaporation. The substrate is maintained at room temperature during
this deposition process, which is not widely used for VOg thin films [118]. VOg thin films
deposited by this method show a resistance drop across the IMT of less than two orders of

magnitude for Si and glass substrates [127].

2.5.5 Sol-gel Deposition

Sol-gel deposition is a wet chemical deposition process. Similarly to CVD and ALD processes
it uses a vanadium-based precursors (sol) to produce VOg thin films.
Different V-precursors used to produce VOg thin films are commercially available in liquid

phase such as triethoxyvanadyl, vanadium oxyacetylacetone, and vanadium isopropoxide
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[128, 129, 130]. Others can be prepared with vanadium pentoxide (V9Og5) or V powders
dissolved in hydrogen peroxide (H2O9) to form the sol [131, 132|. Others were based on
ammonium vanadate (INH4V O3) and vanadium tetrachloride (VCLy) [133, 134, 135]. VOgq
thin films deposited by this process can be easily doped by adding metal powders into the
precursor at its liquid state.

The V-precursor is diluted in a solvent and then synthesize to form a gel. Hydrolysis
or polycondensation reactions occur during the synthesis when the V-precursor reacts with
water or another metal hydroxide [136]. The synthesized gel is deposited into a substrate
by dip coating, spray coating or spin coating. The substrate is heated after this deposition
to remove remaining solvents from the substrate. Further thermal annealing is required to
crystallize the film. This deposition method offers some advantages compare with other
deposition processes: 1) low-cost, 2) relatively large area deposition 3) low deposition tem-
perature, and feasible metal doping for VOg thin films [118].

This sol-gel process is sensitive to the annealing conditions. The temperature and time
plays a crucial role in the crystallization process of VOg. Several studies focused in the
optimization of these annealing conditions to improve the VOg9 quality.

The XRD spectra for VOg thin films grown on Si (100) at different annealing temper-
atures are shown in Figures 2.33 and 2.34. In 2004 Pan et al. (|129]) reported the VOgq
crystallization starting at 550 °C on Si (100) substrates. The films were annealed for 30 min
in N9 atmosphere. Additional annealing at 600 °C for 5 min improves the VO9 crystallization
as shown in Figure 2.33.

Later on, Shi et al. (|137]) reported VOg crystallization at 500 °C also over Si (100) for a
150 nm thin films (See Figure 2.34). The annealing time was the same for all temperatures
(1.5 hrs) in No atmosphere with a heating rate 8 °C/min. The same year, Vinichenko et al.
reported a study for Si and SiO9 substrates using a layerwise spincoating method [128]. VOq
thin films of 190 nm were grown for an annealing temperature 450 °C in Ar/Hy atmosphere

for 15 min. XRD results for this film are shown in Figure 2.35. VO thin films with the
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Figure 2.33: X-ray diffraction for VOg grown by sol-gel on Si (100) substrates at different
annealing temperatures [129].
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Figure 2.34: X-ray diffraction for VOg grown by sol-gel on Si (100) substrates at different
annealing temperatures [137].

same thickness were deposited on SiO9 by using the same process sol-gel process, annealing
temperature and atmosphere. The annealing time was increased to 40 min to obtain the
VO3 stoichiometry. The results for SiO9 films are shown in Figure 2.36.

Many optimized conditions are presented in the literature. However, these conditions
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Figure 2.35: XRD results for a VOg thin films on Si for an annealing temperature of 450 °C
for 15 min [128].
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Figure 2.36: XRD results for a VOg9 thin films on SiO9 for an annealing temperature of
450 °C for 40 min [128].

varied for each system and the selected substrate. These results demonstrate the importance
to optimize the annealing conditions for when using sol-gel process.

VO3 thin films grown by sol-gel are porous compare with other deposition methods.
Figure 2.37 shows the topography for the VO film of 2 x 2 um area from Shi et al. results
[137].

SEM is used to evaluate the thickness of these films [138]. Figure 2.38 shows a cross-
section measurement of a VO9 thin film. Profilometer is not the prefer method to measure

sol-gel grown thin films due to the roughness and topography characteristic of these films.
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Figure 2.37: AFM topography of VOg thin films by sol-gel on Si (100) [137].
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Figure 2.38: Thickness measurement of VO9 thin films using SEM cross-sectional imaging
[138].

2.5.6 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is another PVD process, which is suitable for oxides deposition|118|.
This process is based on laser ablation, where an excimer laser (ArF,KrF,XeCl) is focused
into a rotating target (V, VoOs) [139, 140, 141]. Material is remove from this target and
deposited into a substrate located opposite to this target as shown in Figure 2.39. Ar/Os
gas mixture or Og gas are used for this process. The substrate is maintained at a certain tem-
perature during the deposition, usually at elevated temperatures [118]. Often this deposition

is followed by a post annealing step to obtain stoichiometric VOo.
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Figure 2.39: Schematic for a PLD system [118].

The substrate temperature for VO thin films ranged from room temperature to ~630 °C
[142, 143, 139]. VO9 thin films were deposited at a substrate temperature of 520 °C with 90
mTorr of Ar/O9 gas pressure. These conditions were used to deposit VOg thin films on Si,

SiO9 and AlpO3 substrates. Figure 2.40 shows the XRD spectra for these substrates.
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Figure 2.40: XRD spectra for VOg thin films over Si (100), SiO9, and AlsOg by PLD [141].

During this substrate study Soltani et al. found that the thermochromic properties of

VO9 were not affected by the selected substrate when using the same deposition conditions
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[141]. Moreover, Kim et al. showed a resistance drop of 4T orders of magnitude for VOo
thin films growth on AlsOg. These thin films were deposited at 630 °C with 30 mTorr of O»
pressure with no annealing [139].

Marvel et al. studied the influence of three deposition processes (including PLD) on
different substrates: Si (100), SiOg and AlpOs (0001) [113]. Amorphous VOg thin films
were deposited on these substrates at room temperature with a pressure of 11 mTorr of Os.
These films were annealed at 450 °C with 25 mTorr of O9 for time intervals of 2, 5, 10,
30, and 90 min. Highly oriented VO9 thin films resulted after this crystallization /annealing
step. Raman spectra for VOo films over Si (100) and SiO9 are shown in Figures 2.41 and
2.42, respectively. VO films start to crystallize on Si substrates after 5 min. It shows the
strongest peak around 640 ¢m ™! for a 30 min annealing. A mixing of vanadium oxides
phases occurs for SiO9 substrate when deposited after 5 min. Figure 2.43 shows the optical

transition of a VOg thin film over SiO9 substrate annealed for 5 min [113].
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Figure 2.41: Raman spectra for VO thin films on Si (100) substrate for different annealing
times (2, 5, 10, 30, and 90 min). VO9 strong peaks shown for the 30 min data [113].

These substrates were compared for its optical hysteresis contrast as a figure of merit for

the study. Figure 2.44 shows how AloOg outperforms among Si and SiO9 substrates.
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Figure 2.42: Raman spectra for vanadium oxides on SiO9 substrate for different annealing
times: 2, 5, 10, 30 and 90 min [113].
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Figure 2.43: Optical transition of VO9 over SiO9 for 1550 nm [113].

2.6 Summary

In this chapter, a background on infrared image projectors, electronically controlled variable

optical attenuators and VO9 was presented. Electro-optical materials suitable for infrared
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Figure 2.44: Hysteresis contrast for PLD deposited VO9 thin films on AlsO3, Si and SiO9
[113].

applications were discussed with the devices. Three operation technologies were discussed
for images projectors (transmissive, reflective and emissive). Solid-state, MEMS and liquid
crystal based devices were discussed as electronically variable optical attenuators. Attenua-
tion control was discussed as a key parameter for optical system integration. The transition
behavior for the electrical, structural and optical properties of VOo was discussed. A back-
ground on optical memory devices and some optical storage materials was provided. VOg
thin film deposition processes were presented with emphasis in sol-gel synthesis and pulsed
laser deposition (PLD). The following chapters present the VOso deposition processes; the
optical memory of VO9 and its application for infrared image projectors; and variable optical

attenuator with self-sensing control based on the VO9 electro-optical correlation.
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CHAPTER 3
VO2 THIN FILMS DEPOSITION

VOs thin films were grown by pulsed laser deposition (PLD) and sol-gel synthesis. PLD
deposition system allows for depositions on substrates as large as 2 inches in diameter. Sol-
gel process was investigated to deposit VO in substrates as large as 4 inches in diameter.
The investigated method minimized the precipitates formed during the sol-gel synthesis,
thus reducing the film’s cracks formation as the solvent evaporates. Different solvents, con-
centrations, substrates, dying methods, and annealing conditions were investigated. VOqg
was successfully grown on fused silica quartz 1.6 cm? square substrates (1 mm thick) and
SiO9/Si(100) (1/500 pm thick) 4 inches wafers. The VOg thin films were characterized
by x-ray difraction (XRD), Raman spectroscopy, atomic force microscope (AFM), scanning
electron microscope SEM, and a surface profilometer. The electrical and optical properties

were investigated.

