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Abstract

Thermal photodetectors are uniquely capable of sensing any incident wavelength
and are only limited by the wavelength range of the integrated absorber, yet these
detectors are commonly thought to be less sensitive and slower than their
photoconductor (PC) or photovoltaic (PV) counterparts. As such, the use of thermal
detectors for multispectral imaging has largely been ignored for spectral regions outside
of the LWIR. However, recent theoretical and experimental developments have shown
that thermal detectors with spectrally selective absorbers can outperform ideal PC and
PV detectors in the MWIR and beyond. In this dissertation, thermal detectors integrated
with spectrally selective, metasurface absorbers are theoretically and experimentally
investigated. Large-area metasurface absorbers with resonances spanning from 340 to
2740 nm are developed that localize absorption and subsequent thermal generation in
significantly subwavelength volumes. When integrated with a thermally sensitive
pyroelectric film, the metasurface-pyroelectric detectors exhibit a sub-nanosecond
response time with potential to match the response times of state-of-the-art, high-speed
photodiodes. Overall, the spectrally selective thermal detectors developed here are a
promising approach capable of disrupting the low cost, low form-factor spectral
imaging market and providing an interesting platform to conduct research into

photothermal generation and thermal diffusion at the nanoscale.
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1. Introduction

Thermal photodetectors are uniquely capable of sensing any incident wavelength
and are only limited by the wavelength range of the integrated absorber. Commercially,
thermal detectors are commonly utilized for low-cost, uncooled photodetector arrays or
focal plane arrays (FPAs) in the long-wave infrared (LWIR) where low-photon energies
make photoconductive (PC) or photovoltaic (PV) detection difficult and noisy. Due to
their low-cost, uncooled operation, and lower sensitivities than PC and PV FPAs,
thermal FPAs are commonly used for civilian/non-military applications including
autonomous vehicles, industrial process monitoring, firefighting, portable mine
detection, night vision, and law enforcement.!'! Microbolometers are the most common
thermal detectors comprising FPAs, however significant interest and recent research has
been conducted on pyroelectric and thermoelectric approaches due to their higher
thermal to electrical conversion efficiencies.?-!

The modern development of thermal detectors and nanophotonic absorbers
promises to provide a new generation of low-cost, uncooled FPAs with broad
wavelength ranges useful for a variety of spectral imaging applications. For example,
three different PC and PV FPAs are required to cover the 400-2500 nm wavelength range
due to their inherent sensitivity ranges. On the other hand, a single thermal FPA could
potentially span this entire wavelength range reducing the cost, size, weight, and power

use of a given spectral imaging system. An exemplary application requiring the full 400-



2500 nm range is aerial monitoring systems for agricultural crops, which are capable of
identifying nutrient levels, stress, disease, insect attack, soil type, and overall health of
crops.*12l This mapping of disease and nutrient levels could enable the targeted
application of herbicides, pesticides, and fertilizers, referred to as “precision agriculture’.
This targeted application could reduce the amount of fertilizer by 4-46 percent, pesticide
by 11-90 percent, herbicide by 28-70 percent, and water by 5-34 percent according to
recent studies.''4l A low-cost, small form-factor spectral imager would enable farmers
and companies to use small automated drones to monitor and track crop health cheaper
and easier than chartering aircraft to fly the larger legacy spectral imagers.

For better insight into how thermal FPAs could disrupt the low-cost spectral
imaging market, a better background on spectral imaging is provided. Spectral-based
imaging relies upon the capture of spatial and spectral characteristics of scattered or
emitted fields, providing unique information about the chemical or structural
composition of the imaged object. Specifically for DoD applications, this technique
enables the remote detection of chemical signatures useful for camouflage-
environmental differentiation, harmful chemical mapping, civilian-military
discrimination, and environmental characterization.!'>1¢ Typically, spectral imaging is
categorized into either hyperspectral or multispectral imaging, where hyperspectral
infers an approximately continuous sampling of the spectrum over a given range, and

multispectral implies a rough or heavily discretized sampling. Spectral data is typically



considered as a 3-dimensional ‘data cube’, where the first and second dimensions
contain the spatial distribution of the incident field, and the third dimension encodes the
spectral information for each spatial location. Measurement of hyperspectral data cubes
has been realized through many approaches; however, the prevailing approaches
capitalize on temporally multiplexing a 2D FPA —meaning two-dimensional slices of the
cube are simultaneously captured by the 2D array and the cube is reconstructed by
scanning over the third dimension and assembling these slices. For instance, one
approach exploits a slit imaging system integrated with a diffraction grating to
simultaneously capture a single spatial dimension and the associated spectral
information on the photodetector array. Then the optical assembly is spatially scanned
along the remaining spatial dimension to reconstruct the 3D cube. However, these
techniques inherently require large, heavy, and often expensive opto-mechanical
assemblies to spatially or spectrally scan the imaging system, which is not well suited
for applications requiring small form factors and low weights.

One strategy to address this issue is to replace the scanning optical systems with
focal plane arrays composed of spectrally selective pixels.'”20) However, the poor
spectral selectivity of naturally occurring materials beyond the visible spectrum makes
the realization of spectrally selective pixels exceedingly challenging.?'l Bypassing the
capabilities of natural materials, metasurfaces consisting of an ensemble of sub-

wavelength resonators have demonstrated strong and spectrally selective absorption



from the UV to mid-IR wavelengths, promising for the realization of multispectral
devices. Recently, multispectral focal plane arrays have been demonstrated where each
‘super-pixel’ consists of a multitude of metasurface sub-pixels each with a unique
spectral signature,['32 enabling the capture of both spectral and spatial dimensions
simultaneously in an on-chip platform. For instance, a 3x3 super-pixel consists of nine
different metasurface sub-pixels, which results in nine independent spectral points for
each spatial location. Thus, this approach inherently trades off spectral and spatial
resolution (e.g., if more spectral information is desired, larger super-pixels must be
utilized, inherently reducing the spatial resolution). For applications with fixed, sparse
spectral information, the reduced spatial/spectral resolution of multispectral imaging is
typically not an issue. The use of thermal detectors and thermal FPAs for multispectral
imaging has largely been ignored for spectral regions outside of the LWIR, however
recent theoretical and experimental developments have shown that thermal detectors
can outperform standard PC and PV detectors in the MWIR without the need for
expensive cryocoolers or many stage thermoelectric coolers. In this dissertation, thermal
detectors integrated with spectrally selective, metasurface absorbers are theoretically
and experimentally investigated.

The remainder of this dissertation is organized as follows. First, in chapter 2 the
theoretical limits of thermal detectors are derived and discussed for spectrally selective

and unselective absorbers. Chapter 3 contains background on metasurface absorbers,



plasmonics, and their associated fabrication. Chapter 4 includes my results on several
colloidal metasurface absorbers that I experimentally and computationally investigated
for photothermal conversion and subsequent integration with a thermal detector. In
Chapter 5, I integrated a film-coupled metasurface absorber with a pyroelectric film to
experimentally demonstrate a high-speed thermal detector, and my progress towards a
multispectral thermal detector array is covered illustrating the promise of these

pyroelectric-metasurface detectors.



2. Thermally Sensitive Photodetectors

Photodetectors leveraging thermally sensitive materials integrated with
electromagnetic absorbers, such as bolometric, thermoelectric, and pyroelectric detectors
are uniquely capable of sensing light at any wavelength. Light incident on these thermal
detectors is absorbed and converted into heat, designated as photothermal conversion.
The generated heat interacts with a thermally sensitive material converting the heat into
an electrical signal. This thermal to electrical conversion is independent of the incident
wavelength, as such the spectral dependence of a thermal detector is solely determined
by the absorber. Traditionally, blackened absorbers comprised of thick disordered gold,
aluminum, silicon, or carbon films/?-?% are utilized to provide the thermal detectors with
a broad sensitivity range covering the visible (VIS) to long-wave infrared (LWIR).
Metrology and spectroscopy systems such as FTIRs and laser power meters have found
use for the broad sensitivity of thermal detectors, however the relatively low sensitivity
of thermal detectors has discouraged their wide-spread usage when compared to
photoconductors (PCs) and photovoltaic/photodiodes (PVs). Development of thermal
detectors and associated FPAs has focused on low-cost, room-temperature, high-photon
flux applications for the LWIR and very long-wave infrared (VLWIR), where thermal
detectors can outperform PCs and PVs.?3 However, recent nanophotonic®-%! and
theoretical developments?l have revealed that thermal detectors with spectrally

selective absorbers could outperform their broadband counterparts, and even



theoretically outperform PC and PV detectors under specific conditions in the MWIR
and beyond.

