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CHAPTER 1

Introduction

1.1 Review of Infrared Detector Technologies

Highly sensitive infrared photodetection is an enabling technology for
spectroscopy, astronomy, illegal weapon and drug detection, and many other areas of
scientific and commercial interest'2. In this chapter, we review the development and
current state of the art in infrared photodetection. We will discuss the limitations and
difficulties inherent to current photodetector designs, and review several topics in
materials science and optics which can potentially be combined to improve upon the

sensitivity of current generation IR photodetectors.

Infrared radiation refers to the region of the electromagnetic spectrum with
wavelengths between approximately 700 nm (430 THz) and 1 mm (300 GHz). This
band covers over 10 octaves of frequency, and includes the vibrational bands of many
molecules, blackbody radiation from many living creatures, and telecommunication
bands in optical fibers. Infrared detectors have existed for over 200 years, and are
ubiquitous, with a wide range of sensitivities, in applications ranging from TV remote
controls to night vision goggles. The earliest infrared detectors were crude
thermometers which absorbed some fraction of incident infrared light, and used the
subsequent temperature change to generate a visible signal, such as an increase in the
volume of a mercury sample. Many modern detectors convert the absorbed light into a
measurable electrical signal, which allows for more accurate measurement and

facilitates subsequent data analysis. Many cost-sensitive applications rely on



bolometers, in which a temperature-dependent resistance change is measured to
determine the intensity of absorbed light3. This resistance change can occur in a metal
(Au, Al, Ti, etc.) or semiconductor (VOx, Si, etc.) Despite a number of advances in
materials and design since their development in the 1800’s, bolometers often suffer
from very low efficiencies, which preclude their effective use in many of the applications

discussed above.
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Figure 1.1 a) Electron micrograph of a tungsten superconducting transition edge sensor
with an external quantum efficiency of ~10% at 1 um. b) Diagram of circuit used for
electrical read-out of detection signal. From reference 4.

The state of the art in sensitive infrared detection includes a number of
geometries based on superconductors or other materials which require cryocooling to
operate efficiently®. One such design is the transition edge detector, which operates by
holding a superconducting material just below the critical superconducting transition

temperature®. In an ideal device, when a single photon is absorbed, the subsequent



increase in temperature causes the superconductor to switch out of its superconducting
state, which is detected as a dramatic and instantaneous increase in resistance. Figure
1.1a shows an image of a typical transition edge detector, along with a circuit diagram
showing the effective behavior of the device. While these devices are capable of near-
unity internal efficiencies, they are not capable of photon counting, require costly and
bulky cryocooling equipment, and have very low detection rates due to the need to
restore the device to a superconducting state between detection events.
Superconducting devices can also suffer from “latching” behavior, in which joule
heating, due to increased resistance in the device after a detection event, continues to
heat the device and prevent a return to the superconducting state until the current is
stopped. Another superconducting geometry which has recently been explored in the
literature is the superconducting nanowire single photon detector (SNSPD)®. In this
device, a superconducting circuit is cooled to well below the transition temperature and
a large current is induced in the circuit such that the critical current density is nearly
exceeded. In an ideal device, a single absorbed photon induces an additional current
which is sufficient to induce a localized region of the superconductor to switch into a
resistive state. The remaining cross sectional area of the superconducting wire is thus
reduced, and the critical current density is exceeded, causing the whole device to switch
into a resistive state. While these, and other, superconducting devices can potentially
be switched by a single absorbed photon, these devices are often not highly absorptive,
and thus suffer limitations in external quantum efficiency (EQE), which is defined as the
ratio between the number of excited carriers and the number of incident photons. One

area of current photonics research involves investigating ways to enhance absorptivity



in these devices’. Figure 1.2 shows a diagram of one such enhanced SNSPD which
achieved 50% higher absorption due to incorporation of a resonant microcavity

structure.
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Figure 1.2 — Schematic of a superconducting nanowire single photon detector (SNSPD)
with an integrated nanocavity that increases absorption from 60% to 90% at 1.55 pm.
From reference 7.

In addition to the superconducting detectors discussed above, there is a wide
range of highly-sensitive cryocooled semiconductor detectors. Semiconductor detectors
rely on a material such as Ini-xGaxAs, which has a tunable band gap range of 0.34 eV
(3.65 um) to 1.42 eV (873 nm) that covers some portion of the IR spectrumé. In any

semiconductor detector, light with an energy equal to or greater than the band gap of



the semiconductor can be absorbed to generate an electron-hole pair. One significant
contributor to the dark count rate, or noise level, of a semiconductor detector is random
excitation of carriers due to thermal fluctuations. At room temperature, the average

energy of thermal fluctuations is equal to

5 eV
K

ksT = 8.62 * 10752 (300K) = 26 meV

which in an InGaAs detector corresponds to noise levels on the order of 1
nA/cm?. As the thermal noise contribution falls off linearly with cooling, many
semiconductor-based IR detectors are cooled either by thermoelectrics, for low
sensitivity operation, or cryocooling apparatus, for high sensitivity operation®. In order to
collect the electron-hole pairs in a semiconductor detector, a reverse bias is applied
such that there is a net force on excited carriers, but a minimal dark current due to the
built in barrier voltage. One device geometry which increases the sensitivity of a
semiconductor detector is the avalanche photodiode (APD)°. In this configuration, the
reverse bias applied to the detector is so high that the kinetic energy imparted to excited
carriers by the voltage is sufficient to generate a new electron-hole pair in a process
known as impact ionization. Figure 1.3 demonstrates the relationship between reverse
bias voltage and gain in a superlattice APD structure. While increasing reverse bias can
provide internal current gain as high as 1000, the gain results in slower detection times
due to the tendency of detectors to produce “afterpulses”, and as the gain also amplifies
noise sources APDs are less commonly utilized at infrared wavelengths due to lower
achievable sensitivities'*?, Semiconductor detectors can require very complicated
fabrication, particularly for multilayer quantum well devices such as the device shown in

Figure 1.3, and they can also suffer from low EQE.
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Figure 1.3 — Electron and hole gain vs voltage of a superlattice APD showing gain
factors as high as 10 at 1.3 um. Inset provides a diagram of the device with 50
alternating layers of AlGaAs and GaAs. From reference 10.

One final detector geometry which we will consider is the photomultiplier tube
(PMT)*2. While this device predates the semiconductor APD discussed above, it is in
many ways superior, and is the detector of choice in many high sensitivity applications.
In a PMT, an absorbed photon provides enough energy for an electron to tunnel through
a vacuum between two metal plates. A large enough voltage potential between a series
of these metal plates results in impact multiplication of an excited carrier by a factor of

up to 108. PMTs are capable of single photon detection and ultra-fast detection speeds,



however, like the APD they are limited to operation at wavelengths below about 1 pm,
as below this limit a rapid increase in thermionic emission increases the dark current
and can easily destroy a detector. While other device geometries have been
investigated!1415 these devices represent the bulk of the commercial market in

infrared photodetectors.