3.1 Sol-gel Deposition Process

Vanadium(V) triisopropoxide oxide precursor (VTOP, Alfa aesar 96 %, VO(OC3H)3) was
used as the sol for this synthesis. Anhydrous methanol was added to the VTOP sol to help
with the solubility of the solution and to control the viscosity of the gel. Distilled (DI) water
was added as final catalyst component into the solution to induce the gelation process. The
formed aqueous gel was spin coated into SiO9 and SiO9/Si substrates. The excess of solvent
on the film was removed by a drying step on a hotplate. The samples were annealed at one
step using a tube furnace to crystallize the V2Og thin film and promote its reduction into

VOs. The overall reaction of this synthesis,
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is based on hydrolysis reaction by adding HoO. Amorphous VoOs and solvents are the by
products of this reaction. After removing the excess of solvent OHC3H, with the drying step

the remaining V9Op is crystallized and reduced to VOs.

A diagram of the used process is shown in Figure 3.1.

; Spin Bake Annealin
SynthESIS — Filterihg—p p . 190 °C ——> g
Coating A Furnace

Ar-H: (95-5%)

Figure 3.1: Summarized sol-gel process used to deposit VOg thin films.

3.1.1 Substrate

VOs thin films with thickness of approximately 100 nm were grown on 5 cm? and 4”7 substrates
of SiO9. Square fused silica quartz substrates with surface area of 0.5 x 0.5 inches and
thickness of 1 mm were used to determine the process for growing VOs. In order to make
the process compatible with standard microfabrication process, 4” substrates were used. A
1 pm layer of SiO9 was deposited by low thermal oxidation (LTO) process over a 4 inches
diameter Si wafer (SiO2/Si). These substrates were cleaned in acetone and methanol with
ultrasonic bath. The 4" wafer was cut into four pieces to analyze the uniformity of the VOq
thin film. Figure 3.2 shows the resulted films. Hereinafter, piece A, B, C and D of the

SiOg/Si substrate.

3.1.2 Synthesis

Different solvents were examined at the same concentration to consider the precipitates
formed. The solvent was determined empirically based on the observed behavior of the

solution. The solutions were prepared with 624 mg of VITOP, having a concentration of
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Figure 3.2: VO2/SiO9/Si wafer cut into piece A, B, C and D for further characterization.

0.38M. The solvents were added at approximately the same rate to avoid stirring up the
solution. Table 3.1 describes different solvent behavior. Anhydrous methanol was selected

based on these experiments.

Table 3.1: Solvent effect on gel precipitates formation.

] Solvent ‘ Observed behavior

Isopropanol | Precipitates formed instantly.
Solid layer formed.

Acetone Highly viscous gel formed quickly,
gel not suitable for spinning.
Ethanol Precipitates were formed,
non homogenous gel.
Methanol Aqueous homogenous solution.

Last for 1h before a viscous gel formed.
Anhydrous | Same homogeneity as methanol,
methanol repeatable results after the annealing process.

The gel viscosity varied with the solvent concentration. High solvent concentrations
produced aqueous gel, a viscous gel was achieved by decreasing the concentration. Different
anhydrous methanol concentrations were examined in order to have an aqueous gel that
spread uniformly during the spin coating. The concentration of methanol was varied from
60, 65, 70, 75, and 80 % of the initial volume (4.3 mL). Precipitate-free solutions (to the

naked eye) were achieved with 70 %.
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3.1.3 Gel Deposition

The gel was filtered with a 0.45 pm and 5 pm pore size Millipore filters. The 0.45 pm filters
were saturated due to a small output opening while covering a large area. 5pum filters
demonstrated to improve the uniformity of the film compared with no filtering, as seen
under the microscope.

The gel was spin-coated on the substrates. The spinning process consisted of two steps:
spreading the solution at low speed to cover uniformly the entire area, and spinning at
higher speed to have a uniform thickness. The gel was spread for 5s at 600 rpm, followed

by a spinning at 2,000 rpm for 30s.

3.1.4 Drying Treatment

A drying treatment followed the deposition to evaporate the solvents by-products of the
synthesis reaction. Two methods were evaluated: IR drying and hot plate baking. In this
step was important to determine if there is an effect on the film whether the film is heated
from top or bottom. The temperature on the substrate was calibrated using the same
thermocouple for both methods. Two samples were deposited and tested under the same
heat treatment for 4 min at 190 °C. A custom-built IR dryer was used. This sample showed
degradation and discontinuous spots. The rest of the experiments were carried using a hot

plate to dry all the samples.

3.1.5 Annealing

The annealing conditions were studied initially for SiO9 substrates. 0.5” x 0.5” samples were
annealed in a tube furnace under reducing atmosphere with Ar-Ho (95-5%) gas flux. The
temperature heating rate was ~10°C/min for all the cases to avoid crack formation. The
cooling rate was not controlled, and the heaters were turned off at the end of the annealing.

The temperature was controlled using Labview software to ensure a repeatable process with
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accurate annealing time. The substrate temperature was calibrated with respect to the
controller temperature. The temperature presented is the substrate temperature.

A background pressure between 1210~% Torr and 7210~° Torr was reached before in-
creasing the temperature. The annealing temperature, pressure, and time were studied.

Samples were annealed at 500 °C and 37 mTorr for 1, 1.5, 2, 3, and 4 hours. Figure 3.3
shows the resistance as a function of temperature curves using a heat rate of ~0.4°C/s for
the measurable samples. The 4 hour annealing process degraded the sample. An annealing
time of 2 hours was chosen as the optimum time for further processing. This sample showed
hysteretic curve with a noticeable resistance drop from 383.6 k) to 13.8 k{2, having ~1.4

orders of magnitude drop.

Resistance (Q)

30 40 50 60 70 80 90 100
Temperature (°C)

Figure 3.3: Annealing at 500 °C varying the annealing time.
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Based on these results, the annealing temperature was studied for the same pressure (37
mTorr), but all with the same annealing time of 2 hours. The temperature range studied
went from 336 °C to 558°C. Figure 3.4 shows resistance curves from 400°C to 558 °C.
400 °C sample is almost metallic. Approximately 27 order resistance drop is observed for

the sample annealed at 428 °C. The resistance drop decreases as the annealing temperature

increases.
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Figure 3.4: Annealing temperature study on SiO9 from 400 °C to 558 °C.

Additional samples were annealed at temperatures near to 400 °C. The annealing tem-
perature was studied from 417 °C to 496 °C. Thin films with a resistance drop of 1.5 orders
resulted for these films as shown in Figure 3.5. Not all curves considered during this study

are shown in this figure, for clarity.
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Figure 3.5: Annealing study on SiO9 for a temperature range of 417 °C to 496 °C.

SiO2/Si substrates were annealed with these conditions: 439 °C at 37 mTorr for 2 hrs.
A temperature of 439 °C at the sample corresponds to 600 °C at the temperature controller.
Figure 3.6 show the results for the study in SiO5/Si. The annealing conditions were mod-
ified to accommodate this different substrate. The pressure was reduced to 15 mTorr and
the temperature raised to 461 °C, thus requiring a stronger reducing environment with lower

pressure and higher temperature compared to SiOg samples. Another Si/SiO2 sample an-

nealed at 473 °C showed metallic behavior.
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Figure 3.6: Annealing conditions variations in SiO9/Si substrates.

Considering the results from the previous study, 4" wafers were annealed at 461 °C,
15 mTorr for 2 hours with repeatable results. Figure 3.7 shows resistance curves for

VO /Si09/Si pieces A, B, C and D previously shown in Figure 3.2.
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Figure 3.7: Electrical characterization of VO9/SiO9/Si the wafer pieces A, B, C and D.

3.2 Characterization of VO, deposited by sol-gel

The VOg thin films grown by sol-gel method were characterized to investigate its composi-

tion, topography, uniformity, electrical transition, and optical transmission.

3.2.1 Electrical Transition

The phase transition was first characterized by the drop in electrical resistance. The results

for this characterization at different annealing times was presented in the previous section.

93



The characteristic hysteretic behavior of VOo was observed as the temperature of the film
was varied at ~0.4 °C/s across the phase transition temperature. The resistance drop around

68 °C and the typical hysteretic behavior are an indication of VO9 film.

3.2.2 Composition

The composition and orientation of the VO3 thin films were investigated by XRD and Raman
spectroscopy. XRD measurements were performed using a Bruker-AXS High Resolution X-
ray diffractometer. Figure 3.8 shows the spectra for the films deposited on Si and SiO9/Si
substrates. The substrate background was removed from the spectrum. The VO9 character-
istic peak around 28° is observed for both samples. These results demonstrate some level of

crystallization in the sol-gel deposited VO3 thin films.
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Figure 3.8: XRD characterization of VO9/SiO9 sample annealed at 428 °C for 2 hrs at 37
mTorr and VOs/SiO9/Si sample annealed at 461 °C for 2 hrs at 15 mTorr.
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Raman spectroscopy was measured using with a wavelength of 532 nm. Thin films
deposited on SiO9 and annealed at 417°C, 428 °C and 450 °C were evaluated. Also films
deposited on SiO9/Si substrates for 406 °C, 439 °C and 461 °C. VOg characteristic spectrum
was obtained at 417 °C for SiO9 substrates. A mixing of vanadium oxides phases appears
as the temperature increases similar to those presented in Chapter 2. See Appendix A:
Composition study for VO3 thin films by sol-gel for these results.