Here recent nanophotonic developments and their impact on the sensitivity of
thermal detectors are examined to challenge the idea that thermal detectors are less
sensitive than PCs and PVs in the VIS to LWIR regime. Much of the thermal detector
theory was developed in the mid-twentieth century following WWII®+%1 and prior to
development of nanophotonic concepts and tailored thermal emission. More recently, an
idealized thermal detector with a spectrally-selective absorber was analytically shown to
outperform ideal PCs and PVs for wavelengths beyond the MWIR.?I To better
understand the mechanisms how nanophotonic absorbers can enhance thermal
detectors, the thermal and noise dynamics are derived for both spectrally selective and
unselective thermal detectors. The ensuing derivations reveal that the enhancement
arises from the primary or secondary reduction in thermal fluctuation noise, thermal
capacitance, and thermal conductance allowing for increased responsivities and

decreased noise floors.

2.1 Ideal Thermal Detectors

For an ideal thermal detector, the dominant noise mechanism is assumed to be
thermal fluctuation noise resulting from the random exchange of energy between a

thermal mass and its surrounding environment. When in thermal equilibrium with the



surrounding environment, the thermal noise power is expressed by Equation 1

below 130383

<Pth> - \/4ka 2Gth (1)

Where ko is the Boltzmann constant (1.38x10% [J-K]), T is the temperature, and
G is the thermal conductance between the detector and the environment. The thermal
conductance [W/K] is a crucial parameter for thermal detectors and describes the ease at
which the thermal energy can flow from the detector to the heat sink. For a fixed
operation temperature, the thermal noise power will be minimized when Gu is
minimized. As such, thermal detectors are typically isolated from their environment by
suspension upon thin struts to minimize the heat flow to the environment. Equation 2

shows the thermal conductance for an isolated thermal detector.

Gth = i = Galir + Gstrut + Grad (2)

h

The thermal conductance of such a detector to its surrounding environment
accounts for multiple pathways including the conduction through air, Gair, conduction
through the struts that suspend and thermally isolate the detector, Gstu, and thermal
radiation conductance from the detector to the surrounding environment, Grad. As such,
the ideal thermal detector assumes the detectors are in a perfect vacuum and there is no

conduction through the isolation legs, i.e. Gair = Gstrut = 0. The thermal conductance from



thermal emission/radiation when in equilibrium with the environment can be found

from Equation 3.

G, = % (AcT*n) =4AcT®p 3)

Where o is the Stefan-Boltzmann constant (5.67x10¢ [W-m2K]), A is the detector
area, and n is the detectors emissivity or absorptivity. This theory was derived when
blackened metallic broadband absorbers were standard and as such, 1 is assumed to
have little spectral dependence. Thus, the minimum detectible power or noise
equivalent power (NEP) from an ideal thermal detector is given by Equation 4 with

units of [W-Hz?03].

P 5
NEP:( th): 16k, T°Ac @
n \/ n

The NEP is a parameter useful for quantifying the magnitude of radiant power

incident on the detector that produces a signal equal to the root mean square (rms)
noise. It is important to note, there is an ambiguity with the definition of the NEP as the
units of [W-Hz?%] can be specified over the full operational bandwidth or for a 1 Hz
bandwidth. Here the NEP will be specified with a 1 Hz bandwidth, and specific
detectivity will account for the operational bandwidth of the detector. The normalized or
specific detectivity, D", is another useful metric quantifying a detector’s signal-to-noise

(SNR) ratio at 1 W of input radiation normalized to the area and measurement



bandwidth, Af. The specific detectivity allows for comparison of detectors with different

areas and bandwidths, where D" for the ideal thermal detector is specified by Equation 5.

" f
D = \/AA _ 77Af5 )
NEP 16k, T o

It is worth noting that the specific detectivity was originally formulated for
quantum or photovoltaic detectors, where the noise power is proportional to the
detector area. However, noise in thermal detectors does not always follow this scaling
trend; for example temperature fluctuations do not necessarily scale with the detector
area.®! Thus, D" should be interpreted cautiously as it tends to overestimate the
performance of thermal detectors with larger areas and underestimate the performance
of smaller detectors. Notwithstanding, D" is a useful metric for general comparison of a
detector’s sensitivity, and in the case of an ideal thermal detector does capture the
performance well as temperature fluctuations from thermal radiation do scale with area.
The specific detectivity of the ideal thermal detector can thus be estimated by assuming
Af=1Hz, T=300K, and n =1. Under these conditions, the specific detectivity is 1.81x10°
[cm-Hz"5-W-1], which is the maximum specific detectivity for a thermal detector with a
broadband absorber. This specific detectivity for the ideal thermal detector is plotted in
Figure 1 along with other experimental and theoretical detectors. From Figure 1, the
ideal thermal detector can be seen to have worse performance than ideal PCs or PVs for
all wavelengths shown which has led to the perspective that thermal detectors have

slow response times and poor sensitivities. However, the ideal thermal detector
10



derivation assumes a broadband absorber with a unity emissivity over the entire
spectral range, which maximizes the thermal conductance from thermal emission for a
given temperature. Recent theoretical developments have shown that the specific
detectivity of thermal detectors can be substantially improved through integration with

a spectrally-selective absorption and emission filters. 2!
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Figure 1: Comparison of the D* of common photodetectors. Chopping frequency is
1,000 Hz for all detectors except the thermopile (10 Hz), thermocouple (10 Hz),
thermistor, bolometer (10 Hz), Golay cell (10 Hz), and pyroelectric detector (10 Hz). Each
detector is assumed to view a hemispherical, surrounding at a temperature of 300 K.
Theoretical curves for the background-limited D* (dashed lines), for ideal photovoltaic
and photoconductive detectors and thermal detectors are also shown. PC,
photoconductive detector, PV, photovoltaic detector, PEM, photoelectromagnetic
detector, and HEB, hot electron bolometer. Figure from IOP Publishing.!l

Conveniently, nanophotonic optical materials comprised of highly engineered
subwavelength elements have enabled an unprecedented level of control over thermal

emission and photothermal conversion.l#2-# By leveraging full control over the thermal

11



emission spectrum, the radiative thermal conductance can be effectively reduced, which
would increase the specific detectivity of an ideal, spectrally-selective thermal detector.
Equation 6 describes the rms energy fluctuations arising from the photon quantization

of the thermal radiation for a single frequency.?!

hf
8zh’ft e

c? LY
el —1

Where n is the number of photons in a mode, f is the frequency of the photon, N

((AEY?) =N (hf)*(n*) (6)

is the mode density in the region of interest, h is the Planck constant (6.626x1034 []J-s]),
and c is the speed of light. By integration over frequency and solid angle, the total rms

energy fluctuations from thermal emission can be captured as shown in Equation 7.12!]

hf

o BEEORTE4 kT .
((AE) ):”j p ——1(f,0,4)sin(0)dfdgdo 7)
f;00 [eka _1]

Equation 7 allows for calculation of thermal energy fluctuations ({AE)?)®% in

units of [J'm?] from an arbitrary emissivity profile n(f,0,¢). If the detectors are in
thermal equilibrium with their surroundings and no substantial temperature changes
occur during the measurement, the thermal fluctuations will be stationary. As such, the
power spectral density can be calculated according to Equation 8 and the specific

detectivity according to Equation 9.

12
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« Af 1
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Where tmess is the integration or measurement time and the measurement

<(Ap)z>=<[tA_Ej2>=<(2AmE)2>=4(Af F (agY) 9

bandwidth Af = 0.5-tmeas’. To minimize AE and maximize D", a nanophotonic absorber
for a thermal detector should be designed to only absorb in the desired spectral region.
This will reduce the number of absorbed/emitted photons at wavelengths unimportant
to the designer, which leads to a significantly lower background noise when compared
to a detector absorbing uniformly across the visible and infrared. Assuming a
Lambertian thermal emission profile with a square spectral filter with a 1 um spectral
width centered at 10 pm, the specific detectivity would be ~5x10' [cm-Hz%5-W-1], which
is almost three times more sensitive than the broadband thermal detector. With this
simple filter, an ideal spectrally selective thermal detector would outperform ideal PC
and PV detectors for wavelengths longer than 10 pm. If the integrated filter is improved
to a 100 nm spectral width at 10 um, the specific detectivity would increase to ~1.4x10"
[cm-Hz-W-1], which would outperform any other detectors for wavelengths longer than
5 pm. The traditional notion that thermal detectors have worse sensitivities than PCs or

PVs only holds for traditional blackened absorbers. Updated theories accounting for

13



spectral selectivity and generation-recombination noise show that thermal detectors

could potentially outperform other technologies in the MWIR and beyond.