1.2 — Metamaterials and Plasmonic Enhancement

One potential route to increasing infrared photodetector efficiencies involves
recent advances in the field of plasmonics!61718.19 Plasmonics refers to the study and
development of devices which are designed to achieve resonant coupling between
electromagnetic radiation and the electrons in a material. The quasiparticle used to
describe this coupling is known as a plasmon, and these particles can exist at metal-
dielectric interfaces. The frequency of plasmons is proportional to the plasma frequency,

wp, of electron oscillations in a material

where ne is the electron density and m* is the effective electron mass. Until recently, the
frequency of plasma oscillations achievable in a device fabricated by top-down methods
was limited by the available bulk materials. However, as we shrink the dimensions of a
metal particle to nanometer dimensions, we can quantize the number of available
electron states in the particles periodic potential and tune the effective electron density
within the range of values less than the bulk value. Furthermore, by creating features
with dimensions comparable to the wavelength of interest, surface plasmons can be

directly excited by scattering off of the resonator, without the need for complicated prism
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coupling or diffraction grating methods that are necessary for momentum matching at
bulk metal-dielectric interfaces. Historically, this effect has been harnessed to produce
colored glass by incorporating various sizes of gold and silver nanopatrticles, but the role
of nanotechnology in these applications was not understood until recent
characterization by electron microscopy?°. While there are many interesting plasmonic
effects that have been observed and which are receiving continued attention, plasmons
suffer from high loss at near-IR and higher frequencies due to the large imaginary
component of the metal’s permittivity associated with a decrease in electrical reactivity

near the plasma frequency?L.
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Figure 1.4 — Simulated (red) and experimental (blue) reflectance and transmission of
the first metamaterial perfect absorber with a peak absorbance of 88% at 11.5 GHz (26
mm). Inset shows images of the copper antenna layer (left) and cut-wire back plane
(right) with FR4 as the dielectric. From reference 24.

Another promising route to achieving highly sensitive room-temperature IR
detection involves recent advances in metamaterials, materials composed of artificial
“atoms” which can achieve optical properties that are not found in nature?223, As long as
these “atomic” unit cells are much smaller than the wavelength of incident light, the
behavior of the light will be defined by effective optical properties of the composite
material instead of the properties of discrete elements or materials in the device. One

interesting property that can be achieved in metamaterials is unity, or “perfect”,



absorption. Metamaterial perfect absorbers (MPA) were first proposed by Padilla and
Smith in 200824, Figure 1.4 provides information on the theoretical and experimental
optical properties of their proof-of-concept device, which achieved 88% absorption.
Because metamaterial theory provides a design tool for manipulating both the real and
imaginary parts of the electric permittivity and magnetic permeability of a structure, we
can build a structure with overlapping, impedance-matched electric and magnetic

resonances. Optical impedance is defined as

7, = ‘liolir
Eoér

where u, is the vacuum permeability, ¢, is the vacuum permittivity, u,. is the relative

magnetic permeability, and &, is the relative electric permittivity. Impedance determines
the magnitude of reflection at the boundary between two materials according to the

following equation,

Zy — Z1\°
k= (Zz n Zi)
where in our case Z, is the impedance of air and Z, is the impedance of the MPA. When
the two materials are impedance matched (Z, = Z;), R = 0 and the wave couples
completely into the material. In air, &, = u, = 1, which means that to achieve perfect
coupling we need &, = u, in our material. However, at high frequencies most materials
have u, = 1 and ¢, > 1, and it is difficult to achieve impedance matching. Because

metamaterials allow for independent control of the relative permittivity and permeability,

we can achieve impedance matching even at high frequencies. In general, MPAs
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control permittivity by exciting an electric resonance in an antenna layer (the copper
split rings in Figure 1.4), and permeability by exciting a magnetic resonance due to
coupling between the antenna layer and a reflective back plane or wire array (the cut
wires on a FR4 dielectric layer in Figure 1.4). In addition to eliminating reflection through
impedance matching, a reflective back plane eliminates transmission, and loss occurs in
the metal or dielectric, allowing for total absorption of light in a small volume of material
at a particular wavelength. Instead of seeking to minimize plasmonic losses, MPAs seek
to obtain functionality by maximizing loss. Most MPA investigations ignore the heat
generated by plasmonic losses in the absorber, and while this is sufficient for
applications such as a beam blocker or a telescope coating, the loss can be harnessed
to provide functionality, particularly if we were able to localize the losses to maximize a

local temperature increase.

Figure 1.5 — AFM scan of nano bowtie antenna (a), with highly localized intensity
enhancement demonstrated by residual photoresist exposed by plasmonic lithography,
and confirmed by FDTD near-field intensity profile in antenna plane (b). A plasmonic
lens (c) allows focusing through interference of surface plasmons, as demonstrated by
near-field optical scanning microscopy. From references 25 and 26.
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In particular, we here consider two geometries studied previously: a MPA
geometry consisting of periodic bowtie antennas?®, and a plasmonic lens structure?®. A
bowtie antenna is a two-dimensional projection of a biconical antenna, a broadband
design which was first proposed in 1898 by Sir Oliver Lodge, only 12 years after the
experimental confirmation of electromagnetic radiation by Heinrich Hertz. As bowties
are scaled to optical wavelengths, plasmons are generated in the material, and focused
to the gap between the antennas such that they can provide very high intensity
enhancement and localized loss in the central gap?”28. In Figure 1.5a, researchers
coated a bowtie antenna in photoresist, and illuminated the antenna at low intensity
such that the photoresist was exposed proportional to the intensity of the local electric
field enhancement. After developing the photoresist, they took a surface map which
experimentally demonstrates the field enhancement in the gap between antenna halves.

Figure 1.5b further shows a computational model of the field profile.

In addition to a metamaterial perfect absorber geometry utilizing a repeated unit
cell containing a bowtie antenna, a hybrid device in which a single bowtie antenna is
located at the center of a plasmonic lens has been demonstrated. A plasmonic lens is a
structure which allows focusing of surface plasmons by controlling interference between
individual electron density oscillations?®. Figure 1.5¢ shows a near-field scanning optical
microscopy (NSOM) scan of a single-ring plasmonic lens, with periodic intensity fringes
demonstrating the interference effects between plasmons generated at different points
along the ring. When the difference in diameter between successive concentric rings is
equal to the target wavelength, surface plasmons interfere constructively at the center

of the lens to provide intensity enhancements of ~10x. This is far less than the ~1000x

12



provided by a bowtie antenna, and the lens is furthermore not capable of perfectly
absorbing light like the bowtie-MPA. However, by placing a plasmonic lens structure
around a single bowtie antenna, we effectively multiply these enhancements, coupling a
far greater area of incident light into a single antenna and potentially achieving a larger

temperature change than would be possible in an array of coupled bowtie antennas.