For SiO9/Si substrates, the VOo characteristic spectrum is showed at an annealing tem-
perature of 461 °C for 2 hours and 15 mTorr. At temperatures higher than 461 °C VO9 was
observed to crack and degrade. Samples evaluated below this temperature showed a reduc-
tion from V9Op5 phase as the annealing temperature increases. However, for SiO9 substrates
a mixing of VoOg and V905 phases was observed as the annealing temperature increases.
These results demonstrate the importance of surface conditioning and substrate selection
during sol-gel processing. During the annealing process the thin film is reduced by the con-
ditions (temperature, pressure, and purging gas) but it could recover oxygen at the interface
with the substrate.

Figure 3.9 shows the VOg thin films Raman spectrum for SiO9 (left) and Si/SiO9 (right)

substrates.
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Figure 3.9: Raman spectroscopy characterization of a) VO9/SiO9 sample and b)
VO9/SiO9/Si sample.
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3.2.3 Topography

The films topography was investigated by using a contact surface profilometer (NanoMap-
500LS) for a 5 mm x 5 mm area. A stylus force of 25.68 mg was applied during the surface
scanning. Figure 3.10 shows the topography for piece “A” of the SiOo/Si wafer. Similar
results were obtained for other pieces. The vertical resolution of the used contact surface

profilometer is 0.1 nm for an ideal environment. AFM was considered to characterize these

films at smaller scale.
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Figure 3.10: VO9 thin film topography measured with the 3-D surface profilometer.

An AFM system was used to investigate the topography and roughness of VO9 thin film
for pieces A, B, C and D. A square area of 5 ym x 5 um was measured at approximately
the same radial distance. The average roughness for each piece were 27.2, 42.6, 33.57, and
32.8 nm, respectively. Figure 3.11 shows these measurements. A smaller area of 1 ym x 1

pm square region was investigated, see Figure 3.12.
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Figure 3.11: Atomic forced microscope (AFM) surface characterization for VOg/SiO9/Si.
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Figure 3.12: AFM surface topography for VOs/SiO9/Si substrate measured in a 1 ym x 1

pm square area.
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3.2.4 Thickness

Thickness of the film was measured by the surface profilometer (same described above)
before annealing (amorphous V20Os5). Figure 3.13 shows a ~200nm step. The thickness
of this film slightly decreases after the annealing step. SEM was used to assist with this

thickness measurement on the film after the annealing.
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Figure 3.13: Thickness measurement.

SEM and focused ion beam (FIB) were used to measure the film’s thickness after an-
nealing. The thin film was cut into a trapezoidal shape to reduce material build-up at the
edges as shown in Figure 3.14. Each piece of the 4" wafer was measured at the center of

the piece. Figure 3.15 shows the results for all sections.

3.2.5 Optical Transition

The optical transmission of VOg9 films grown by sol-gel on SiO9 was measured using the
setup described in Section 4.3. The transmission was measured for A=1550nm. The
results shown in Figure 3.16 were normalized with respect to its maximum transmission at

room temperature. A 70 % transmission drop was observed.
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Figure 3.14: FIB trapezoidal cut for VO9 thickness measurement.

146.4 nm

148.9 nm

(a)
[ Y —
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Figure 3.15: SEM cross-sectional thickness measurement for VOg/SiO9/Si. Note: The value

labeled on these figures corresponds to the measurement between the white bars.
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Figure 3.16: Transmission for VOg deposited by sol-gel method as a function of temperature
(heat rate: ~0.4°C/s) for A=1550 pm.

3.3 Pulsed Laser Deposition (PLD) Process

3.3.1 Deposition Conditions

PLD was used to deposit the VO thin films used in the devices developed and described
in this thesis. Table 3.2 summarize these conditions. More details about the deposition

conditions can be found in following chapters.

Table 3.2: PLD deposition conditions

Device 1 | Devive 2 | Device 3
Temperature °C 600 595 595
Ar Flux (sccm) 10 - -
Og9 Flux (sccm) 15 20 15
Repetition Rate (Hz) 10 10 10
Deposition Time (min) 30 30 25
Annealing Time (min) - 30 30

61



3.4 Crystallization of PLD growth VO, thin films assessed by XRD

XRD was used to characterized the VO thin films grown by PLD. Figure 3.17 shows the
spectrum on a VOs thin film deposited by PLD under Ar/O9 gas mixture on SiOs. The SiO9
amorphous substrate broad peak centered around 21° is shown in this plot. Materials with
no crystal structure (such as the amorphous fused silica used as substrate) produce these
scattered reflections. Figure 3.18 shows the spectrum for VO9 deposited by PLD on an
oxygen atmosphere on a SiO9 substrate. Thin films grown with only Og gas showed better
orientation as evidenced by the stronger peak ~ 28°.

The XRD results for sol-gel deposited VOg9 is shown in Figure 3.19 for comparison
purposes. A much weaker peak is observed ~ 28° for this film. Sol-gel deposited VOq thin

films show lower crystal orientation.
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Figure 3.17: XRD characterization of a VOg thin film and SiO9 substrate deposited under
Ar/O9 atmosphere.
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Figure 3.18: XRD characterization of VOg thin film and SiO9 substrate deposited under O9
atmosphere.
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Figure 3.19: XRD results for SiO9/VOs9 deposited by sol-gel.
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3.5 Summary

In this chapter, two deposition processes were investigated for VO9 thin film deposition. Sol-
gel deposition process was used for SiO9 and Si (100)/SiOg substrates. The sol-gel synthesis,
gel deposition, and drying treatments were discussed. The annealing conditions (e.g. time
pressure, and time) for this process were studied. Electrical characterization (resistance and
a function of temperature curves) were used as a parameter to describe the quality of the VOg
thin films. Optimum annealing conditions found for SiO9 substrates were applied to Si/SiO9
substrates. These VO9 thin films were characterized by XRD, Raman spectroscopy, surface
contact profiler, AFM, and SEM. Also the optical transition of these films was investigated
for a wavelength of 1550 nm. VOg thin films deposited by PLD were characterized by XRD

and compared with sol-gel results.
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CHAPTER 4
NIR IMAGE PROJECTION BASED ON VO; OPTICAL MEMORY

In this chapter the hysteretic behavior of VO9 is used for the projection of near-IR (NIR)
images by programing multiple optical states on the VO thin film. The optical states were
programmed by photothermal actuation, scanning a focused red laser on localized regions
of the VOg9 thin film. The abrupt change in transmission of NIR wavelengths across VO2’s
solid-to-solid phase transition was used to reflect a diffused near-IR beam in the regions
scanned by the red laser. The transmitted NIR beam was projected on a laser beam profiler.
The results of a single scan from the red laser show images with a high contrast between the

two phases of the material [144].

4.1 Sample Preparation

The VO film was deposited on SiO9 substrate by pulsed-laser deposition (PLD). The depo-
sition was done by using a KrF laser at 10 Hz repetition rate with a pulse energy of 350 mJ
into a rotating vanadium target while maintaining an Oo-Ar gas atmosphere (15 and 10
standard cubic centimeters per minute, respectively) at 20 mTorr. The substrate temper-
ature was 550 °C. The substrate had width, height, and thickness of, respectively, 15, 11,
and 1 mm. The deposited VOq film thickness was ~ 300 nm 4AS as measured using a Veeco
Dektak 6M Profiler 4AS and showed a resistance change close to two orders of magnitude
when the temperature was cycled between 30 and 90 °C. The change in resistance showed

hysteretic behavior, typical of VOs.
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4.2 VO, Optical Memory

The VO» optical memory for a wavelength of 1550 nm was investigated by measuring the
transmittance as a function of temperature as the phase transition of VO9 was induced by
conductive heating using Peltier heaters. The temperature setpoint were cycled from 20 °C
to 70°C as shown in Figure 4.1. The major and minors transmittance hysteresis loops
demonstrate the VO9 material capability to store multiple optical states.

The VO3 thin film has different transmittance values or optical states at the same temper-
ature based on the previous thin film’s temperature, which is known as ‘memory’. Initially,
the VO9 thin film temperature increases from 20°C to a temperature above its IMT fol-
lowing the heating curve in Figure 4.1 (e.g. 70°C). As the film’s temperature decreases,
now following the cooling curve in Figure 4.1 the transmittance of the VO3’s film will be
different from than it had before at certain temperature (e.g. 50 °C). Multiple optical states
are obtained by cycling the temperature of the VOs’s thin film as shown in Figure 4.1, at

55°C 7 optical states are shown.