2.2 Simple Thermodynamic Model

Apart from reducing the thermal conductance by spectrally screening unwanted
thermal emission, nanophotonic absorbers can further improve thermal detectors by
decreasing their thermal capacitance enhancing both the detector’s sensitivity and
response time. To understand the thermodynamics of such thermal detectors, a simple
analytical solution is derived below. While the mechanisms of bolometric,
thermoelectric, and pyroelectric detectors are quite different, the thermal design and
isolation are similar between approaches which is shown in Figure 2. Most thermal
detectors consist of a i) supporting film for the struts/thermal isolation, ii) electrical
contacts, iii) a thermally sensitive material, and iv) an absorber. For example, the
bolometer in Figure 2 consists of a i) 400 nm SisNs supporting film, ii) a Ti and Au
electrical contact, iii) an 85 nm thermally sensitive VOx film, and iv) an optical absorber
from a 50/5/50 nm stack comprised of SisN+/NiCr/SisNs. Equation 10 is the simplest heat
balance equation for a passive thermal detector for temperature fluctuations around an
equilibrium temperature T. This equation assumes that little to no energy is removed
from the system by the thermal to electrical conversion and that there are no influences

from the electrical detection method such as bias currents for bolometric detectors.

C,, %AT + G, AT =nd (10)
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Where Cu is the thermal capacitance, 1 is the absorption/emissivity at the
wavelengths incident upon the detector, and @ is the radiant power. The thermal
capacitance in units of [J-K"'] is the capacity of the detector to hold thermal energy.
Assuming a periodically varying radiant power, ie. @ = @eeit, the amplitude of
temperature variation is shown in Equation 11. The conversion factor of the given
thermal detector in [V-K'] or [A-K"] is given by Equation 12.

\/Gti +a’°C} \/l+ o't}

AV Al
SiK = (12)
AT AT

Where thermal resistance is defined as R = 1/Gu, the characteristic response time

is th = Cw/Gmn, and Kv or Ki are the thermal to electrical conversion factors. The

subsequent responsivity in [V-W-1] of the thermal detector is given by Equation 13.

_ K AT _ 1Ky Ry
@, \/1+ o't}

R, (13)

Equation 11 and 13 illustrate several important features of thermal detectors to
maximize AT and Rv for a given radiant power. In order to maximize the temperature
change, AT, the thermal capacitance and conductance need to be minimized, while
maximizing the absorption for the wavelength of interest. It was shown with Equation 7
that an ideal absorber for a thermal detector should perfectly absorb the signal

wavelength and have no absorption otherwise. This allows for complete absorption of

15



the signal, while reducing the thermal conductance associated with thermal emission to
the detector’s surroundings. As such, thermal detectors should seek the smallest
possible detector mass, minimize thermal emission, and utilize the thinnest/longest
thermal isolation legs possible to connect the detector to the heat sink.*”l Temporally as
w is increased, the w?Cw? term will eventually exceed the Ga? term in magnitude and AT
will decrease inversely as w. Thus, the characteristic response time, tm = Cu/Gw, is
analogous to the RC time constant of an RC (resistor and capacitor) circuit and models
the thermally limited response of the detectors. An optimal thermal detector would have
the smallest thermal capacitance possible and the thermal conductance would be

engineered to achieve the desired response time and noise floor.

Figure 2: Geometry and composition of thermally isolated thermal detector. A 25x25
um VOx microbolometer is shown here, where the resistance of the VOx changes in
response to the temperature of the film. Two thermal isolation struts can be seen along
the outside of the detector that connect it to the substrate with 4 um widths and 50 um
lengths. The Ti and Au conductors are used to electrically contact the thermally sensitive
VOx film of 95 nm in thickness. The 400 nm Si3N4 film at the bottom of the
heterostructure is the film supporting the structure, and the top Si3N4/NiCr/Si3N4 stack
is the optical absorber with thicknesses of 50/5/50 nm. Figure adapted from AIP
Publishing.[#8l
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Focusing on the absorber, the use of nanophotonic absorbers due to their
subwavelength features and localized absorption can directly reduce the thermal
capacitance of the detector, which will result in an increased responsivity and improved
thermal response time. Additionally, these absorbers can have a secondary effect of
reducing the thermal conductance in addition to the reduction of the thermal emission.
Equation 2 showed that the thermal conductance depends on the physical design of the
detector support structure or the isolation struts. The support structure itself is designed
to provide mechanical support for the contacts, thermally sensitive, and absorber
materials. As such, if the absorber mass is decreased, the struts can be made thinner and
longer while providing the same comparative support. The strut conductance can be
modeled as the sum of individual materials comprising the strut as shown by Equation

14.

=N k'_A (14)

strut
T L

G

strut

Where Nswue is the number of struts isolating the detector, ki is the thermal
conductivity, Ai is the cross-sectional area, and #¢i is the length of the strut for the it
material. In most cases, the strut only consists of i) a low stress oxide or nitride film
acting as the support for the detector structure and ii) a conductor to electrically contact
the thermally sensitive material as shown in Figure 2. For recently demonstrated
microbolometers, the struts commonly have thicknesses on the order of 100’s nm,

widths on the order of 1’s um, and lengths in the 10’s um resulting in ~107-10-% [W-K"1]
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strut conductances.['#74-53 Other than improved fabrication techniques and design, there
is little that can be done to reduce the thermal conductance of the strut other than
reducing the mass of the suspended thermal detector. This reduction in the detector
mass, from integrating a nanophotonic absorber for instance, would allow for the struts
to be thinner and longer reducing the thermal conductance and improving the specific
detectivity. In a similar form to the thermal conductance, the thermal capacitance can be
minimized directly by reducing the mass of the thermal detector. The thermal
capacitance as calculated by Equation 15 is found from the sum of capacitances for each

constituent material.

Cu =2.C (15)

C =c,pV

i (16)

Ci is the thermal capacitance of the i material in the detector heterostructure,
which is calculated from the specific heat cpi, the density i, and the volume Vi for the it
material. The thermal capacitance can be minimized by reducing the volume of the
support, contacts, thermally sensitive, and absorber materials while choosing materials
with low densities and specific heats. Any reduction in the absorber or thermally
sensitive material would allow for a concomitant reduction in the support material,

which compounds the reduction in thermal capacitance. Since the absorber and thermal-

electrical conversion can be designed separately, each can be optimized independently.
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For a specific thermal detection mechanism, such as bolometric, pyroelectric, or
thermoelectric detectors, the thermally sensitive elements and contacts will be optimized
and effectively fixed to produce the largest responsivities. The thermal to electrical
conversion will be optimized according to the NEP and D" shown in Equations 17 and

18.

<

NEP = noise :Inﬁ (17)

R, R
D*:\/AAf :1/AAf R, 18)
V

NEP

noise

Where Vnoise is the rms voltage noise in [V-Hz?%] arising from the various noise
sources of the thermal detector. Equation 18 demonstrates, that the specific detectivity is
directly proportional to the responsivity of the detector and inversely proportional to the
noise. Since the absorber and thermal to electrical conversion mechanism are assumed to
be independent, the thermal to electrical conversion can be optimized by minimization
of the noise to responsivity ratio or the NEP. The thermal to electrical optimization will
be specific to the desired mechanism and material system, and the selection of the
optimal parameters for each mechanism and material system is beyond the scope of this
work. For the remaining section, the thermal to electrical conversion mechanism will be
assumed to be optimized in terms of minimizing noise and maximizing responsivity
through geometrical and material selections. In this case, the only further improvement

to such a thermal detector is through the absorber design. Theoretically, these
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derivations have shown that nanophotonic absorbers can directly enhance the sensitivity
of thermal detectors through the primary or secondary reductions in thermal fluctuation

noise, thermal capacitance, and thermal conductance.

2.3 Nanophotonic Absorbers for Thermal Detectors

Recent experimental developments in nanophotonics has allowed for the
creation of laterally and vertically structured optical absorbers that localize incident
electromagnetic energy into significantly subwavelength volumes. This localization
allows the volume and mass of a spectrally selective optical absorber to be minimized.
For instance, a perfect absorber can be realized with an array of holes in a metallic or
semiconductor film,* where the holes not only improve the ability of the film to absorb
incident radiation but also reduce the thermal capacitance of the absorber. In general, an
ensemble of nanophotonic components on a surface can be designated as a metasurface
or metamaterial. Metasurfaces can be split into two main categories
dielectric/semiconductor metasurfaces and metallic/plasmonic metasurfaces, which are
classified according to the materials comprising the nanophotonic elements.