1.3 = Vanadium Dioxide

Vanadium dioxide (VO3) is a correlated electron material, currently used in
commercial IR bolometers, which nominally undergoes a semiconductor-to-metal phase
transition at 68 °C3%31, This phase transition occurs due to a slight perturbation in the
crystal lattice geometry from monoclinic to tetragonal. This phase change has been
investigated for uses in computer memory, thermochromic windows, and optical
modulators, due to the extreme speed of the switching, which can take as little as 100 fs
82,3334 The optical properties of VO2 change most dramatically at infrared frequencies
as seen in Figure 1.6b, making it ideal for use in active IR optics. Furthermore, the
resistance of VO2 can change by up to 3 orders of magnitude upon switching3®, which
allows for accurate electrical read-out of a change in temperature or electric field. Data
in Figure 1.6a shows a two order of magnitude resistance change in a VO: film on
glass, which is likely lower than has been observed in other publications due to a small
average grain size and large grain size distribution. While the phase change of VO2 can
stabilize in 100 fs, the phase change is typically extended over ~5 degrees, such that a
VO:2 detector would allow for photon counting functionality and rapid reset speeds. The
phase change can be further extended by doping with tungsten, at the cost of

decreasing the magnitude of the resistance change?.
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Figure 1.6 — Resistivity (a) and IR transmittance (b) of a VO thin film on glass, showing

dramatic changes above and below the transition temperature of 68 °C. From reference
30.
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CHAPTER 2

Design

2.1 — Optical Modeling of Metamaterial Perfect Absorbers

We chose to design two bowtie antenna devices to achieve high field
enhancements as seen in Chapter 1. One device consists of bowtie antennas arranged
in an MPA geometry, while the other consists of a single bowtie at the center of
concentric plasmonic lenses. Both of these devices will have vanadium dioxide as the
active material in the field concentration zone between the two halves of the bowtie
antennae. By using VO:2 as our active material, the goal is to maximize the resistance
change of our devices for a given input intensity.

Both devices were designed to operate at 1.55 um (193 THz), a zero-dispersion
wavelength in quartz fiber, and thus one of the two optical telecommunications bands.
The telecommunications industry nets an annual revenue of billions of dollars, and as
the global demand for higher bandwidth necessitates continued conversion from
electrical to optical data transmission there will also be an increased demand for
sensitive near IR detectors which can operate near room temperature®’. Designing a
device which operates in the near IR also greatly facilitates experimental measurement
of devices due to the readily available commercial laser and detector systems.

Both structures considered in this work were designed in Computer Simulation
Technology Microwave Studio (CST MWS), a commercially available FDTD solver.

Structures were designed in a three-dimensional CAD format, where individual sample

15



dimensions were parameterized to allow for optimization. All structures were illuminated
with either waveguide ports, which were placed in the planes 1 um above and below the
structure to allow determination of absorption in the structure, or an incident plane
wave, which allowed control over the intensity of illumination and thus direct
determination of intensity enhancement. First, we investigated an individual bowtie
antenna in an infinite vacuum to identify the spectral location and electromagnetic
profile of each resonance in the structure. The dipole resonance in the antenna was
identified by a strong electric field directed linearly between the antenna halves, and a
corresponding rotating magnetic field. Figure 2.1 shows maps of the calculated electric
field, where regions of higher field enhancement are show as more “red” in color, and
perpendicular magnetic field, where out of plane magnetic field enhancement is shown
by either blue or red colors depending on whether the field is currently directed out of or
into the substrate. The dipole resonance produces a high field concentration between
the two halves of the antenna, which is the optimal field profile for heat generation in the
region where we will eventually place VOo.. It has been shown that the optimal flare
angle in a bowtie antenna for maximizing the rotational magnetic field in the gap is 45
degrees and that, as plasmonic heating occurs only at the metal surface, thinner
structures have a higher volumetric heat generation3%4°, Once the dipole resonance
was located in a thin, 45 degree bowtie structure, the resonance was shifted to the

desired wavelength of 1550 nm by changing the size and gap width of the antenna.
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Figure 2.1 — Field profiles for gold bowtie structure in air confirm dipole
resonance. Highly localized electric field (Eabs, &) results in strong rotating magnetic field
around gap (Hz, b) which will contribute to loss when VO: or another lossy material is
placed in close proximity. Results are normalized to a 1 V/m incident electric field
polarized as shown. Note that the scales have been intentionally saturated to increase
contrast. The maximum electric field concentration is 6 V/m and the maximum magnetic
field concentration is £0.01 A/m.

After a single antenna had been optimized in vacuum, we were able to use that
antenna with minor changes for both the MPA and plasmonic lens geometries. For the
MPA design we placed this structure on a thin film stack composed of (top to bottom): a
layer of VO2, a thin insulating dielectric layer, and a reflective back plane, all on a quartz
substrate. We then tiled the bowtie in the two dimensional plane of the surface, placing
electrical bus bars along the outside edges of each antenna as shown in Figure 2.2a.
Thus, by applying a bias between alternating bus bar columns, we can measure the
electrical resistance of the VO2 in every gap in parallel, where

Reotar = (Ry "Ry ™  + Ry ™H 4+ Ry ™)L
and Ry represents the resistance of an individual unit cell. The insulating layer prevents
current leakage through the reflective back plane, and the antenna layer ensures that

heating will be localized in the gaps. Thus, an incident photon is absorbed by the

device, and can generate sufficient heating in the gap of one, or several, bowties to
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induce localized switching in the VOz2, particularly when the VO2 has been heated to
near the transition temperature or doped to reduce the transition temperature. The
resulting resistance change in a single unit cell will produce a detectable resistance
drop in arrays of up to 108 antennas (> 100 x 100 um active area) as shown in Figure
2.3b, assuming a resistance change of two orders of magnitude in the single switched
device. By varying the period of the unit cell, we were able to optimize coupling between
antennas, and by varying the thickness of the VO2/dielectric stack, we were able to
optimize the coupling between the antenna layer and the reflective back plane which
supports the magnetic resonance. In our simulations, we achieved near-perfect

absorption of 99.999%, as demonstrated in Figure 2.2b.