4.3 Projection Setup

NIR image were programmed and projected using the optical set-ups shown in Figure 4.2
and Figure 4.3. An IR projecting laser beam (A=1550nm, 90 mW, spot size diameter
~1.5mm, Thorlabs FPL1055T) was diffused into a square shape (7.25mm X 7.25 mm) of
uniform intensity on the VO» film. The optical diffuser was used to provide uniformity, in
terms of optical power or intensity to the image plane. This optical diffuser with a diffusing
angle = 6° (EDS-A RPC Photonics) was aligned between the IR laser and the VOo sample.
The area of the VOg thin film illuminated by the diffused IR beam is the plane in which the
NIR image to be projected will be programmed. A writing laser (A=650nm (red), power
= 100 mW, spot size diameter ~ 600 pm) was focused on the VOg film. A scanning system
(Thorlabs GVS002 - 2D Galvo System) was placed in the path of the writing laser. This
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Figure 4.1: Optical transmittance of a ~300 nm thick VO9 film deposited by PLD across
the phase transition.

system has a pair of mirrors, which were computer-controlled using LabVIEW programming
to write a pattern on the VOo film.

In order to use the memory capability of VOg, it is necessary to operate within the

Scanning Image and Controllers
Mirrors |

l Peltier
\ heaters

Diffuser
Projecting
Laser Laser
Beam
1.55 um Profiler
Writing VO:2 Film flcgg"ex
Laser =i

650 nm

Figure 4.2: Experimental optical system with diffuser used to program an image onto a VOo

thin film
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hysteretic region [91]. Therefore, a pre-heating of the sample to a temperature close to the
phase transition (hereinafter referred as the operating temperature (OT)) was done by using
two Peltier heaters, which also served the purpose of holding the sample. The heaters were
controlled in a feedback configuration by a temperature controller (Newport 350B).

The diffused IR beam transmitted through the VOs9/SiO9 sample was focused into a
detecting Laser Beam Profiler (LBP) image sensor (LBP-4 Newport, sensor area: 6.47 mm
X 4.83mm) by using a biconvex lens transparent to IR wavelengths with a focal length of
30mm. A calibration process was performed to limit the writing laser scanning to a region
inside the IR irradiated area, compensate for the image inversion due to the biconvex lens,
and focus the IR diffused beam on the LPB image sensor.

A similar setup eliminating the diffuser was investigated. In this case a higher power
laser was used and the laser beam was expanded to have a relatively uniform intensity at the
image plane. If was found the diffuser coating introduce visible grains on the image. Figure

4.3 shows the experimental setup used for the experiments with no diffuser.

IR Therapy
Writing Laser

Red
Laser

e Controlable

Mirrors
VO: film -

Peltier heaters

Lens

a) LBP ‘—l @

Figure 4.3: Experimental optical setup eliminating the diffuser used to program an image
onto a VOg thin film, a)schematic diagram b) photograph of the setup.
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4.4 Non-pixelated Image Calibration

A single scan of the writing laser will increase the temperature in the illuminated VO9 thin
film, locally inducing the phase transition and causing a significant drop in the transmittance
of IR wavelengths. The scanning rate of the micro mirrors was calibrated to have a non-

pixelated image as shown in Figure 4.4.
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Figure 4.4: Pixels calibration by control of the micromirrors scanning speed.
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Figure 4.5: Red laser beam profile along the x-direction. Inset show the intensity contour.

The scanning rate was selected empirically to optimize uniformity, contrast, and image

resolution. The scanning distance was chose to ~ 125 pm to uniformly heat the image path

69



Figure 4.6: Micro-mirrors scanning speed calibration.

as the heating laser spot size was ~ 590 um as measure with the LBP as shown in Figure
4.5. Larger distances between the scanning movements introduced gaps within the writing
path. The scanning speed was selected to 25ms based on Figure 4.6. Lower scan speeds
(e.g. 50ms, 100 ms) affects the resolution of the image heating a large area. Faster scanning
time was not enough to heat the film and induce the material transition. The writing laser
was scanned a rate of approximately 5 mm /s within a continuous path - moving each 25 ms

a distance of 125 pm.

4.5 Results

First, a proof-of-concept experiment was performed to determine the capability of near-
IR projection and reflection through VO9 as the material undergoes a phase transition.
Figure 4.7 shows optical transition of the VO thin film as temperature increases. For
this experiment the IR laser A=1550 nm was projected through VOs/SiO9 sample into a
laser beam profiler (LBP). The IR laser was operated at lower power (4mW) and focused

to spot size of ~ 3mm, and the temperature was controlled by the Peltier heaters. As the
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temperature increases the material transition is induced and the IR radiation transmission

decreases.

Figure 4.7: IR optical transmittance through VO9/SiO9 as film’s temperature increases.

The transmittance curves (shown in Figure 4.8) were normalized with respect to the
power measured by the LPB when no sample was placed between the diffused IR beam
and the LBP (i.e. power of the diffused IR beam was 100 %). This transmittance (still at
room temperature) decreased to 97 % when the VOg/SiO9 substrate was added (1% due
to the SiOg substrate, and 2% due to the VOg). The different loops shown in Figure
4.8 are the major and minor loops resulting from heating/cooling sequences of decreasing
amplitude; from 20 °C up to 70 °C temperature range. This demonstrates that the presented
IR image projection system could be programmed to have multiple optical states, which
would translate into programmable contrast levels in the projected image. In this work, only
one contrast level was used.

In order to increase the contrast of the projected IR image, it is necessary to increase

the difference in transmittance of the VOg9 thin film. This will occur when the operating
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Figure 4.8: NIR A = 1.55 nm transmittance through VO9 during heating and cooling tem-
perature cycles. The different optical states are identified as an image is programmed and
projected. Only some minor loops are shown for clarity.

temperature corresponds to the largest separation between the heating and cooling curves.
This operating temperature was determined to be 55 °C from the VO9 optical transmittance
characterization experiment. It should be mentioned that this temperature of 55°C is the
temperature as measured (and controlled) at the surface of the Peltier heaters, and it cor-
responds to a temperature of ~ 52°C at the center of the sample. The sample temperature
was set to 55 °C and after it stabilized the actual temperature of the VO9 films was measured
using a thermocouple placed at the center of the sample.

The NIR transmittance at the operating temperature was found to be 74 % (see Figure
4.8). While the temperature at the surface of the Peltier heaters was maintained constant,
the writing laser increased the temperature in the scanned regions above the transition
temperature, following the major heating curve. After the writing process is over, the scanned

region returns to the operating temperature, but now following one of the cooling curves,
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which ends at a different transmittance value depending on the specific minor curve followed.
Considering the temperature increase induced in the VO9 by the writing laser (which was
measured directly on the sample), it was confirmed that the temperature increases 6 °C above
the operating temperature returning to a transmittance state of 13.2% as pointed in Figure
4.8. A contrast ratio of approximately 6:1 was obtained between the two programmed and
stored optical states.

IR images were programmed, stored, and projected by using the optical setups described
in Section 4.3. Figure 4.9 shows different stages of the programming sequence of an image
on the VO9 film by using the projection setup in Figure 4.2. In this case, we chose the
capital letter AAYSAAZ from our affiliation logo; but the pattern shape can actually be drawn
in a graphic user interface that was created — any shape can be programmed and projected.
Figure 4.10 shows the programming sequence of a square shape by using the projecting setup
described in Figure 4.3, which eliminates the diffuser. These images demonstrated that the

‘grainy’ profile observed in Figure 4.9 is due to the optical diffuser used in Figure 4.2.

Figure 4.9: Programmed and projected NIR image: a) at 55 °C before laser scanning, b) dur-
ing writing laser scanning, ¢) right after the writing laser scan finished, and d) programmed
image 5 minutes after scanning. ‘Grainy’ profile was found to be characteristic of the diffuser.
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During early experiments to develop this IR projector technology, a lower intensity laser was
used. Expanding the laser beam was not enough to cover the projecting plane on the LBP
and the use of the diffuser was necessary. In this case the diffuser was eliminated because a
higher intensity laser was used and expanded to cover most of the projecting plane. However,
non-uniform corners are observed in Figure 4.10 a. The pattern was mostly written inside

the uniform intensity area.

Figure 4.10: Square pattern programmed into the VOg and projected NIR image: a) at 55°C
before laser scanning, b) during writing laser scanning, c¢) right after the writing laser scan
finished, and d) programmed image 5 minutes after scanning. ‘Grainy’ profile was eliminated
by removing the diffuser.