Each thermal detection has unique mechanisms responsible for the electrical to
thermal conversion, and the nanophotonic absorber must be designed around this
mechanism so not to adversely impact its’ performance. Recent demonstrations of
nanophotonic absorbers with the three main thermal detector approaches (i-iii) are

examined briefly below. i) Bolometric detectors measure thermal signals through the
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temperature-dependent electrical resistivity of a thin material such as amorphous Si or
VOx films. Typically, a bias current is applied to a bolometric detector and any resultant
change in the electrical current can be attributed to thermal changes of the material. As
such, dielectric metasurfaces are commonly used for bolometric detectors in order to
prevent any leakage currents from flowing through the absorber.l*51 However, metallic
metasurfaces have been integrated with bolometric films by utilizing nanostructured
metallic contacts to simultaneously inject current into the bolometric film while
providing an enhanced absorption.5>%1 ii) Thermoelectric/thermocouple detectors
operate from charge transfer across a heterojunction of two dissimilar metals or a p- to
n-type semiconductor junction with different Fermi levels. A temperature difference
sustained across the junction allows higher temperature/energy charges in the hot
material to generate a diffusion current into the cold material creating a voltage across
the junction. The Seebeck coefficient is used to describe the magnitude of this effect and
has units of [V-K']. Nanophotonic thermoelectric detectors have been demonstrated
with both dielectric and metallic metasurfaces depending upon the contacting geometry
and materials used for the thermoelectric junction.’2%-¢1 ijii) The mechanisms of
pyroelectric detectors are discussed in more detail in section 5.1, but are essentially
capacitors where the pyroelectric material is sandwiched between two conductors. In

this case, a metallic absorber with minimal thermal capacitance is desired to generate the
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largest signal with recent demonstrations showing pyroelectric detectors with

sensitivities ranging from the visible (~600 nm) to millimeter (~2 mm).[1%316263]
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3. Plasmonic Metasurface Absorbers

Metasurfaces are crucial for next generation thermal detectors, since they allow
for unparalleled control of electromagnetic waves that circumvent the limitations of
naturally occurring optical materials. For these thermal detectors, light absorption and
subsequent thermal generation is essential, but natural materials in the UV to MWIR
have limited absorption ranges corresponding to inherent electron and phonon
excitations. Metallic metamaterials on the other hand can be designed to realize high-
efficiency absorption for nearly any wavelength by taking advantage of metallic
nanostructures with recent demonstrations spanning from the UV to millimeter

regimes. [31,62,64-69]

3.1 Plasmonic Nanocavities for Metasurfaces

Metallic nanostructures with subwavelength features enable unprecedented
control of interactions between optical waves and nanoscale materials through the
exploitation of localized surface plasmon resonances. Light incident upon the metallic
nanostructures excites localized surface plasmons i.e., coherent oscillations of free
electrons confined to the surface of a highly conductive material. These plasmons are
resonant oscillations that are highly dependent on the geometry and materials of the
metallic nanostructures, and as such are highly suited for designable metamaterials.
Plasmonic metasurfaces in the visible to near IR regime have exhibited wide spectral

ranges, non-fading colors, and have been demonstrated for a diverse set of applications
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ranging from photodetection”*7! to color printing.[®*-%l A promising geometry capable
of constructing strongly absorbing, spectrally-narrow metasurfaces is the gap-plasmon
resonator or plasmonic nanocavity”!73-767882 due to its high field enhancements, -5
strong resonant modes,®°!l and large electric and magnetic responsivities.[”?2% When
packed to a specific surface density, the collective electric and magnetic response can
destructively interfere with incident radiation, resulting in near perfect absorption at the

plasmon resonance as shown in Figure 3.4

. Reflected wave, 74nm ||| Ag
I ’ electric conductor 1

50 nm | Au l
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Reflected wave, No reflected wave,
magnetic conductor ideal absorber

Figure 3: Perfect Absorbers with Plasmonic Metasurfaces. a) Light incident on a
conductive surface. b) Light reflects due to either the excitation of electric surface current
densities, K, or c) fictitious magnetic surface current densities, Ku. d) If both responses
exhist then the back reflected wave represents the electric field response, E, and the
magnetic field response, H, which can exactly cancel the reflected wave. e-f) A
plasmonic-based absorber formed by an ensemble of plasmonic nanocavities for which
the enhanced electric field (blue) is equivalent to effective magnetic currents (red).
Figure adapted from Nature Publishing.[”]

Typically, these gap-plasmon or plasmonic nanocavity structures are realized by

realized by separating nanoscale metallic particles, such as cubes,[®®l platelets,®! disks,*?
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or other facetted shapes”’, from a smooth metallic film with a dielectric spacer to
create two planar metallic surfaces. Coupling between the two planar plasmonic
surfaces makes the nanocavity which confines or localizes generated plasmons at the
interface between the metallic NPs and the metal films. Thus, these nanocavities can
generate the large electric and magnetic responses needed for perfect absorption and

integration with thermal detectors.

3.2 Metasurface Fabrication Approaches

Typically, in the visible and infrared spectral ranges, high-resolution
photolithography or electron beam lithography is needed because individual coupled-
mode plasmonic resonators need to have feature sizes down to ~10 nm.[$1%0101] State-of-
the-art, top-down lithographic patterning with 10 nm resolution, such as electron beam
lithography, not only inherently limits the scalability and commercialization potential of
metasurface absorbers, but also typically deteriorates the properties and interfaces of
any electrically active material exposed to the process. Techniques such as i-Line stepper
photolithography can readily pattern lateral feature sizes down to 300 nm, which is
useful for metasurfaces at longer wavelengths, but realizing controllable, economical,
and wafer-scale patterning below 40 nm has been an active area of research.
Lithography-free approaches such as planar metasurfaces have shown spectrally-
selective absorbing surfaces from visible to mid-wave infrared, 297 but lack full spatial

control over the absorbed power and heat generation. Alternative fabrication
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techniques, such as imprint lithography!!®1®l and colloidal self-assembly,!'’l have
showed promise for realizing ~10 nm resolutions over wafer-scale areas with non-
damaging fabrication strategies. As such, a scalable, facile metasurface fabrication
technique would play a crucial role in facilitating technology transfer and development
of novel optoelectronic devices in the 400-3000 nm regimes.

Focusing in, colloidal fabrication approaches are uniquely capable of producing large-
area plasmonic metasurfaces with nanometer accuracies with a range of techniques
using the NPs as etch masks for an underlying metal film, !l shadow deposition masks
to pattern a deposited metal,[''l or through direct use of metallic NPs.[”110112] Recent
demonstrations in Prof. Smith(®871101131 and Prof. Mikkelsen’sl®>!12114] group have shown
plasmonic metasurfaces with attractive absorptive properties by depositing silver
nanocubes onto metallic films with a dielectric coating as shown in Figure 4. These
spectrally selective metasurfaces have been shown to absorb from 650 to 1420 nm, where
the absorption resonance is passively tuned by changing the cube size between 75-140
nm or the dielectric spacer thickness between 1-7 nm. Furthermore, these Ag nanocube
metasurfaces were deposited over an entire 50 mm wafer and showed little to no

variability over the entire surface, promising for future large-area device fabrication.
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Figure 4: Metasurface Perfect Absorber Based on Colloidal Silver Nanocubes. a) SEM
image of perfect absorber surface consisting of a gold film covered with silver
nanocubes, where the inset shows the dimensions of the metasurface elements. b)
Reflection spectrum from an absorber with a resonance at 650 nm, utilizing 75 nm
nanocubes and a 7 nm spacer. c) Picture of sample with a 10 mm metasurface, while
surrounding region is coated only with gold. A defocused laser with a diameter of =13
mm illuminates the absorber region. d) Images of the laser beam after reflection from the
absorber sample shown in (c), as the laser wavelength is swept from 500 to 700 nm.
Figure from Wiley Publishing GmbH.[11%]

However, the creation of practical thermal detectors and optoelectronic devices
based on these plasmonic nanocavities is contingent upon a fabrication method
providing full control on multiple length scales. First, the plasmonic gap needs to be
fabricated with nanometer accuracies in order to consistently control the plasmon
resonance. Second, the sub-wavelength plasmonic resonators must be arranged spatially
to form an impedance matched metasurface, resulting in perfect absorption on
resonance. Third, these metasurfaces must be patterned on the micron scale into
individual pixels forming multispectral arrays and finally the pixels must be patterned
over wafer-scale areas to allow the fabrication of large-scale devices. To date, such
plasmonic devices have yet to be demonstrated due to the lack of suitable fabrication

methods with these multiscale properties. As such, these colloidal self-assembly
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approaches are capable of nanometer scale accuracies over wafer-scale area, but lack the
capability to laterally pattern the metasurfaces into pixel arrays. In order to improve
these colloidal metasurfaces for practical fabrication of thermal detectors, section 4.1
outlines my effort to hybridize colloidal self-assembly with photolithography to make
multispectral metasurface arrays, and in section 4.2, I demonstrate the ability of colloidal
metasurfaces to spatially control nanoscale thermal generation from light absorption

spanning from 340-2740 nm.
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4. Colloidal Metasurfaces for Thermal Detectors

4.1 Multispectral Metasurface Arrays

In this section, I demonstrate the creation of spectrally selective, highly absorbing
metasurface pixel arrays exhibiting greater than 85 percent absorption and ~100 nm
spectral widths by patterning plasmonic resonators in micron-scale pixels using a fusion
of bottom-up and top-down fabrication techniques over wafer-scale areas. The
plasmonic resonators, tuned from 580 to 1125 nm, are composed of colloidally
synthesized silver nanocubes separated from a gold film with a 4 to 10 nm spacer layer.
To display the capability of this technique, I fabricate a multispectral metasurface pixel
array consisting of six resonances and reconstruct a RGB image with a combinatorial
pixel scheme exhibiting 9261 color combinations.