Absorption (%)

20

000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

Figure 2.2 — The metamaterial perfect absorber structure (a) consists of periodically
spaced bowtie antennas connected by electrical bus bars. The gap width is 50 nm, the
bus bar width is 45 nm, and the x- and y- unit cell spacings are 250 nm and 350 nm,
respectively. The vanadium dioxide (VOz2) is shown as a continuous red film (35 nm
thick) between the top antenna layer (45 nm thick) and the insulating dielectric film (10
nm thick), with a reflective gold film (100 nm thick) underneath. The simulated
absorption at 1510 nm is 99.999% (b).
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Figure 2.3 — A typical resistivity change upon switching in bulk VO:2 films is two orders of
magnitude (a). Assuming this magnitude of change, even very large arrays (>10°
devices) would produce a detectable (>10-?) resistance drop upon switching of VO2 in
the gap of a single bowtie antenna (b). The resistance change factor (RCF) is given by
Rf = R;(1 — RCF) where Ry is the resistance of the array after switching and R; is the
resistance of an unswitched array.

2.2 — Optical Modeling of Plasmonic Lenses

For the plasmonic lens structure, we determined the spacing of the rings by using
the grating equation

nd =dsinf
where n is the diffraction order, 1 is the scattered wavelength, and 6 is the angle of
incidence. Thus, to determine the appropriate spacing to achieve in-plane first-order
diffraction of light at normal incidence, we can simplify to obtain
d =1 =1550nm.

However, in addition to scattering free space light, our device needs to maximize
interference effects between localized surface plasmons. Per Gauss’s law, we can

determine that the electric field generated by an individual ring of the lens will fall off as
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d~2, which tells us that a closer ring spacing will result in stronger coupling. By
simulation we found that a grating period of% = 775 nm produced the strongest intensity

enhancements at the center of the structure by exciting a second-order resonance with
strong inter-ring coupling. The diameter of each concentric ring in our design is larger
than that of the next smallest ring by the reduced grating period of 775 nm. While the
above derivation of grating period is only strictly correct for the simple case of a 1-D
linear grating, the value is approximately the same for our more complicated structure,
and parameter sweeping found no significant increase in intensity enhancement for
sweeps with experimentally repeatable step sizes (>20 nm). The two free parameters
left for consideration in a ring-shaped grating are the diameter of the smallest circle, D;,
and the ratio of the ring width to the ring spacing. For this structure, a small patch of
VO2 was placed at the center of the bowtie antenna, instead of the continuous VOz2 film
used in the MPA geometry, and the reflective back plane was removed. Reflections at
the edge of the computational volume were eliminated by using a layered boundary
which was infinite in the x-y plane, but which matched the optical properties of either air
or sapphire depending on which material the boundary intersected. While the plasmonic
lens is not inherently polarization sensitive, the bowtie antenna imposes polarization
sensitivity on the device geometry. Accordingly, in our simulations we cut the plasmonic
lenses at a 45 degree angle to allow for the inclusion of electrical bus bars, as shown in
Figure 2.4a. By varying the thickness and size of the VO:2 patch in addition to the
previously discussed lens parameters, we were able to achieve an intensity

enhancement of 500x at the center of the bowtie antenna. Figure 2.4b demonstrates
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how the intensity enhancements of a plasmonic lens and bowtie antenna multiply when

incorporated into a single geometry.
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Figure 2.4 — The plasmonic lens structure (a). Vanadium dioxide is modelled as a small
red square (500 nm to a side) at the center of the lens. The grating period is labeled d,

and is proportional to A/2. Placing a series of three concentric rings around the bowtie

results in a ~10 x intensity enhancement over the bowtie in free space, for an overall
enhancement factor of 500x (b).

2.3 — Device Performance Modeling

It is essential when designing any photodetector to quantify the theoretical limits
of performance metrics such as sensitivity, speed, and dynamic range. Thus, in addition
to optimizing the optical properties of each device, we developed thermal and electrical
models to provide further information necessary to these calculations. We used a
thermal Green’s function model in MATLAB, which considers the response of the device
to an impulse of heat generation at one or a series of points. While each Green’s

function result is only valid for heat generation at a single point, by summation we can
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extend the validity of this model to accurately represent the response of an array of
particles such as our MPA38, Previous work has demonstrated the validity of modeling
systems such as ours as a heated disk on a semi-infinite slab, and has further shown
that because the thermal conductivity of the substrate (sapphire - 25 W/mK, quartz — 1.3
W/mK) is several orders of magnitude higher than air (0.026 W/mK), we can assume
the substrate surface is an adiabatic boundary#°. For the MPA structure we use
periodic, adiabatic boundaries for the unit cell boundaries (perpendicular to antenna
plane), while for the lens structure we use open boundaries. By integrating the
simulated volumetric loss in each structure, we were able to determine the spatial
temperature change for a given intensity of illumination. As the majority of the optical
loss occurs in the VO2 films, this allows us to determine the approximate electrical
resistance change of each device, which in turn allows us to determine the sensitivity of
our devices. The model predicts a temperature change of 121 K and 232 K in the MPA
and plasmonic lens structures respectively, for continuous wave (CW) illumination at an
intensity of 7 mW/um? (see Figure 2.5). Thus, to achieve complete switching of VO2
(approximately 25 K based on our experimental results shown in Figure 2.3a) we would
need an illumination intensity of 1.5 mW/um? for the MPA structure, and 0.8 mW/um? for

the plasmonic lens structure, based on the assumption of linear scaling of the

temperature with illumination intensity. These results are equivalent to a A?T of

2 2
15,0 K *um /oy Tor the MPA structure and 31.3 Kx pm /oy for the lens structure.
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Figure 2.5 — Models of spatial temperature variation in an MPA (a) and plasmonic
lens structure (b) under continuous laser illumination at experimentally realizable levels
of 7 mW/um?2. Simulations predict a factor of 2 increase in temperature change in the
lens structure over the MPA structure, with both structures experiencing >100 °C
temperature increase.