The process of programming the VO9 film started with the diffused NIR projecting laser
illuminating the film. The image was programmed at the operating temperature of 55°C
(Figure 4.9-a and Figure 4.10-a). The writing laser was turned ON and a single writing
laser scan, which took about 2 seconds to complete, was enough to program the image. This
time limitation is due to the used scanning method and is independent from the material
time response. When the writing laser is turned OFF the pattern is stored in the VOg thin

film and projected simultaneously by the projecting laser.
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4.6 Device Characterization

The minimum feature size of the pattern (i.e. pixel size) measured on the LBP was ~600 pum,
which corresponded to ~860 pm in the VOg thin film plane. The diffused NIR beam was
optimized to cover the largest area of the VO9 thin film. The developed optical system was
characterized assuming a pixel size of ~600 pm (see Figure 4.5). It showed a resolution of
~10 pixels in the x-direction and ~8 pixels in the y-direction. Using the developed system
the programmed image was completely erased by decreasing the operating temperature.
The complete aALJresetaAl of the optical memory states in VOg was done by decreasing the
operating temperature to room temperature.

The observed behavior was analyzed by the temperature change in the VO9 film due to
the writing laser radiation. This change in temperature was calculated by using the following
equation:

Pt

AT = —— (4.1)
A ’
pVCp — gt

where p, Cp and s are the density, specific heat, and thermal conductivity of VOg, respec-
tively; V is the film heated volume; A is the area of the VOg film illuminated by the writing
laser; d is the film thickness, t is the irradiation time, and P is power absorbed by the VOq9
film. The power absorbed by the VO9 was calculated to be 52.9 mW by using the Lambert-
BeeraAZs Law. The material extinction coefficient for the insulating phase (~ 0.3) [[145]]
and the angle of incidence, (~ 45° were considered).

A simulation was performed using finite element method (FEM) analysis (COMSOL
Multiphysics) to determine the temperature change and validate the calculation. The sample
dimensions, parameters and all the boundaries conditions used in the simulation resembled
the values used in the experiment. For a radiation exposure time of 25 ms, Equation (4.1)
and the simulation gave a final temperature of 58.8 °C and 67 °C, respectively. Figure 4.11
shows the FEM simulation before and after 25 ms of red laser radiation.

The calculated value agrees with the film direct measurement of 59 °C, suggesting that
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Figure 4.11: Finite element method (FEM) simulation at (a) operating temperature, (b)
after 25 ms of red laser radiation.

the programmed image followed a minor loop path (as shown in Figure 4.8). The simulation
showed 67 °C as the highest temperature at the center of the spot; which covered a smaller
diameter of ~400pm. A temperature difference of 12°C was seen between the spot center
and the boundary of the circle used to simulate the writing beam spot size (600 pm diameter).
The difference between the FEM simulation and analytical methods is believed to be due to
the non-uniform temperature distribution of the Peltier heaters configuration. The operating
temperature used for the calculation was the direct measurement on the film, while the

simulation calculates its own operating temperature after the system reaches steady state

(43°C).

4.7 Summary

In this chapter, a programmable NIR image projector was demonstrated by successfully
using the optical hysteresis of VO9 thin films across its phase transition and a relatively
simple optical set-up and device. An optical diffuser for IR wavelengths was used in one
projecting set-up resulting in a ‘grainy’ image projection. A grain free image was achieved

using a similar optical set-up by removing this optical component. The minimum feature
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size of the projected image was determined by the writing laser spot size. The system can
erase an image and reach the operating temperature in ~2 s. The images are programmed
at a writing rate of 5 mm/s. In the next chapter, the optical transition of VOs is explored

to develop a VOA optoelectronic device.
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CHAPTER 5
VO32-BASED VARIABLE OPTICAL ATTENUATOR

In this chapter, the correlation between the optical and electrical properties of VO9 are pre-
sented for the development of a variable optical attenuator in the near-IR region (A=1550 nm).
This work introduces the VO9 capability of electronic tunability for NIR applications, specif-
ically in free space. A model to estimate optical transmission by sensing the electrical resis-
tance of VOq is presented. This model is implemented with self-sensing and feedback control

to attenuate an optical signal through VOs.

5.1 Electro-optical VO, Properties Correlation

Recent studies suggest that the change in the the electrical and optical properties comes as
the result of the first-order insulator-to-metal-transition (IMT) [68, 89]. While the change
in both properties show hysteretic behavior (as shown in Section 1), the fact that both
changes are strongly correlated can be used to reduce the hysteresis when one property is
plotted against the other. A series of experiments are performed to confirm this correlation

by measuring both properties simultaneously.

5.2 Self-Sensing Feedback

In this work, self-sensing refers to the estimation of the optical parameter (transmittance)
based on the measurements of another correlated parameter (resistance) of the same material.
Self-sensing of VO9 thin film is used to control the transmittance across the material. The
electrical resistance of VOg is measured while the optical transmission is estimated by a
determined model and controlled by a close-loop feedback that includes the self-sensing

model.
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A proportional-integral (PI) controller configuration was designed and implemented. The
controller gain values were determined from a set of performance specifications and the
system dynamics (which are dominated by the thermal dynamics from the heater). Due to
the relatively slow system response, which is characterized by an open-loop time constant of
18.5s, the targeted response time for the closed-loop controlled transmittance is 10s. The
measurement setup described in Section 5.4 is used to perform the VOA closed-loop tests
with a configuration represented by the block diagram shown in Figure 5.1. The resistance
of the VOgq (R) is sensed and used in the model to calculate the correspondent transmission
(T¢). This value (T¢) is then compared with the desired transmission (7). The error (F)
goes to the PI, which controls the current (/) that is sent to the Peltier in order to change

the temperature of the sample, therefore controlling the transmission percentage (7).

5.3 Device Fabrication

Although the phase transition in VOg9 has been demonstrated to occur at ultrafast time
scales, most of the current VOsg-based devices are operated by heating the material above
the transition temperature. The VOs-based VOA reported in this letter was operated by
conductive heating from a Peltier heater. The device consists of a VOg thin film with

coplanar electrodes. The VOg thin film (200 nm thick) was grown on single crystal quartz

Is% + E P | VO2based —>T %
i

Em—|

Controller VOA

T %

Self-Sensing Model

Figure 5.1: Schematic representation of the closed-loop control system for the VOA using
self-sensing.
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(SiO9) substrate (12mm wide, 11 mm long, and 250 pm thick) by pulsed laser deposition
(PLD) at 600°C. A KrF excimer laser was used with a fluence of ~ 2J/cm? at 10Hz
repetition rate on a vanadium target. During VO9 deposition, the backside of the sample
was covered by a single crystal silicon wafer piece. This was done to avoid the deposition of
material residue on the backside of the substrate, which was observed in previous depositions
and experimentally verified to have an impact on the optical transmittance behavior of
the sample. Also during deposition, a shadow mask was used on the sample front side
with a 5mm opening, which allowed for the deposition of a VO9 rectangular patch that
extended the substrate width of 12mm. The film was deposited for 30 min under 20 mTorr
of oxygen pressure. The deposition was followed with an annealing step of 30 min at the same
temperature and pressure conditions used during deposition. After the VOo deposition, the
sample was taken to a custom-built evaporator for the deposition of aluminum, where another
shadow mask was used to form the two coplanar electrodes on the VO9 film. The device was
then mounted on a Peltier heater with a centered hole (Thorlabs, TEC1.4-6). The inset on
Figure 5.2 shows the final assembly of the device with the patterned VOg centered on the

heater.

5.4 Electro-thermo-optical Setup

The device was mounted in the electro-optical setup shown in Figure 5.2. A NIR diode laser
with wavelength of 1.55 pm and a spot size of ~ 5mm (Thorlabs, FPL1055T), an optical
power sensor (Thorlabs, S144C), and a power meter (Thorlabs, PM100D) were used for the
optical measurements. Before the experiments, it was necessary to verify that the phase
transition of the VO9 film was not induced by the absorption of IR radiation coming from
the laser. To this end, the laser power was initially set at its minimum (12mW). Then, the
power was increased to 150 mW and the spot size reduced in order to increase the radiation
intensity on the sample, while the film was kept at room temperature and its resistance was

being monitored. No noticeable change in resistance was measured in the process, which
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Figure 5.2: Setup used for performing optical transmission and electrical resistance charac-
terization of the VOA. The setup is also used for controlling the VOA in closed-loop using
the self-sensing technique.

indicated that the phase change was not being induced photothermally.

For the experiments, a laser power of 12mW was used. The electrical measurements
were recorded using a data acquisition system (National Instruments, cRIO), which was
constantly measuring the VO9’s resistance through connections to the Al coplanar elec-
trodes. A temperature controller (Thorlabs, TED4015) was employed to control the Peltier
heater and trigger the material transition in the VOo. A computer interface (using a virtual
instrument in Labview software) was used to monitor the output of the data acquisition sys-
tem, the power meter, and to input the temperature (for open-loop experiments) or desired

transmittance (for closed-loop experiments).