The presented multiscale fabrication method utilizes a combination of bottom-up
colloidal assembly to form the individual resonators and top-down photolithography to
define the deposition of metasurfaces into multispectral patterns over multiple length
scales. The only steps required for this process are dip coating, photolithography, and
colloidal synthesis, which inherently makes this fabrication method appealing for large-
scale device fabrication. Leveraging this fabrication technique, two structures were
fabricated demonstrating the unique capabilities of this plasmonic system. First, a wafer-

scale multispectral metasurface pixel array was fabricated with six different resonances
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spanning from 580 to 1125 nm. Second, an RGB image was reconstructed in the near-IR
with combinatorial metasurface pixels that achieve 9261 different color combinations.
The plasmonic metasurfaces are formed from colloidally synthesized metal
nanocubes deposited on top of a metal film and separated by a polymer spacer with
nanometer accuracies as shown in Figure 5. There are several appealing nanoscale
properties of this plasmonic architecture. First, the plasmon resonance between the
metal nanocubes and the film can be precisely controlled by varying the thickness of the
gap layer, d, and the cube size, L, enabling the resonance to be tuned anywhere from 580
nm to 1420 nm.[®! Secondly, the gap size can be precisely maintained for individual
particles across arbitrarily large samples through uniform coating techniques such as
dip-coating or atomic layer deposition. Furthermore, the effective properties of the
surface can be tuned by varying the density of the nanocubes or by utilizing other

plasmonic materials such as aluminum or silver.
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Figure 5: Multispectral Metasurface Fabrication Procedure. Diagram illustrating the
fabrication steps used to create multiple different self-assembled metasurface pixels on a
single substrate. On the top right is a schematic of a single subwavelength absorber
consisting of a silver nanocube separated from a gold substrate with a 4 to 10 nm
polymer spacer layer. Figure from Wiley Publishing GmbH. 12!

A summary of the fabrication steps used to create the multispectral metasurfaces
is illustrated in Figure 5, where the process utilizes colloidally synthesized silver
nanocubes, layer-by-layer deposition of polyelectrolytes, and repeated lift-off
photolithography. Initially, a gold film is evaporated on a silicon substrate (i) followed
by spin-coating of a negative photoresist (ii). Next, a photomask is used to determine the
nanocube deposition area by exposing (iii) and developing (iv) the photoresist. A
nanoscale spacer layer is then deposited using layer-by-layer dip coating of alternating
polyelectrolyte (PE) layers composed of a positively charged poly(allylamine)
hydrochloride (PAH) polymer and a negatively charged polystyrene sulfonate (PSS)
polymer with layers of ~1 nm thickness (v).'"¥] Next, the substrate is incubated in a

31



solution of nanocubes, where the nanocube stabilizer coating is PVP, a negatively
charged polymer, which facilitates the nanocubes to electrostatically adhere to the
positively charged PE layer. The final film-nanocube separation distance is the sum of
the PE layers and the 3 nm stabilizer coating. The silver nanocubes themselves are
colloidally synthesized following a well-established process.l''¢17] Lastly (vii), the
photoresist is removed, leaving nanocubes only in the defined regions. This fabrication
process can be utilized to pattern any number of different nanocube resonances created
with different gap thicknesses and nanocube sizes across large-scales by repeating the
process starting with step (ii). The result of this process is a sample with film-coupled
plasmonic resonators with nanometer gap precisions, patterned into micron-scale pixels
via photolithography over wafer-scale areas. This fabrication method can be extended to
high-volume fabrication by automating the photolithography process with commercially
available machines and by dip-coating many substrates in parallel in polymer and
nanocube baths.

Utilizing this method, a multispectral pixel array with six different metasurface
resonances was patterned as illustrated in Figure 6. A photomask that consisted of 20x20
pum squares determined the locations of the nanocube deposition and the fabrication
steps depicted in Figure 5 were repeated for each resonance. Resonances were chosen to
vary from 580 nm to 1125 nm by using three different gap thicknesses, d, and three

different sizes of nanocubes, L (Figure 6b). The SEM image in Figure 6a shows the
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uniform patterning of the multispectral pixel array over a small region of the full sample
which covers a 1x1 cm area. The basic pixel unit of this structure is shown in Figure 6b
where the cube sizes and gap thicknesses for each pixel are also indicated. The SEM
image in Figure 6c shows that the metasurfaces are composed of an ensemble of
randomly oriented nanocubes which also can be seen in an angled SEM in Figure 6d.
The spectral response of each individual resonance was measured with a spectrometer

with an integrated spot size of 5 um in diameter and is shown in Figure 6e.
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Figure 6: Multispectral Pixel Array. a) SEM image of multiple pixels showing the
uniformity of patterning. b) SEM image of a single pixel labeled according to their
corresponding spectrums. The nanocube size, L, and the gap thickness, d, are labeled for
each resonance. c) SEM image of the uniform distribution of cubes within the 20x20 um
squares. d) Angled SEM image showing silver nanocubes (L = 75 nm) on a gold
substrate. e) Spectrum of six different plasmonic resonances across the visible to near
infrared patterned on a single substrate. Figure from Wiley Publishing GmbH.['2!

33



By fitting the spectra of each metasurface with a Lorentzian lineshape, the best
quality factors were determined to be 8.7 for the 580 nm resonant pixel and 6.3 for the
720 nm pixel. An analysis of the SEM image in Figure 6c reveals that 88% of the particles
in the 720 nm metasurface were cubes with a +6 nm size distribution as shown in Table 1
of the supplementary information. Figure 12 and Table 1 display the analysis results for
the other metasurface pixels. The residual particles in the size distribution statistics are
either clustered nanocubes, pyramids, rods, or other shapes. A peak absorption upwards
of 85% on resonance was achieved for each patterned metasurface. In this sample, the
highest absorption peak of 90% occurs for the 720 nm resonance, which had the highest
nanocube fraction of 88% with a +6 nm size distribution that filled 16.1% of the surface
area. The nanocube absorbers have previously demonstrated absorptions up to 99.7%
where the solution was 91% nanocubes with a +6 nm size distribution that filled 19.2% of
the surface area and maintain absorptions above 95% out to 50 degree angles of
incidence.’”l The smaller peak absorptions observed in this work might be due to
residual photoresist on the gold surface or interference of the photoresist walls with
nanocube diffusion and adhesion causing the lower fill fractions exhibited here. While
factors potentially weaken the absorption performance of the metasurfaces, the
performance could likely be improved with commercial photoresists or filtering the

nanocube solutions to remove undesired larger particles.
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Taking advantage of this multiscale fabrication technique, a second structure was
designed that could reconstruct an arbitrary macroscopic RGB image using
combinatorial plasmonic pixels as depicted in Figure 7. Former plasmonic image
reconstruction techniques have typically relied upon small variations in the plasmonic
resonator to create up to 100 different colors with spatial resolutions up to ~100,000 dots
per inch (dpi).”*777 Several recent approaches have demonstrated the capability of
combinatorial plasmonic pixels to achieve a higher number of colors.l”#81 The multiscale
fabrication technique presented here is uniquely suited to the creation large-area
plasmonic pictures reconstructed through the combination of multiple elemental colors
with different intensities such as in RGB or CMYK displays. The upper limit on the
amount of colors is determined by the desired dpi and the accuracy with which the
metasurfaces can be patterned. Here, each “RGB” pixel is mapped to a 45x45 um square
where the pixel color is changed by varying the length of a rectangular-shaped subpixel
metasurface as depicted in Figure 7a. With 2 um variations in length and a maximum
length of 40 um, each plasmonic subpixel can achieve 21 different absorption intensities
for each color corresponding to 1 percent variations in the absorption of the R, G, or B
channels which is easily measurable on commercial spectrometers. Thus, with the 2 um
variations, this pixel scheme is readily capable of creating 9261 color combinations at a
resolution of 560 dpi. An SEM picture in Figure 7b shows pixels with varying “RGB”

sizes that were fabricated. With this reconstruction method, each “RGB” channel can be
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mapped to any color between 570 nm to 1420 nm. In this specific case, the R channel was
mapped to 810 nm, the G to 720 nm, and the B to 570 nm as shown in the spectrum of
Figure 7e. Normalized microscope images of pixels were taken with +10 nm bandpass
filters around each resonance, shown in Figure 7f. The strong selectivity of the bandpass
filters on the metasurfaces can be seen in the microscope images where the on-resonant

pixels appear black.
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Figure 7: Metasurface RGB Pixel Structure. a) Diagram of the pixel unit cell used to
reconstruct an RGB image with the nanocube absorbers. The intensity of each color is
tuned by varying the length of the rectangles in 2 um increments. b) SEM image
depicting actual pixels of the reconstructed RGB image. c) SEM image showing pixels
with varying rectangle lengths along edge of parakeet head. d) SEM image of the
parakeet head. e) Spectrum of three different colors used to reconstruct the RGB image.
f) Images of pixels taken with +10 nm bandpass filters around each resonance. Figure
from Wiley Publishing GmbH."2