Two common measures of sensitivity for bolometric devices are the noise
equivalent temperature (NET) and noise equivalent power (NEP), which indicate how
strong of a signal will be distinguishable above the thermal noise background. The

theoretical limit of NET and NEP are only functions of device temperature and materials

properties. The formula for determining NET is

— AR
NET = oR
aT

where AR is the minimum detectable resistance change, and Z—: is the resistance

change as a function of temperature at the transition edge in VO2. Assuming a minimum

detectable resistance of 1 Q in a 10 kQ device, this gives a noise equivalent
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temperature (NET) of 85 mK, which is at the lower end of the range of reported NET
values for uncooled bolometers. The NEP is calculated as

NEP = .[4kyzG,T
where kg is Boltzmann’s constant, G, is the thermal conductance of the system, which
we approximate as the thermal conductance of the metal leads, T is the operating
temperature of the device, which we assume to be 300 K (although operation at the VO

transition edge would increase the operating temperature, and thus the noise level).
Based on these assumptions*.42, we estimate an NEP of 9 » 10712 W .
P ’ /\/HZ

Using the theoretical NEP, we can determine another measure of sensitivity, the

specific detectivity

. _VAf
D= NEp
where A is the area of a single unit cell (250 nm x 350 nm) and f is the detection

bandwidth. Detectivity is generally reported as D/\/7 which for our devices is

estimated to be 3 * 10° CmVHZ/W 43_ For most bolometers, an absorbed IR photon will

produce a signal proportional to the energy of the photon, or about 10-1° J. Thus, most

uncooled bolometers require a minimum of 100 million photons per second to register

an event. NEPs for superconducting detectors are much lower at ~10718 W/m, and

detectivities much higher at ~10** ¢V HZ/W 6.44,4546.47 However, our detector is much

more sensitive than these sensitivity metrics would imply, because they fail to consider

device geometry, particularly the strong enhancement afforded by plasmonic devices.
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To achieve a better understanding of the sensitivity of our devices, we will now
consider the responsivity, which is given by

R = VAT

where «a is the temperature coefficient of resistance (TCR) of VO2, V' is the probe
voltage applied to the device, AT is the temperature change in VO:2 for incident optical

power P48, Assuming a probe voltage of 1 V, using reported values for the TCR of VOu,

and the A?T obtained from our Green’s function model, we obtain a responsivity of 1.4

10° V/W. As expected, while our NEP and detectivity values are typical for VO2

microbolometers, the predicted responsivity is among the highest reported values for
uncooled detectors due to the large ratio of temperature increase to incident power

afforded by our near perfect absorption and plasmonically enhanced heating*®°,
Superconducting detectors do still have higher responsivities (~10° V/W) 51, Based on
the responsivity, we can calculate an effective NEP which is takes into account our
plasmonic enhancement

NEP.;; ="/g,
where N, is the thermal noise

Ny = \/m

and R is the device resistance. This gives us an improved value of 3 « 10713 W/\/E’
nearly two orders of magnitude higher than the original noise-only value.

In applications such as astronomy and spectroscopy, it is important not only that

a detector be highly sensitive, but that it be capable of detecting a wide range of
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intensities without saturating. The measure of this capacity is the dynamic range, and is

given by
Pmax
DR =10 x logqg ~ ., or
P,
DR = log, —=
min

where PB,,,, IS the highest detectable power and P,,;,, is the lowest detectable power and
dynamic range (DR) is given in decibels for the first equation and bits, or stops, for the
second. In our device, the lowest detectable power is equivalent to NEPef, and the
highest detectable power can be determined by the power necessary to induce
complete switching (25 °C, see Figure 2.3a), which based on our Green’s function
model is ~1.8 mW, for a dynamic range of 33 bits (98 dB). Common values for
microbolometers are in the range of 18 bits (55 dB), approximately four orders of
magnitude lower than our value®2°2 while superconducting detectors have ranges which
are smaller by a factor of more than 10° 5455, It is important to note that superconducting
detectors rely on crycooling to reduce noise levels, and that they would suffer significant
penalties to performance if operated at room temperature like our devices. While we
have compared our theoretical values here to experimental values in the literature, our
range is still exceptionally large for bolometers due largely to the significantly reduced
power of our minimum detectable signal.

One final area where our devices will surpass traditional bolometers is the
detection speed, which will be limited by the switching time of VO2 and the thermal
relaxation of the system. VO2 has been determined to switch in sub-picosecond time
scales, with measurements demonstrating switching in as little as 200 fs 6. Thermal

relaxation in our system is modeled by
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T = Tpe™ /o
where we can estimate 7, using a heat flux model

T = RppCyt
where Rg), is the thermal boundary resistance between VO2 and sapphire, C; is the
volumetric heat capacity, and t is the film thickness®’. For a film thickness of 50 nm, and
using reported values of Rp,(0.4*10 K cm?W) and C; (3.05 J/(cm? K)) from the
literature®’, we determined a reset time of 6 ns. This time is comparable to the fastest
reported reset time for a superconducting detector®® and at least an order of magnitude
faster than typical bolometric devices®® due to the highly localized plasmonic heating in
VOo..

We have computationally determined the optical, electrical, and thermal
properties of our devices, and from this information have determined theoretical limits
on the performance we can achieve. Our detector is predicted to have higher
responsivity, effective NEP, and speed when compared to bolometers, and higher
dynamic range when compared to superconducting detectors. Our devices will maintain
the simplicity, portability, and low cost of bolometers, while achieving significantly higher
system efficiencies in a thinner active material. In the next chapters we will discuss the
fabrication and testing of these devices, and we will compare the experimental results to

the theoretical performance.
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Plasmon Superconducting Bolometer

Enhanced Detector

Bolometer
Noise Equivalent 85 >10 80-200
Temperature (mK)
Noise Equivalent 9*101? (3*1013) 10°°-10%8 10-12-107°
Power (W/VHz)
Specific Detectivity 3*10° <10t 106-108
(cm*vHz/W)
Responsivity (V/W) 1.4%10° <10° 10°-107
Dynamic Range 33 <13 14-18
(bits)
Detection Speed (s) 6*107° 5*107°-101 108-101

Table 2.1 —Comparative summary of performance metrics and figures of merit for the

plasmon enhanced bolometers investigated in this study and typical superconducting

and bolometric IR detectors.
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CHAPTER 3

Metamaterial Perfect Absorbers

3.1 Fabrication

MPA structures were fabricated as shown in Figure 3.1. Five hundred micron
thick quartz wafers were cleaned in sequential room temperature baths of acetone,
isopropyl alcohol, and water for 1 minute each, and then cleaved into 1 cm? pieces.
Each piece was coated in 100 nm gold by thermal evaporation. The gold layer was then
coated in a thin (<10 nm) insulating dielectric by one of a variety of methods, including
atomic layer deposition and electron beam evaporation. A continuous 50 nm VO2 film
was then deposited using electron beam evaporation. These VO: films were
subsequently annealed for 10 minutes in 250 mTorr oxygen, at a flow rate of 15 sccm,
in a quartz tube furnace heated to 450 °C. Films were allowed to cool in the low-
pressure oxygen environment for 10 minutes before removal from the furnace.
Following the annealing step, the gold was observed in a dark field microscope

configuration to confirm that it was not damaged.
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Figure 3.1 — Process diagram for the fabrication of MPA structures. A cleaned quartz
wafer is coated in gold, a dielectric barrier, and VO2. The VO: is annealed and coated in
PMMA, which is exposed by electron-beam lithography. After development and a de-
scum step, the sample is coated in a layer of Cr and gold. The residual PMMA and
undesired Cr/gold is removed by a lift off procedure, leaving a functional device with a
patterned antenna layer.