5.5 Results

The VOg film was characterized by measuring its electrical resistance and optical transmit-
tance as a function of temperature. Both measurements were done simultaneously, as the
temperature was varied. The film’s resistance across the phase transition showed a drop of

almost three orders of magnitude; which evidences the good quality and orientation of the
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Figure 5.3: a) Electrical characterization for VOg thin film as function of temperature; b)
Optical characterization of the VOg-based VOA for 1.55 pm.

film (see Figure 5.3-a). The drop in the optical transmission across the phase transition
was normalized using as reference the transmissivity at room temperature (1.6 mW). After
this normalization the transmission drop was from 100 % to 2% (see Figure 5.3-b).

It can be noticed that the widths of the resistance and transmittance hysteretic curves
are very similar. However, the midpoints of the heating and cooling curves for the resistance
and transmission curves (labeled in Figure 5.3) are different. Perhaps the most intuitive
explanation for this would be the temperature gradient across the film and the different
probing locations for both properties (i.e. electrical resistance and optical transmittance)
—the optical transmittance of the VO9 was measured at the center of the film, while the
resistance was measured across the film’s width through the coplanar electrodes. However, it
was verified that the difference in temperature across the sample is only ~ 1°C, as measured
with a thermocouple. Furthermore, the temperature is lower at the center of the sample
(like it was measured previously on a similar set-up [144]), and this would have resulted in
Trs greater than T s, which is not what was observed.

Typically, the response of VOo-based devices, shows hysteretic behavior between the
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Figure 5.4: a) Transmission as a function of resistance and polynomial fit model; b) Error
between the polynomial model and actual transmission percentage. The table shows the
coefficients for the model.

input (usually temperature) and the output. However, if two strongly correlated properties
are used, the relationship between them shows significant reduction of the hysteresis. Figure
5.4-a shows the plot of the two different responses of the VOg film (optical transmissivity
vs. electrical resistance). The largest separation between the heating and cooling curves
occurs at the 1k2/20 % region, which corresponds to temperatures near the transition. This
separation is greatly influenced by the difference in the transition temperature for both
properties. This nearly one-to-one correspondence between electrical resistance and optical
transmittance allows for the implementation of a self-sensing approach that would eliminate
the need for complicated hysteresis compensation or inversion algorithms for controlling the

device.
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A ninth order polynomial fit was used to model the experimental data as shown in Figure
5.4-a by using the least square method. The polynomial coefficients are shown in Figure
5.4. The error between the model and the measurements of the actual transmission data
was calculated in terms of transmission percent. Figure 5.4(b) shows a maximum error of
+2%. The curve fit was used as feedback in the implementation of a simple (yet, effective)

closed-loop control configuration. The complete system forms a fully electrically tunable

VOs-based VOA for NIR as described in Section 5.2

5.6 Device Characterization

In terms of decibels, the attenuation increased from 0dB to 19.24dB as shown in Figure
5.5. This results in a dynamic range of 19.24 dB, which is comparable with the typical range
of 25dB for commercially available VOAs.

A sequence of input steps (7Ts) was used to validate the performance of the presented
VOA in terms of transient and steady state error. Figure 5.6-a shows the response of the
system to such sequence. The duration of each setpoint was 60s. An average error of 0.55 %
was calculated for the measured transmission with respect to the setpoint in steady state.
Also, a complete error range of +2 % is shown in Figure 5.6-b, which also shows switching
noise. These results show the efficient use of the self-sensing mechanism proposed in terms of
transient and steady state performance. Accurate transmittance values were obtained using
the self-sensing method proposed considering the average error value.

Figure 5.7 shows the response to a sinusoidal input signal consisting of the sum of three
sinusoidal waveforms with frequencies of 0.5 mHz, 1 mHz, and 5 mHz; all with an amplitude
of T=44%. The model and the measured signal followed the continuously changing setpoint
with an average error of 1.15%. The error range for the sinusoidal response is shown in
Figure 5.7-b. This experiment demonstrates how the significantly reduced hysteresis allows
for the accurate attenuation control of the VO9-based VOA device, even during the transition

region. The measured optical transmission from Figure 5.7 is also shown in Figure 5.8(a-b)
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Figure 5.5: VOg-based VOA attenuation response.

as a function of temperature and resistance, respectively. It can be noticed that the minor
hysteretic curves are significantly reduced in Figure 5.8-b due to the strong properties

correlation of the VOg film.
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Figure 5.6: a) Step response for variable optical attenuator with self-sensing feedback control.
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a smaller scale for the error (y-axis).
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5.7 Summary

This chapter presented the development of a variable optical attenuator (VOA) for near-IR
wavelengths that is completely electrically tunable and does not require sampling or monitor-
ing the optical beam for controlling the attenuation level. The VOs-based VOA fundamental
operation is based on the strong correlation of the electrical and optical properties of VO9q
across its IMT. The main contribution is the demonstration of a new VOA technology, which
relies on the use of self-sensing techniques to control the attenuation of VOAs on a feedback
configuration that also results in temperature stability. A highly accurate closed-loop control

of the attenuation is achieved using the self-sensing technique shown.
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CHAPTER 6
SCALING OF MICRO VARIABLE OPTICAL ATTENUATOR DEVICE

In this chapter an electronically controlled monolithic integrated micro VOA (¢VOA) based
on VOg9 thin film is presented. This pVOA device is an extension of the previously pre-
sented millimeter VOA. The size of the VO9-based VOA is reduced to micrometer devices
to minimize its thermal mass, which reduce the time response of the device.

Here the transmittance attenuation for NIR wavelengths and the scaling down of VOo-
based VOA devices is investigated. The devices consist on micro meter size square windows
of 400, 300, 200 and 100 pm2. These devices were designed, modeled and fabricated with an

integrated heater and electrodes for self-sensing of VOo.

6.1 Device Design and Structure

Electrode VO: window

Heater

Electrode]

Substrate

Figure 6.1: Schematic structure of the monolithic integrated pVOA design.

The monolithic pVOA design integrates electro-thermal actuation and sensing of VOo
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thin film material by using a resistive heater loop and electrodes as shown in Figure 6.1.
This design aims to make this technology compatible with optical interconnects and decrease
the response time by reducing the thermal mass. A SiO9 (fused silica, double sided polished)
substrate was selected based on its transmission for NIR (1550 nm) wavelengths. Platinum
(Pt) metallization material was selected to sustain the VOg deposition temperature. The
heater loop is used to induce the optical transition in the VOg9 window electro-thermally (i.e.
using Joule heating). A temperature above the VOg transition temperature (T, ~ 68 °C)
is required inside the VOo window to complete the IMT. Finite element method (FEM)
simulations were performed in Comsol Multiphysics to confirm the temperature distribution
inside the window. VOs square windows of 400, 300, 200 and 100 pm? were considered for
this design. Figure 6.2 shows the temperature distribution using the Joule heating module
with a current of 35 mA. The non-uniformity of the temperature distribution increased with
the size of the window, but a current of 35 mA resulted in a temperature higher than 68 °C
at the center of all the four VO9 windows.

The temperature was evaluated at the center of the VO9 windows for comparing the
different device sizes. Figure 6.3 shows this temperature as a function of the power input
to the device. Power (I?R) instead of current was compared because the heater resistance is
different for each device. These results demonstrate lower power consumption for the smaller
devices, as expected.

A die of 4mm X 4.5mm contained all four windows as shown in Figure 6.4. The four
masks layers are: 1) metal (yellow), 2) SiOg etch (blue), 3) VO2 pattern (purple), and 4)

SiOg9 etch for contacts (green). (See Figure 6.4.)
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Figure 6.2: Temperature distributions for VOg square windows of a) 100 x 100 pm?, b) 200
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a heater input current of 35 mA.
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electrodes were included in the simulation.
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Figure 6.4: Mask design for the monolithic VOA micro device.
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6.2 Device Fabrication

SiO2 Pt

Figure 6.5: Fabrication process for the VOg-based pVOA a) SiO9 substrate, b) heater and
electrodes metallization, c¢) SiO9 insulating layer, d) opening to the electrodes, e) SiOg
deposition and window patterning, and f) opening to contact pads for electrical connections.

The fabrication process for the pVOA devices is summarized in the steps shown in Fig-
ure 6.5. Four photomasks were required in the process. A double-sided polished 2" SiO9
wafer (SOF50D05C2, MTI), 500 pm thick was used (step a). Metal evaporation and lift-off
processes were used for the heater and electrodes T/ Pt metallization with thicknesses of
400 A /1500 A, respectively (step b). The heater loop width and the gap between the heater

and electrode is 10 pum. The electrodes width is 10 pm for 200 gm and 100 pm devices and
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15pm for the 400 pm and 300 pm devices.