An RGB image of a rainbow lorikeet was chosen to be reconstructed with the
nanocube absorbers (Figure 8) and the image was down sampled from 256 intensities to
the 21 intensities possible with the reconstruction method described above. Each pixel

was then converted into three photomasks for the three different nanocube resonances
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needed. An SEM image demonstrating the variation of pixels along the edge of the
lorikeet head is shown in Figure 7d. A macroscale SEM image in Figure 7c clearly shows
how the lorikeet head is composed of individual three-color pixels. The sample was
imaged with a custom built imaging system, in a white light reflection mode. The same
bandpass filters used for Figure 7d were installed in front of the CCD camera, and the
images were normalized for each different filter. Figure 8a shows images of the lorikeet
in the separate color channels, with the images shown in false RGB color. The
reconstructed image of the lorikeet head is shown in false color in Figure 8c with all
three color channels. The image was reconstructed by simply resizing and
superimposing the images to account for chromatic aberrations in the imaging system.
The aliasing of the images is a result of slightly oversampling the image to where the
individual pixel structures could be resolved. The original down-sampled image is
shown for comparison in Figure 8b. The red hue is observed to be less vibrant in the
reconstructed metasurface image compared to the original, which is likely due to a slight
degradation of the sample that occurred between fabrication and measurement.
Typically, the PVP coating around the silver nanocubes protects the sample from
degradation for up to a week, however the acetone liftoff used in the fabrication process
affected the PVP coating resulting in faster degradation such as in the red pixels. The
spectral effects of further oxidation on the sample can be seen in Figure 11. However,

this image reconstruction is a clear visual demonstration of the precision with which the
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nanocube absorbers can be patterned on a macroscopic scale, with much finer features

possible, limited only by the photolithography resolution.
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Figure 8: Reconstructed RGB Image. a) Absorption images at the three different
resonances taken with same bandpass filters as in Figure 3f. b) Original down-sampled
image used to create the photomasks. c) The final reconstructed image from the three
different absorption images. Figure from Wiley Publishing GmbH.!'12]

The original 330x330 pixel parakeet image was reconstructed using 45x45 pum
plasmonic pixels, which corresponded to a final 15x15 mm plasmonic picture. Figure 9
shows a scattered light image from the 15x15 mm lorikeet sample as well as the original
image used for the reconstruction, which has been downsampled from 256 to 21
intensity variations. The reflection imaging setup used to image the lorikeet head is only
capable of achieving a 6 mm field of view. A custom imaging setup was built with
normally incident white light and a relatively large field of view. Utilizing two high NA
and low magnification objectives, I achieved an imaging system with a magnification of

0.3X with low aberrations. This system could provide uniform illumination over a field
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of view of 6 mm by adjusting the focus of the beam using the collimating lens. A
broadband 50/50 beam splitter was used to couple the white light into the path for

normally incident reflection measurements.

Original Downsampled Image Scattering Off Reconstructed Image

Figure 9: Full-sized Images of Original and Reconstructed Lorikeets. The original
330x330 pixel image is shown on the left downsampled from 256 to 21 intensity
variations. The scattering off the reconstructed plasmonic image is shown on the right
for the full 15x15 mm sample size. Figure from Wiley Publishing GmbH.[12

The metasurfaces are robust against the use of common photoresist solvents and
developers. The spectra of the 580 nm resonant pixel are shown below in Figure 10
before the acetone liftoff, after one liftoff, and after three liftoffs. The acetone liftoff has
little to no effect on the reflection spectrum of the metasurfaces, indicating that the liftoff
does not change the density or adhesion of the nanocubes. The absorption peak of the
reflection spectra does not significantly change on resonance. The off-resonance changes

are a result of varying normalization effectiveness.

39



Reflection (%)

Before Liftoff
20 ——— After 1 Liftoff
— After 3 Liftoffs

600 700 800 800 1000
Wavelength (nm)

Figure 10: Reflection Spectra Before and After Liftoff. The reflectance of the 580 nm
pixel in the metasurface array was taken before and after several acetone liftoffs to
assess the effect of solvents on the metasurface. Figure from Wiley Publishing GmbH. "2

One adverse effect of using the solvents was that the oxidation rate of the silver
nanocubes increased due to the removal of the PVP stabilizer coating protecting the
cubes. Thus, the faster degradation of the red pixels of the reconstructed parakeet image
were attributed to the oxidation of the nanocubes between measuring the spectrum and
taking the macroscale reflection image. Typically, the 3 nm PVP stabilizer coating
prevents the silver nanocubes from oxidizing for up to a week in ambient conditions.
However, the red pixels in the parakeet image were exposed to an acetone liftoff first
which damaged the PVP stabilizer resulting in faster oxidation rates compared to the
blue or green channels. The spectra of the RGB pixels is shown in Figure 11 before and
after oxidation. As the samples oxidize the spectral selectivity and absorption is

destroyed.
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Figure 11: Oxidation of Metasurfaces. The reflectance spectra for the RGB image
reconstruction are shown before and after oxidation. The oxidized spectra were taken

after the sample was exposed to ambient conditions for over a week. Figure from Wiley
Publishing GmbH.['?]

The absorption performance of the metasurface is directly related to three main
characteristics of the colloidal particles on the surface. These characteristics can be
determined through analyzing SEM images of the surfaces for each nanocube solution
(Figure 12). First, the fill-fraction of the nanocubes on the gold substrate will determine
the effective impedance of the surface and will change the magnitude of the absorption
peaks on resonance. Second, the percentage of nanocubes versus other types of particles
will determine the peak absorption of the sample. Other particles scatter light resulting
in worse absorption performance and will increase the FWHM of the resonance. Third,
the size distribution of the nanocubes chiefly determine the FWHM of the absorption
resonance. Ideally to achieve perfect absorption, the fill-fraction would be tuned to

perfectly match the impedance of free space, and the nanocube percentage would be
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100% with a monodisperse size distribution. These parameters often vary as depicted in
Table 1 resulting in worse absorption performance. With the nanocube solutions used
here, the percentage of nanocubes to other particles can reach up to 91 percent in the
best case. The fill-fractions of the metasurfaces vary between 16.1% and 17.7% in this
paper. On the multispectral pixel sample, one problematic pixel (1125 nm resonance)
showed significant aggregation of nanocubes resulting in 61% of the particles being
single nanocubes and a fill-fraction of 9.4%. Thus, the poor absorption performance of
this metasurface pixel can be attributed to the aggregation of the nanocubes. Table 1 lists
the different metasurface parameters extracted for each different cube size from the SEM
images shown in Figure 12.

Table 1: Metasurface Characteristics for Different Nanocube Sizes. Table from Wiley
Publishing GmbH.[112]

SEM Nanocube Size Nanocube Nanocube Area Fill- FWHM
Percentage Fraction

59+5 84% 17.1% 105 nm

966 88% 16.1% 91 nm

146+8 79% 16.2% 200 nm
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50 nm Cubes

Figure 12: SEM Characterization of Metasurfaces. SEM images of the three different
size nanocubes used for the metasurfaces are shown here. Most particles are nanocubes,
with a small minority being nanorods, nanocube aggregates, or other geometries. Figure
from Wiley Publishing GmbH."2

This work demonstrated the creation of a large-scale multispectral metasurface
pixel array and the reconstruction of a detailed macroscopic image using a hybrid top-
down, bottom-up fabrication approach. The resonance of the film-coupled resonators

could be extended beyond the near infrared by utilizing colloidal nanocubes larger than
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150 nm!'*® or other large faceted nanoparticles. The patterning resolution could be
significantly improved through the use of deep-UV lithography!!¥! promising for

diffraction-limited plasmonic structures.