Switching of the bulk VOz2 films was confirmed and characterized by measuring
the magnitude of transmitted light, or the spectrum of reflected light, for a white light
source as the sample was heated from room temperature to 90 °C. Resistivity switching
was measured by varying temperature or bias voltage on a resistor structure composed
ofalx1umor5x5 pum patch of VO2 deposited across gold electrodes on quartz or
sapphire. The stoichiometry of the films was independently confirmed by the presence
of characteristic RAMAN peaks at 192 and 222 cm 23, Thickness of the VO2 films was
confirmed by atomic force microscope (AFM) after annealing, as the annealing step can
cause changes in both the thickness and surface morphology of VO2 films. Samples
were prepared for electron beam lithography (EBL) by spin coating with A-5 PMMA (5%
in anisole) at 4000 rpm for 45 seconds, and subsequent soft baking in air at 180 °C for

two minutes. An array of 300 x 400 MPA unit cells (~100 x 100 pum) was patterned onto

the substrate by EBL, with alternating rows of antennas connecting to large (200 x 200
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pm) bond pads. Samples were developed for 2 minutes in a 3:1 IPA:MIBK solution,
which was allowed to thermally equilibrate with an ice water bath for several minutes
prior to development. Samples were subsequently rinsed in pure IPA to stop
development. Samples were etched in a 120W oxygen plasma for 3 seconds to clean
the exposed VO: surfaces of any residual developed PMMA. To confirm that the plasma
clean did not damage the VO2, some bare VO2 samples were etched in an oxygen
plasma for several minutes and subsequently characterized as described above. A
chromium adhesion layer and gold antenna layer were deposited consecutively by
thermal evaporation. Unexposed PMMA was removed by lift-off for at least one hour in
a PG remover bath heated to 70 °C. Gold thickness was determined by AFM, and
device dimensions were determined by a combination of AFM and SEM
characterization. Devices were then mounted onto a ceramic leadless chip carrier
(LCC), in which all of the leads were shorted at all times when the device was not

undergoing testing, and electrically connected by wire bonding.

3.2 Measurement and Results

Figure 3.2b confirms that our fabricated MPA devices absorbed more than 95%
of incident light at 1410 nm, which was slightly blue-shifted from our design wavelength.
Thicknesses of both the VO2 and antenna layers were confirmed by AFM to match the
design thicknesses to within 1 nm. However, while the SEM image in Figure 3.2a shows
that the realized structure qualitatively matches the design, careful SEM and AFM

measurement of device dimensions revealed slight discrepancies which, when included
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in the FDTD simulations, provided good agreement with the observed shift of the

absorption resonance. Gold maintained good optical quality after VO2 annealing.

Absorption (%)

1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

Figure 3.2 — Electron micrograph (a) of an array of bowtie antennas in a metamaterial
perfect absorber geometry (scale bar 500 nm). This device achieved greater than 95%
absorption of incident light at 1410 nm (b).

Device characterization consisted of both optical and electrical characterization.
A schematic of the set up used for optical characterization of the bowtie MPA structure
is shown in Figure 3.4. An incandescent mercury white light source was focused
through a 20 x objective onto the devices, and both the reflected and transmitted light
were coupled through a fiber optic into a spectrometer with a LN2 cooled InGaAs
detector. The reflection signal was normalized to a gold mirror, and the transmission
(collected by a 50 x objective behind the samples) was normalized to a bare substrate,
for two orthogonal linear polarizations.

Electrical measurements showed a resistance much lower than what was
expected for a current passing through the arrays. The resistance was determined
analytically to correspond to a single pass of the current from the bond pads, through
the VOz2, and into the reflective back plane, rather than along the bus bars and through

the VO2 along the gap between the antennas as designed. Upon SEM characterization
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of the devices, we determined that the dielectric layer, which was deposited between
the VO:2 and the reflective back plane, was not continuous. Figure 3.3 shows a typical
film, with isolated, light-colored islands of dielectric with diameter <100 nm, and large,
dark-colored regions of exposed gold. This failure of the dielectric film to wet the gold
substrate effectively shorted the device at the bond pads, such that we were unable to
electrically characterize the MPA structures. After trying various methods of deposition,
we determined that atomic layer deposition (ALD) would provide the greatest chance of
success due our stringent thickness requirements necessary to maintain optical
performance, but we had only limited access to ALD facilities and thus decided to begin

investigation of the plasmonic lens geometry.

Figure 3.3 — Electron micrograph of 20 nm ALD AI203 on gold. The growth of the
dielectric layer is still in an island forming regime, which results in a discontinuous and
ineffective dielectric barrier.
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Polarizer

Figure 3.4 — Optical set up used for characterization of absorption in the MPA structure.
A polarized mercury white light source is focused incident on a sample, and the use of a
beam splitter (BS) in conjunction with a switchable mirror allows collection of either the
reflected or transmitted signal.
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CHAPTER 4

Plasmonic Lenses

4.1 — Fabrication and VO:2 Etching

Plasmonic lens structures were fabricated as shown in Figure 4.1, starting with
cleaned quartz or double polished c-cut sapphire wafers. The lattice constant of
sapphire has been shown to be similar enough to VO: to allow for epitaxial growth®0. All
wafers were patterned with a square lattice of cross-shaped chrome alignment markers
at 200 um spacings by standard photolithography, thermal evaporation, and lift off in PG
remover, to facilitate subsequent EBL processing.

Following deposition of the alignment markers, the VO2 patches were defined by
either a lift off method or plasma etching. The lift off method consisted of EBL patterned
deposition of VO2 onto the sapphire substrate. This method requires the VO2 annealing
time to be reduced from 10 minutes to 4 minutes to prevent the nanoscale VO2 patches
from entering a higher oxidation state which does not show switching behavior. In the
plasma etching method, a bulk VO:2 film was deposited and annealed normally, and EBL
was subsequently used to define the areas where VO: is desired. A gold mask was
deposited on top of these areas by thermal evaporation, and after lift off the unmasked
VO2 was removed by plasma etching. The etch recipe is a modified form of a recipe
described by Ramanathan®! and consists of 12 seconds etching at 50 mTorr in a 100 W
ICP/50 W RIE plasma, with 10 sccm Oz and 10 sccm CFa4. The gold mask was

subsequently removed by chemical etching in a TFA-type etchant. After the VO: layer
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was defined and annealed, the gold antenna layer was defined by EBL and deposited
by thermal evaporation. Once lift off was completed, devices were wire bonded to

prepare the devices for electrical characterization.