An insulating layer of SiO9 (~400 nm thick) was deposited by plasma enhanced chemical
vapor deposition (PECVD) in three consecutive steps of 133 nm each to prevent possible voids
propagation through the SiO9 thickness (step ¢). The SiOg layer was etched by reactive ion
etching (RIE) to open electrical contact paths from the Pt electrodes to the VOg thin film
(step d). A VOg layer, ~170 nm thick, was deposited by PLD using a KrF laser operated
at 10 Hz with ~2 J/em? fluence for 25 minutes (step e). The substrate was maintained
at 595 °C under 15 mTorr O9 pressure. This deposition step was followed by an annealing
step under same pressure and temperature conditions for 30 minutes. The backside of the
wafer was covered during the deposition to prevent undesired residuals accumulation on the
substrate, which could have affected optical transmission experiments. VO9 square windows
were patterned by photolithography process and RIE (step e). Another SiOy etching step
(f) was done to open contacts pads to the heater and electrodes. Finally, the 2”7 wafer was
diced into dies of approximately 4 x 4mm?.

Figure 6.6 and Figure 6.7 show scanning electron microscope (SEM) images and optical

microscope (Keyence VHX-S15) images of the fabricated devices.

6.3 Experimental Setup

The electro-optical setup shown in Figure 6.8 was used to test the pVOA devices by using
a free-space configuration, similar to that described in [45]. The die containing the pVOAs
was mounted and wire-bonded into a circular package with a centered-hole, as shown in the
Figure 6.8 inset. A custom made PCB with a centered-hole was build to fit the circular
package, route the electrical connections, and act as a sample holder. The PCB was mounted
on a X-Y-Z translational stage to align the NIR laser beam with normal incidence on the
VO3 windows. The NIR diode laser (A = 1550 nm, FPL1055T) was operated at its minimum
stable power of ~25 mW and focused by a lens (f =15 mm) on the VOg window. A minimum

diameter of ~70 pm was achieved as shown in Appendix B: Additional testing for VO»-
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d)

Figure 6.6: SEM images of the fabricated VOgq devices

based ;' VOA. The lens was mounted on a micro positioner to manipulate the distance
between the tVOA and the focusing lens, thus, allowing control of the beam diameters on
each window. A neutral density (ND) filter between the lens and the laser was used to
further reduce the laser intensity. The transmission curves were measured for different NDs
(see Appendix B: Additional testing for VOg-based ;VOA). The filter was adjusted
to 2 optical density (OD) for the 100 pm and 200 gum devices measurements, 1 OD for 300
pm and to 0.6 OD for 400 pm device. A laser beam profiler (LBP) was used to assist in
the alignment of the focused laser beam. After this alignment the LBP was replaced by an

optical sensor (S144C, Thorlabs) connected to a power meter (PM100D, Thorlabs), which
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400 um window

Figure 6.7: Optical microscope images of the fabricated VOgq devices

communicates with a Labview computer interface during the measurements.

Electrical contacts on the PCB were used for data acquisition and control (cRIO, National
Instruments). The heater current (If) drives the device while the voltage across the VOq
(Vgp) was measured. Vg was used to calculate the VOg resistance (Ry o) by using a voltage
divider as shown in Figure 6.8. A series resistor of Ry = 22k} and supply voltage of
Vo = 2V were selected to measure the VO resistance and prevent self-heating on the
VO3 thin film. This setup allowed to sense the VO9 resistance change and drive the device
heater simultaneously in a closed-loop configuration. This allows to electronically control the
transmission for NIR wavelengths through a VO9 window. The sampling rate for electrical
measurements and actuation was set to 50 ps (which is much faster than the system response

time), while the optical sensing was limited to 50 ms due to the sensor bandwidth.
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Figure 6.8: Electro-optical setup used for testing the pVOAs devices.
6.4 Results and Discussion

The electrical time constant of the devices was measured to determine the required sampling
rate for further experiments. The time constant was calculated by measuring Vg for each
device for a current step input (Iz) (refer to Figure 6.8). Figure 6.9 a shows the response
for the 100 pm device. Similar step responses were obtained for the other devices.

We considered the time constant after the step impulse (when the device is 'ON’; 7o)
and when the step is released (7o pp).Due to limitations in the experimental setup, we only
measured the electrical time constant, 7. However, we anticipate the electrical and optical
time constants to be very similar, since the optical and electrical transitions in VO are
strongly correlated. Figure 6.9.b shows how both time constants (7o and 7o pp) decrease
with device size. The values for Topp and 7o) decrease from 524 ms to 71.4ms, and from

160ms to 16.8ms, respectively. The larger 7opp indicates that the response of electro-
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Figure 6.9: Time constant measurements: a) 100 pm device response (V) to a step input
(Ig) and b) time constant for the scaling down of the pm devices.

thermal actuation in these devices is dominated by heat dissipation during cooling.

The electro-thermal actuation and temperature distribution was investigated by IR ther-
mal imaging (OptoTherm, InfraSight MI320). The devices were actuated electro-thermally
to their maximum current limit (Ig) as determined by IMT characterization experiments.
Figure 6.10 shows the temperature of the four devices as a function of the heater current
(Iz7). This temperature is an average of a region outside the VOo window (labeled as #2
on the inset in Figure 6.10). Evaluating the temperature inside the VOg9 window will give
an incorrect value since VO9 emits less thermal radiation for temperatures above the IMT
[146]. The maximum temperature was 108.4 °C, 101.6 °C, 102.7 °C and 104.8 °C for 400 pm,
300 pm, 200 pm and 100 pm device, respectively.

The VOo thin film was characterized by simultaneously measuring its optical and elec-
trical transition as shown in Figure 6.11. The VO9 resistance drops more than 3 orders of
magnitude for all devices, resulting in a resistance ON/OFF ratio (Ryson/R ggoc) of 2.22k,
2.16k, 1.56k and 1.76k for the 400 pm, 300 pum, 200 pm and 100 pum device, respectively.
The average resistance drop is from 685 k(2 to 367 €2 having an average resistance ON/OFF

ratio of ~ 1.9k.
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29.7, 28.7, 22 and 32.7 mA for the 400, 300, 200 and 100 pum device, respectively.

The intensity of the NIR laser on each device was adjusted by changing the neutral
density filter OD and the lens position. The filter OD was selected by measuring the VO9
resistance before and after turning on the NIR laser until no change was detected. The

transmitted power at 25°C were 11.94 mW/mm?, 20.37 mW/mm?2, 3.31 mW/mm? and

9.93 mVV/mm2 for the 400 pm, 300 pm, 200 pym and 100 pm, respectively.
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The transmission in Figure 6.11 was normalized with respect to the transmitted power

at 25 °C to demonstrate the transmission drop due to the device. The insertion losses (before

the IMT) of -3.6 dB, -3.9 dB, -3.4 dB and -4.6 dB were measured for the 400, 300, 200 and

100 pm devices, respectively. The highest insertion losses were measured for the 100 pym

device. The irradiated power on the 100 um device was not reduced any further by a ND

filter since the power readings from the sensor would have been near its resolution limit. It

can be noticed in Figure 6.11 that the performance in terms of minimum transmission and

total transmission drop was similar between the two larger and the two smaller devices.

The strong correlation between the electrical and optical transition in VOg is observed
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Figure 6.11: Simultaneous measurement of the electrical and optical transition in VOo win-
dows for a) 400 pm, b) 300 pm, ¢) 200 gm, and d) 100 pm device.
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by plotting the transmission percentage (%T) as a function of its resistance. Figure 6.12
shows this correlation for the devices using the same results presented on Figure 6.11. This
data was fitted into a correlation model (sigmoidal, bidose model) with an R?% > 0.99 for
each device. The %T is calculated using the bidose equation from Origin Lab Software,

B p(Ay — A7) (1—p)(A2 — Ay) )
A=Ay (1 T 10X1Los(R)Ay 7 4 100X Loa(®)lhp o1

where R is the VOq resistance, A1, Aa, X1, X2, hq, ho and p are fitting parameters. Matlab
curve fitting was used to determine the best fitting parameters for each device. These
parameters are shown in Figure 6.12 for each device. It can be observed from Figure

6.12 that the shape of the correlation curves changes as the device scales down in size.
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Figure 6.12: Electro-optical VOg correlation and bidose self-sensing model.
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The bidose model was chosen based on the function implementation in the data acquisition
system. Other sigmoid functions such as the double Boltzmann equation can be use to fit
this data. However, the bidose model produced the best fit for the measured data in these
experiments.

This correlation model allows for the estimation of the measured transmission % (%7},)
by sensing the VOg resistance (Ry9) thus allowing for self-sensing model. The difference
between the measured data and the self-sensing model is shown in Figure 6.13. Table 6.1
shows a summary for these correlation errors. The 400 ym device has the higher errors while

the 200 pm device has the lowest. The 300pum and 100 pm devices have a similar behavior,
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Figure 6.13: Correlation model error between calculated transmission % (zero line) and
measured data.
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both with a RMS error of ~ 0.8 %.

Table 6.1: Correlation Error for all devices

Device Size Maximum Minimum RMS Average
(pum) Error (%) Error (%) Error (%)  Error (%)
400 5.9 4.7 1.22 —6.9x 1070
300 4.5 -3.3 0.82 2.2 % 107°
200 2.5 -1.96 0.65 3.1x 108
100 3 3.7 0.86 —3.3x 1073

This self-sensing model was used to estimate the transmission %7ss by measuring Ry oo

in the tVOA and complete a closed-loop (CL) system as shown in Figure 6.14 block diagram.