4.2 Metasurfaces for Control of Nanoscale Heat Generation from
UV to SWIR

Bottom up synthesis approaches are capable of growing large quantities of
metallic nanoparticles with planar facets and monodisperse sizes, but necessitate a
crystalline growth process that can limit the size and material selection.l® No current
metasurface platform has been capable of producing strongly absorbing filters that span
the UV to SWIR over large-areas, while allowing for the spatial losses, heat, or hot-
electron generation to be fully designed for a chosen application. Here I demonstrate a
new metasurface architecture which has realized absorbing metasurfaces ranging from
330-2740 nm over wafer-scale areas through the utilization of colloidal nanoparticles
(NPs) of various shape, size, crystallinity, and composition. Due to the stochastic self-
assembly process of the colloidal deposition, the metasurfaces are comprised of
randomly oriented plasmonic nanocavities. In this work, the plasmon resonance is
passively controlled by varying the size, material, and geometry of the nanostructures.
In order to fabricate the plasmonic resonators with variously shaped nanoparticles
(NPs), a new fabrication technique was developed in order to create two closely spaced

metallic surfaces separated by a dielectric gap as shown in Figure 13a. This fabrication
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approach incorporates NPs of different shapes that arise during colloidal synthesis and

creates highly absorbing metasurfaces from NPs previously uncapable of doing so.
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Figure 13: Embedded Metasurface Concept. a) Depiction of various colloidal
nanoparticle (NP) shapes self-assembled onto a transparent substrate. b) Process of
fabricating a plasmonic metasurface shown with a single metasurface unit cell. First the
NPs are self-assembled onto a transparent substrate, next a dielectric spacer such as SiO2
is grown around the NPs, and lastly a metal film is sputtered around the dielectric
coated NPs to form a conformal plasmonic cavity around the NP. c) Simulated reflection
spectra for three metasurfaces comprised of the three NP shapes shown in (a) depicting
that the wavelength of resonant absorption depends upon the geometry of the
plasmonic cavity. d) Simulated electric-field enhancement for the three metasurface
elements at their resonant wavelength demonstrating the plasmonic coupling between
the Ag NPs and the Al film. Manuscript is currently under review.

This fabrication is initiated by conformally depositing the plasmonic NPs onto a
substrate by coating the substrate in alternating PAH/PSS (cationic/anionic) polymer
layers. The top cationic layer polymer facilitates an electrostatic self-assembly of the NPs
with an anionic coating from their host solution resulting in the first diagram of Figure

13b. Next, a dielectric coating is grown around the nanoparticles with plasma-enhanced
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chemical vapor deposition (PECVD) and a metal film is physically sputtered around the
dielectric-coated NP. By using a transparent substrate within the desired wavelength
range, the light incident through the substrate will excite the plasmonic resonances
between the NP and sputtered metal films as shown in the last panel of Figure 13b.
Finite-element simulations were used to model the optical response of three different
geometries with 50 nm NPs, a 24 nm SiO: spacer, and a 150 nm Al film. The simulated
reflectance spectra in Figure 13c show peak absorptivity at the fundamental plasmon
resonance occurs at 575 nm for the cubic NPs, 560 nm for the cuboctahedra NPs, and 490
nm for the spherical NPs as indicated by the grey dashed lines. The electric field
enhancement at the fundamental plasmon resonance for each of these geometries is
included in Figure 13d. The electric field enhancement shows that most of the electric
field is contained in and near the surfaces of the NP. This plasmon oscillation confined
to the NP is coupled to an oscillation of opposite phase in the sputtered metal film. This
coupled mode between the NP and film reduces or cancels the electric field in the far-
field preventing re-radiation of the incident energy, which results in the significant

absorption of metasurfaces comprised of these elements.
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Figure 14: Fabricated Embedded Metasurfaces from UV to SWIR. a) SEM images of 50
nm Ag spheres and cubes assembled onto a coverslip before growth of the SiO2 spacer.
b) Experimental reflectance spectra for metasurfaces from the 50 nm Ag spheres and
cubes shown in part (a) along with labeled metasurface cross-sections. ¢) Simulated
spectra for the metasurfaces created with 50 nm Ag spheres and cubes. d) Three SWIR
metasurface cross-sections comprised of a 180 nm Au cuboctahedron, a 50 nm Au shell
around a 200 nm silica core, and a 250 nm Ag cube. e) Experimental reflectance spectra
for these metasurfaces showing fundamental resonances in the SWIR and a second order
resonances in the near-IR. f) Simulated spectra of the three SWIR metasurfaces closely

following the spectral features of the experimental results. Manuscript is currently under
review.

Experimentally, the metasurfaces were realized following the procedure laid out
in Figure 13b where a more detailed fabrication process is described in the experimental
section. First, the NP shape dependence was tested experimentally with 45 + 4 nm Ag
spheres and 48 + 5 nm Ag cubes, where the size distributions are calculated from SEM
images. These NPs were self-assembled onto coverslips, and an SEM image of both NPs
assembled onto a coverslip is shown in Figure 14a. Next, a SiO: spacer layer was grown

around the NPs, where the optimal absorption was achieved with a thickness of 30 nm
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or ~60 percent of the NP size. Lastly, a 150 nm thick Al film was sputtered and the
reflection spectra were measured through the coverslip. Reflection spectra of the
samples were collected with a Shimadzu UV-3600 commercial spectrometer at normal
incidence and were integrated over an area with a 5 mm diameter. The reflection spectra
from the 50 nm Ag sphere and cube metasurfaces are shown in Figure 14b along with a
dimensionally-labeled diagram. The Ag sphere metasurface has a peak absorption at 485
nm and possesses a 115 nm full width at half maximum (FWHM), and the Ag cube
metasurface possesses a peak absorption at 575 nm with a 195 nm FWHM. Finite-
element simulations were used to estimate the reflection spectra of these metasurfaces in
Figure 14c, and the optimal SiO: thickness from simulations was found to be ~48 percent
of the NP size in contrast with the ~60 percent found experimentally. When compared
with the simulations, the experimental results possess increased FWHMs due to the non-
uniform size distribution of the colloidal NP solutions and a small number of NPs
aggregating during deposition. The polycrystalline 50 nm Ag spheres and have an +8.9
percent size deviation and 90 percent of the NPs were un-aggregated spheres after self-
assembly as determined from SEM images. The colloidal 50 nm Ag cubes possess a +10.4
percent size deviation where 91 percent of the NPs were un-aggregated cubes after
deposition. The FWHMs can be improved through filtering the NP solutions for tighter
size distributions. However, this metasurface platform is capable of producing highly-

absorbing metasurfaces with colloidal NPs of varied shape and crystallinity with
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commercially provided NP solutions. To further establish the spectral flexibility of these
metasurface, larger colloidal NPs were developed and synthesized with Nanocomposix
Inc. to realize resonances out into the SWIR. Figure 14d shows three such metasurfaces
with 180 nm Ag cuboctahedra, 45 nm Au shells around a 200 nm silica core, and 260 nm
Ag cubes. The three metasurfaces consist of 108, 170, and 150 nm SisNs spacers with a
250 nm sputtered Au film, where their experimental reflection spectra are shown in
Figure 14e. Each spectra shows a primary absorption peak in the SWIR at 1740, 2260,
and 2740 nm corresponding to the fundamental plasmonic mode of the cuboctahedra,
shell, and cube, where secondary absorption peaks exist in the near-IR at 780, 1030, and
1320 nm respectively. Simulated reflection spectra from Figure 14f show fundamental
modes at 1830, 2350, and 2540 nm with secondary modes at 900, 1080, and 1260 nm,
which closely follow the experimental modes. Experimentally, the 290 nm Au shells
show the narrowest FWHM of 260 nm due to the smaller 2.7 percent size distribution of
the 288 nm shell NPs when compared to the 6.6 and 6.5 percent distribution of the 180
nm cuboctahedra and the 260 nm cubes. These results demonstrate that this versatile
fabrication approach is clearly capable of achieving strongly absorbing surfaces from
varying NP shapes, crystallinities, and materials while covering wavelengths from the

visible to SWIR.
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Figure 15: Varied Composition of Embedded Nanospheres. a) Image of reflected light
from select metasurfaces with resonances in the visible and UV, where each metasurface
is realized with 50 nm NPs, a 30 nm SiO2 layer, and a 150 nm Al film unless otherwise
noted. The metasurfaces are as follows: (i) Pt sphere (ii) Ag sphere (iii) Au sphere (iv) Ag
cube with 20 nm SiO2 (v) Ag cube and (vi) Au sphere with an Au film. b) Experimental
and simulated spectra for metasurfaces comprised of 50 nm spheres of various
compositions along with their corresponding diagrams. c) Depiction of various
fundamental resonances achievable for various 50 nm NP and Film compositions as
computed from simulations. Manuscript is currently under review.