Photolithography

Quartz{Sapph —F——
Cr Deposition
Expose I
PMMA
Lift Off Develop Vo, - Lift Off
Method De-scum Dep. Reduced Anneal |,
||
VO, (Annealed) )
(g ] o —
Etch EBL Pattern Plasma Etch Gold |
—_— —
Methoa Gold Mask Etch
Expose - Cr and Gold -
. r and Go
Spin Develop — —
PMMA De-scum Deposition
||

Lift Off

Figure 4.1 — Process diagram for the fabrication of plasmonic lens structures. A cleaned
guartz or sapphire wafer is coated in alignment layers to allow for multi-layer EBL
patterning. Nanoscale VO: features are then defined by either a lift-off method or an
etch method. The lift off method consists of direct EBL patterning of VO2, which for
properly reduced annealing times produces a higher quality film. The etch method
consists of depositing and annealing a bulk VOz2 thin film, followed by depositing an EBL
patterned gold etch mask, plasma etching, and chemical etching to remove the gold
mask. This method allows for more straightforward achievement of correct
stoichiometry, but leaves shelf-like deposits of lattice-matched VO2 which reduce the
quality of subsequent layers. Once the VO2 has been defined and deposited, the gold
antenna layer is patterned by EBL and deposited by thermal evaporation.
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4.2 - Results

Plasmonic lenses were initially fabricated on quartz substrates, using a plasma
etch process to define VO2 dimensions. Electrically connected plasmonic lens devices
were heated to determine the magnitude of resistance change in the small VO:2 patches.
While the order of magnitude of resistance of these devices at room temperature
corresponded well to analytical predictions, the resistance change for small VO2
patches was consistently less than two orders of magnitude, compared to the ~3 orders
of magnitude which is observed in bulk films. Our initial concern was that the small
patches were a non-stoichiometric oxide of vanadium. Figure 4.2d shows data from a
typical confocal RAMAN scan of the fabricated patches, where the presence of strong
peaks at 192 and 22 cm* confirms the presence, and prevalence, of the correct
stoichiometry. Having demonstrated that our switching material was stoichiometric VOq,
we fabricated various sized patches for electrical testing to attempt to determine a size
dependence of the switching. When no direct relation between particle size and
switching magnitude was observed, we decided to switch to sapphire substrates to
increase the crystallinity and grain size of the VOz2, and to increase the stability of the

annealed oxide.
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Figure 4.2 — Switching magnitude of VO2 on quartz (a) and sapphire (b). The magnitude
of switching is greatly enhanced on sapphire due to lattice matching at the surface.33
The change in electrical resistance of a nanoscale patch of VO2 on sapphire fabricated
by a lift off method is ~2 orders of magnitude (c), which while large relative to many
materials is still significantly less than what is observed in bulk films. The stoichiometry
of these films was verified by the presence of a strong RAMAN signal at 192 and

222 cm (d).

As expected, the increased crystallinity of the VO2 on sapphire substrates
resulted in increased repeatability and magnitude of switching, as seen in the
reflectance data in Figure 4.2a-b. The EBL patterning of the antenna layer translated
well to sapphire substrates, but when VO2 was etched on sapphire, a number of
problems arose. For etch times comparable to what was used on quartz, a significant

amount of undesired residual VO2 was left on the substrate. These plasma roughened

patches scattered light strongly, and affected the surface morphology and electrical
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performance of subsequent device layers. When etch times were increased to remove
all undesired VO2, there was a large (up to 1 um) shelf around each patterned feature
on which the VO2 was overetched to a thickness of ~10 nm, regardless of the original
thickness of the bulk thin film. This shelf can be observed in Figure 4.3, where the high
crystallinity of the VO:2 is apparent as a series of star-shaped patterns on the surface of
the unetched material. It was determined that there are two etch rates for VO2 on
sapphire, due to the first ~10 nm above the sapphire, which is lattice matched and
strained, etching at a slower rate than the remainder of the film. While subsequent
process engineering enabled us to reduce the shelf widths to <100 nm, and still remove
all undesired VOg, this width is comparable to the desired dimensions of our VO2
patches. We thus switched to a lift-off based method, which allowed much higher fidelity

definition of VO:2 patches.
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Figure 4.3 — AFM (a) and SEM (c) scan of VO: features on sapphire, defined by plasma
etching. The AFM line profiles (b) show two distinct levels of the VO2, suggesting
different etch rates for the initial epitaxial growth and the subsequent unstrained VO-:.
Etch process engineering can reduce the etch rate differences such that the epitaxial
“shelf” extends for less than 100 nm (d) beyond the edge of the defined feature, but as
this is comparable to the overall dimension of the simulated VO2 patch, a lift-off method
was pursued instead.

While the switch to a lift off method was necessary to allow for accurate definition
of the VO2 patches, it added increased difficulty by forcing us to anneal the VO2in
nanoscale patches rather than as a bulk thin film. To achieve the correct stoichiometry,
we thus needed to decrease the annealing time according to the size of patch we were

attempting to obtain. For patch sizes of 100 nm, we found that an annealing time of 4

minutes at 450 ‘C produced the strongest switching. Failure to properly tune the
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annealing step resulted in the formation of a non-stoichiometric film with weak or no
switching, but even optimized annealing of nanoscale VOz2resulted in weaker switching
than in bulk films. We believe that this reduction in switching magnitude, which reduces
the experimentally realizable sensitivity of our devices, is due to the fact that as the size
of the patches approaches the size of the VO2 grains, the effect of individual defects or
stoichiometric variations can no longer be statistically averaged out from the response
of the patch.

Figure 4.4b shows an array of 100 nm square patches of VO2 on sapphire.
These squares were defined by a lift-off method, and have high fidelity to the design
dimensions with no shelf-type residue remaining. RAMAN measurements have shown
these films to be stoichiometric. Figure 4.4a further confirms the fabrication of plasmonic
lenses in accordance with our design. These devices were electrically characterized as

described in the next chapter.
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Figure 4.4 — Electron micrographs of an array of plasmonic lens structures (a) and 100
nm square VO3 patches on sapphire defined by a lift off method (b). Both structures
show good fidelity to the design.
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CHAPTER 5

Electrical Characterization

Having developed a method for realizing the plasmonic lens structure, we turned
to electrically characterizing the performance of the devices. It was found that the
devices, each of which funneled current through a single 100 nm square patch of VOz,
were highly sensitive to electrostatic discharge (ESD). Thus for initial device
performance characterization we used the 1 pum resistor devices, which had been
designed to simplify characterization of the VO2 switching.