%T, +QE% P V Heater Driver I | pVOA | %Tn,

\ Controller Circuit VO,

RVOz

%Tss
Sigmoidal self-sensing Model

Figure 6.14: Transmission closed-loop control block diagram.

The error between the transmission set point (%7s) and %7Tss was minimized by a
proportional-integral (PI) controller. The PI gains were obtained experimentally for each
device size. The output voltage (V') from the PI controller was converted into a current
(If) by an external circuit, which drives the integrated heater of the pVOA. Using this
control technique, %7}, was electronically controlled as its transmission % and the resistance
changed as a function of I.

The CL results for the £VOAs are shown in Figure 6.15. %7 changes in 1 s steps from

100 % to 40 %. Figure 6.16 shows the error for the measured signal and the self-sensed
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signal. The self-sensed signal follows the setpoint for all devices minimizing the steady-state

error. Table 6.2 shows the closed-loop errors for all devices.
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Figure 6.15: Closed-loop results for: a) 400 pm, b) 300 pm, ¢) 200 gm and d) 100 pm device.

Table 6.2: Closed—loop Error

Device Size  Maximum  Steady-state  Average
(um) Error (%T) Error (%T) Error (%T)
400 7 1.63 1.32
300 8 3.01 3.53
200 4 0.03 -0.23
100 6 0.71 -0.39

The 300 um device shows a maximum CL error of ~8 % and a maximum average error

of 3.53 %.

However the 400 pm device has

a slightly higher RMS error. The transmission

105



for these devices (400 and 300 um) was stable within 1 s (difficult to see from these results).
The 400 pm device and the 300 um were tested with 1.5 s switching intervals to allow more
time for stabilization due to their slower time constants. These showed results similar to

those presented. The results for the 200 um device shows the lowest RMS and average errors

of 3.15 % and -0.23 %, respectively. The 400 um and 300 pm devices resulted in higher error

~T-8 % during CL control. The 100 um device showed ~6 % of error during CL.
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Figure 6.16: Self-sensed and measured signal errors with respect to the setpoint during
closed-loop experiments for a) 400 pm, b) 300 pm, ¢) 200 um and d) 100 um devices.
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6.4.1 Power consumption

The power consumption was compared for these fVOA devices shown in Table 6.3. The
heater resistance was measured across the heater contact pads at room temperature. The
current value used in the calculation was that of the intersection point of the heating and
cooling curves after the IMT, which was obtained from Figure 6.11 for the four VOAs. The
results show a lower power consumption as the device gets smaller, with the exception of the

200 uVOA device.

Table 6.3: Power Consumption

Device Size Heater resistance Current Consumed Power

(1) (2) (mA) (mW)
400 165.5 21.63 7743
300 132.1 22.25 65.40
200 97.8 18.4 33.11
100 66.2 23.5 36.56
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6.5 Summary

Four monolithically integrated VOg-based pVOAs of 400, 300, 200 and 100 um? windows
were investigated. The strong correlation between the electrical and optical transition in VOg9
was used to determine a self-sensing model with specific fitting parameters for each device
size. Similar fitting parameters were used for the 400, 300 and 200 pum devices. However the
100 pm device correlation curve showed a sharp positive slope requiring different parameters.
The 200 pum device showed the lowest self-sensing model error of 2.5 % and a steady state
error of 0.03 %.

This self-sensing model enabled the electronically control of the transmission % for a
NIR laser (1550 nm) through a VOg window for all devices. These VOg-based pVOAs
can be calibrated for different laser intensities as demonstrated in this work, with better
transmission % control at low intensities (~3.31 mW/mm?). These can be calibrated for
a range of near-IR wavelengths from 900 nm to 2500 nm including fiber optics transmission
bands O-band, C-band and L-band. Furthermore, this small scale devices could be extended
into a large scale VOA array similar to MEMS-based VOA array but reducing the complexity
of the fabrication process [147].

Closed-loop (CL) control of the transmission % was achieved for all devices. However,
the 200 pm device showed a better performance during CL control with the lowest average
CL error of 0.23 %. The transmission % drop of the VOo thin film (up to ~30 %) could
be affected by the optical quality of the SiOo substrate (fused silica), the VOg’s optical
quality as grown on SiOsg insulating layer deposited by PECVD or interface reflections of
the SiO9/VO9 /air device layers. Especially, the VOo thin film thickness has a direct impact

in these reflections [148|.
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CHAPTER 7
SUMMARY

7.1 Summary of Contributions

VO3 sol-gel deposition process was investigated for growing VO thin films on 4 inches
wafers. Films growth by this process were compared with pulsed laser deposition (PLD)
process. Two devices were developed using PLD grown VOg thin films.

The development of a near-IR (NIR) image projector and a NIR variable optical atten-
uator (VOA) are presented in this work. VOg thin film material was used to store an image
in form of localized induced transition by photo-thermal actuation. The reversible nature of
the optical transition in VO allows to consecutively program images into the VOg thin film
and project them in the NIR region (A=1550 nm). The image programming speed, resolution
and optical contrast were characterized for this projector.

The simultaneous measurement of the optical and electrical properties of VOg9 demon-
strated the strong correlation between these two properties, which enable the hysteresis
reduction by sensing its electrical resistance. A relatively simple self-sensing model was used
control the optical transmission through the VO9 thin film. A monolithic VOA compatible

with optical fiber systems was developed.

7.2 List of Problems Solved in this thesis

This dissertation addresses the following:

1. Characterize the composition, crystallization, topography, electrical, and optical tran-

sitions of VO9 thin films deposited by sol-gel process in 4 inches wafers.

2. Use of photo-thermal actuation to program, store and project a NIR image.
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. Characterize the contrast, programming speed and resolution of the developed VOo-

based image projector.

. Demonstrate hysteresis reduction in the optical transmission of VO9 by sensing its

electrical resistance, enabled by the material’s strong correlation.
. Developed a monolithic variable optical attenuator (VOA).
. Demonstrate self-sensing feedback control in the developed VOg-based VOA.

. Characterize the VOg-based VOA based on its attenuation performance.
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Appendix A: Composition study for VO, thin films by sol-gel

The composition of the VOg9 sol gel deposited thin films was studied by Raman spectroscopy.
Samples were analyzed for SiO9 and SiOg/Si substrates near the presented optimum tem-
perature. The spectrum was measures for different ranges 100-800 (1/c¢m) and 100-1100
(1/em). This data was obtained using a wavelength of 532 nm.

Figure A.1 shows the Raman spectrum of VO deposited on a SiO9 substrate at 417 °C.
The spectrum shown in Figure A.2 corresponds to a sample annealed at a slightly higher
temperature of 428 °C. Peaks from the VoOp spectrum [149] were observed for this sample.
Figure A.3 shows the spectrum for mixed phases of Vanadium-Oxides, having peaks from
V903 and V90Op5. This sample was annealed at 450 °C.

The results for thin films on SiO9/Si substrates show the reduction process as the tem-
perature increases. Figure A.4 shows V9Os mixed peaks for a sample annealed at 406 °C.
Figure A.5 also shows a V9O mixed phase peaks for an annealing temperature of 439 °C.
Figure A.6 shows the VO spectrum over SiOs/Si substrates when annealed at 439 °C. At
T > 439°C VO, thin film will degrade.
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Figure A.1: Raman spectrum for VO, /SiO9 deposited samples by sol-gel annealed at 417 °C
for 2 hrs under a pressure of 37 mTorr.
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Figure A.2: Raman spectrum for VO, /SiO9 deposited samples by sol-gel annealed at 428 °C
for 2 hrs under a pressure of 37 mTorr.
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Figure A.3: Raman spectrum for VO, /SiO9 deposited samples by sol-gel annealed at 450 °C
for 2 hrs under a pressure of 37 mTorr.
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Figure A.4: Raman spectrum for VO, /SiO9/Si deposited samples by sol-gel annealed at
406 °C for 2 hrs under a pressure of 15 mTorr.
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Figure A.5: Raman spectrum for VO, /SiO9/Si deposited samples by sol-gel annealed at
439 °C for 2 hrs under a pressure of 15 mTorr.
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Figure A.6: Raman spectrum for VO, /SiO9/Si deposited samples by sol-gel annealed at
461 °C for 2 hrs under a pressure of 15 mTorr.
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Appendix B: Additional testing for VOs-based VOA

Smallest (~70 pm) laser spot size achieved for testing the fVOA device in shown in Figure
B.1.
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Figure B.1: Minimum spot size diameter (70 pm) achieved by the electro-optical setup.

The transmission through the 200 ym VOo window for different ND filters is shown in
Figure B.2.
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Figure B.2: VO3 resistance as a function of heater driven current for different irradiated
optical power on the 200 pm device
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