Electrical characterization was accomplished by connecting the samples to a
Keithley 2400 source meter, which output data at a rate of 10 Hz to a computer. During
electrical testing, samples were placed in the beam path of either a 405 nm diode laser
or a 1550 Ti:Sapphire laser, each of which were focused through a 20 x objective onto
the devices. Laser power was measured by a power meter, and the intensity was
attenuated by inclusion of optical density filters and linear polarizers. For some samples,
an optical chopper was placed in the beam path and the current through the device was
fed through a SR-830 Lock-In Amplifier. Temperature of the devices was controlled
either locally by the magnitude of the applied voltage or across the sample by use of a
resistive heater.

These devices were electrically biased with a small voltage (0.1 V), and
subsequently illuminated by CW laser light at 405 nm or 1500 nm. The laser light was

focused through a 20x objective such that only the patch of VO2 was illuminated. A
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detection event was defined as any instantaneous resistance change detectable above
the noise background. Initial tests with high laser powers (1 W) resulted in strong
switching, albeit with a marked latching of the resistance state. The “latched” low
resistance state was found to slowly return to the initial high resistance state over a
period of several minutes. Turning off the bias voltage did not increase the speed of
reset. Reducing the laser power reduced the magnitude of observed switching, but not
the presence of latching behavior. A series of experiments was conducted in which the
duration and power of illumination were varied. The results of these experiments can be
seen in Figure 5.1, where we found that with increasing illumination time and power, the
percent of overall change in resistance which “latched” increased. This indicated

heating of the substrate in an area much larger than the VO: patch.
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Figure 5.1 — Electrical response of a 1 um VOz resistor to increasing duration of laser
illumination (a) at 405 nm. From left to right, the numbered peaks correspond to
illumination for: 0.5s,1s,2s,5s, and 10 s. Note that with increasing duration of
illumination, there is a greater amount of residual decrease in resistance, indicating a
residual increase in temperature. Electrical response of a 1 um VO: resistor to
decreasing intensity of laser illumination (b). From left to right, the numbered peaks
correspond to illumination at a power of: 150 mwW, 200 mW, 100 mW, 50 mW, and 25
mW. Note that with increasing power, there is indication of residual heating, which
would suggest that even at low powers and short illumination times, the surrounding
substrate is significantly heated.
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Because of the de-localized substrate heating and high noise levels, our
sensitivity at 405 nm was limited to ~20 mW. Changing the wavelength from 405 nm to
1550 nm decreased absorption in the device overall, but more especially in the metal
and substrate such that detection events did not result in latching behavior or slow
recovery times. In addition to this improvement in reset speed, an improved focusing set
up allowed us to increase our sensitivity by an order of magnitude to ~1 mW as seen in
Figure 5.2a. While this increase in realizable sensitivity was large, it still left us several
orders of magnitude below the theoretical sensitivity of even the simple resistor device.
As the sensitivity is defined by both the response to a signal, which for the resistor was
a function of known and fixed materials properties, and the noise level of the device, we
decided to characterize the noise level of our resistors. Data was collected on 1 pm
resistor devices under ambient conditions. At a realistic probe voltage of 0.75 V, a
typical device such as the one tested in Figure 5.3a produced an average noise level
1%. For comparison, additional data is provided in Figure 5.3b which was taken on a
commercial carbon film resistor of approximately equivalent resistance, which had a
noise variance of <0.001% at the same temperature and measurement frequency. The
noise level in the VO2 resistors was further observed to decrease as a function of
voltage, which indicates a significant shot noise contribution due to the small cross
section, and correspondingly small current, of our devices. This significant noise level in
the VO:2 device is able almost exclusively to account for the difference between
theoretical and experimental sensitivity. While a single photon detector would be unable
to incorporate signal averaging or other common noise reduction methods, we decided

to construct a set up with a lock-in amplifier in order to further check the accuracy our
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model, which incorrectly assumed a low-noise environment. Figure 5.2b shows that by

using an optical chopper and a lock-in, we were able to detect a signal of 2 pW.
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Figure 5.2 — Electrical response of a 1 um VOz2 resistor to laser illumination at 1550 nm.
In a standard configuration, the system responds strongly to 40 mW illumination (a),
suggesting a maximum sensitivity of 1 mW. With the addition of an optical chopper and
a lock-in amplifier, the sensitivity level can be increased to 2 yW (b). lllumination with an
IR laser eliminates the latching behavior seen at shorter wavelengths by reducing
absorption in the metal and substrate, such that heat is localized in the VO2 and
dissipates quickly after illumination is stopped.
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Figure 5.3 — Resistance noise levels for a 1 um VO: resistor (a), and a commercial 10
kOhm resistor (b). The noise in the VO2 system is several orders of magnitude higher,
likely due to shot noise effects, and the signal drifts over time due to temperature
changes in the room (this data collected after building air conditioning was shut off).
Both of these effects combine to reduce the sensitivity of the device well below the
theoretical sensitivity.
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CHAPTER 6

Conclusions and Future Directions

In this work we have designed two plasmonic IR photodetectors which combine
the room temperature operation of bolometers and the high sensitivities of
superconducting detectors or APDs. While in this work we were not able to characterize
the electrical performance of a plasmonic IR photodetector, we have fabricated optically
active versions of both structures. Through characterization of these structures, we
have confirmed the validity of our optical model through the demonstration of high
absorption and localized heating. Further agreement between the predicted and
realized optical properties can be achieved through improved control over the

dimensions of the structure.
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Figure 6.1 — Bowtie MPA design with patterned VO2 patches (left), which avoids the
need for process engineering of a thin dielectric layer on gold. The device has a 30 nm
thick layer of Al2O3 between the reflective back plane and the antenna layer. The critical
dimensions are an antenna gap of 50 nm, bus bar width 45 nm, unit cell dimensions of
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250 nm x 350 nm, and a VO: thickness of 35 nm. This device achieves a maximum
absorption of 99.99% at 1550 nm (right).

Electrical functionality remains to be experimentally verified in future work. If
noise in these devices can be mitigated, analytical calculations predict sensitivity to as
few as 10 incident photons, which is comparable to or better than the performance of
many superconducting detectors. One route to reducing noise may be through placing a
large number of devices in parallel, such as in the MPA device. This may be achieved
through engineering the deposition process for the dielectric layer, or through the use of
patterned VO:2 layer. To facilitate future investigations, we designed the MPA shown in
Figure 6.1a, which has patterned VO.. This device retains a theoretical absorptivity of
99.99% (see Figure 6.1b), and a theoretical sensitivity comparable to our original MPA
design. In the course of designing and fabricating these photodetectors, we also
developed two methods for fabricating stoichiometric nanoscale VO: patches, which

may allow further investigation into the dynamics of correlated electron materials.
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