To further demonstrate the versatility of this approach, various metasurfaces
were fabricated with resonances in the visible and UV regimes through utilization of

smaller NPs and various plasmonic materials. These metasurfaces are comprised of 50
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nm cubic or spherical NPs and plasmonic materials ranging between Al, Pt, Ag, and Au.
Images of select metasurfaces were captured to show the large-area uniformity and color
of these metasurfaces, which is shown in Figure 15a. For example, the top three
metasurfaces (i)-(iii) are 50 nm spherical NPs with a 30 nm SiO: layer, and a 150 nm Al
film where the NP material is (i) Pt, (ii) Ag, and (iii) Au. The reflectance spectra for these
three metasurfaces are shown in Figure 15b along with their simulated spectra and a
labeled diagram. The Pt metasurface shows a peak absorption at 330 nm, the Ag
metasurface at 490 nm, and the Au metasurface at 575 nm. The peak absorptions for all
possible combinations of Al, Pt, Ag, and Au films and 50 nm spherical NPs are plotted
in Figure 15c, which were obtained by finite-element simulations. With a fixed
geometry, variation of the constituent metasurface materials allows for a range of
resonant wavelengths to be achieved. As such, use of NPs with different materials, sizes,
and shapes has allowed for the absorption spectra to be passively tuned across the

ultraviolet to SWIR with a single fabrication approach.
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Figure 16: Nanoscale Spatial Heat Control with Embedded Metasurfaces. a) Simulated
absorbed power density of metasurface unit cells comprised of 50 nm spheres embedded
in films with varied compositions. The losses can thus be engineered to occur in either
the NP or film through alteration of their composition. b) Simulated absorption spectra
of a 50 nm Au sphere with an Au film along with the absorption spectra localized in
each constituent material of the metasurface calculated according to Equation 19. c)
Absorption percentage occurring in the NP and the Film for metasurfaces comprised of
50 nm spheres, where the dashed line indicates 100 percent total absorption. This
demonstrates that with only four plasmonic materials the fractional losses between the
NP and the film can be nearly engineered over the full parameter space. Manuscript is
currently under review.

Beyond the wavelength flexibility of these large-area metasurfaces, the versatility
of material choice allows for the nanoscale losses and subsequent heat generation to be
spatially engineered. At the fundamental plasmonic mode, the incident electromagnetic
energy is converted into localized surface plasmons confined to the metasurface
resonators. These localized plasmons decay at femtosecond timescales and generate heat
due to electron-phonon scattering on the picosecond timescales7#114120121l . The power

loss density in this system in units of W/m?® can be estimated classically via
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resistive/ohmic losses due to the collective movement of charges (i.e. plasmon) in a lossy
conductor!'?. The power loss density for the metasurface element, Q, is calculated from
Equation 19 shown below.

ig" (AEF.A) (19)

Qu(F.4)=

Where r is spatial location in the metasurface unit cell, c is the speed of light, A is
the wavelength, ¢” is the imaginary component of the permittivity, and E(r,A) is the
electric field vector. Intentional choices for the NP geometry and material composition
allow for control over the spatial electric field distribution. With design of this spatial
electric field distribution and its relative placement in high-loss or low-loss materials, i.e.
materials with high or low imaginary permittivities, the power loss density can be
spatially engineered. For example, the spatial losses and subsequent heat generation can
be controlled for a fixed geometrical design through material choice, as seen in Figure
16a with 50 nm spheres of various compositions. The power loss density, Qn, is shown
for five representative metasurface elements, where the spatial losses can be tuned
between the 96 percent occurring in the NP with the Au NP/Ag film geometry and 96
percent occurring in the film with the Ag NP/Au film. The fractional absorption

occurring within a specific region, denoted as Aregion(A), can be calculated from Equation

20 below.

Aegion ( A\otal jj.[ Qh (20)

reglon
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Where is the total absorption of the metasurface element, where the power loss
density is integrated over the volume of the desired region, such as the NP, spacer, or
film. Figure 16b demonstrates the fractional spectral absorption for an Au NP/Au film
calculated with Equation 20, where the fractional absorption for the film, NP, and spacer
are shown. For wavelengths shorter than 500 nm, the interband transition of Au governs
the large absorptions occurring in both the film and NP"4. Past interband transitions,
the fundamental plasmonic resonance dominates at 590 nm, showing a significantly
enhanced absorption in the Au NP due to the electric field confinement in and around
the NP. At the peak absorption of 99.8 percent, over 62 percent is absorbed in the Au NP
and 38 percent in the Au film. Figure 4c shows the absorption percentages occurring in
the NP and film for simulated metasurfaces at their resonance wavelength. All the
simulated metasurfaces have the same geometry with a 24 nm SiO: spacer, but the NP
and film material is varied between Au, Ag, Al, and Pt. The highest fraction of power
absorbed in the NP occurs with an Au NP and an Ag film, showing 96 percent of all
absorption occurring in the NP on resonance. The lowest fraction of power absorbed in
the NP occurs with an Ag NP and an Au film, where 4 percent of all absorption occurs
in the NP at its” resonance as shown in Figure 16c. These two cases are shown pictorially
in Figure 16a on the far left and far right images, where most of the absorption is either

happening in the NP or film. By utilizing other material combinations, the relative
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absorption and subsequent heat generation in the metasurface can be spatially
engineered for resonances spanning the UV to SWIR.

The finite-element simulations were conducted in COMSOL Multiphysics
utilizing the Wave Optics module for the absorptive characteristics and calculating the
power loss density. The electromagnetic (EM) simulation was conducted in the
frequency domain with the boundary conditions laid out in Figure 17, where periodic
boundary conditions and perfectly match layers are used to simulate an infinitely
periodic array of the plasmonic resonators. The electric field enhancement and spatial

loss density were calculated with the frequency domain simulation results.
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Figure 17: Finite-Element Simulation Schematic. An illustration of the simulated
geometry for a 50 nm Ag cube with a 24 nm SiO2 spacer and a 150 nm Al film. Periodic
boundary conditions were used on the x-z and y-z faces while a perfectly matched layer
was used to cap the top and bottom x-y faces to prevent reflections from the simulation
boundaries. Manuscript is currently under review.
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To expose the face of the metasurface for applications such as photocatalysis, the
fabrication approach can be altered to allow for the metasurfaces to be template-stripped
from the substrate. First, a smooth substrate with a weak adhesion to the selected
dielectric spacer is needed. In this case a p-type Si wafer is cleaned and prepared.
Initially, an adhesion layer is deposited according to the experimental section with
alternating PE layers. Following the nanoparticle deposition, PE layers are utilized again
to conformally coat the NPs forming the dielectric spacer that will separate the metallic
NP from the metal film. After deposition of the dielectric layer, the NP/dielectric
structure was surrounded in an Au film of 150 nm thickness via sputtering. To expose
the metasurface from the substrate, the metasurface is bonded to a new substrate and
heated to 150°C to cure the epoxy bonding agent. The metasurfaces were then template
stripped off the silicon wafer exposing the metasurface. Here the template-stripping
approach is demonstrated with three different sizes of Ag cubes (Figure 18) and Au
spheres (Figure 19) at three different spacer thicknesses. The exposed metasurface
allows for the SEM images to directly image the final metasurface produced from this
fabrication approach. The reflection spectra in Figure 18b and Figure 19b were
integrated over an area with a 5 mm diameter on a Shimadzu UV-3600 at normal

reflectance.
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Figure 18: Template-Stripped Embedded Nanospheres. a) SEM image of 140 nm Ag

cubes with a 10 PE layer spacer layer overlaid with the metasurface cross section. b)

Reflection spectra of three Ag cube sizes with three different spacer layers after
template-stripping from Si substrate. Manuscript is currently under review.
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Figure 19: Template-Stripped Embedded Nanocubes. a) SEM image of 100 nm Au
sphere with a 10 PE layer spacer layer overlaid with the metasurface cross section. b)
Reflection spectra of three Au sphere sizes with three different spacer layers after
template-stripping from Si substrate. Manuscript is currently under review.
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The presented metasurface architecture leverages the strengths of colloidal
synthesis, self-assembly, and large-area deposition processes to demonstrate nanometer
to millimeter scale control of absorption processes from 330-2740 nm. Furthermore, the
absorbing metasurfaces have spectral, environmental, and geometrical characteristics
promising for filling a spectral niche for optical metasurfaces with feature sizes below
the resolution of standard I-line photolithographic systems. The influence of NP shape
and material composition were analyzed both experimentally and with finite-element
simulations to show the flexibility of this method with various crystallinities, materials,
shapes, and sizes. This flexibility provides this platform with a unique capability for
complete design of the spatial losses and heat generation at the nanoscale for a variety of
hot electron or photothermal processes. For instance, integration of a thermally-sensitive
film, such as a pyroelectric material, into the gap of the plasmonic nanocavity would
allow for an optical-thermal-electrical conversion device for creation of
photodetectorsi®3122 sensitive from UV to SWIR. Incorporation of actively tunable
materials into these metasurfaces would allow for dynamic control of their reflection

spectrall%12:-126l for spectrally-tunable photodetectors or beam-steering surfaces.

4.3 Dynamically Tunable Metasurfaces

A dynamically tunable metasurfaces are a key development for increasing the
spectral resolution of a spectrally selective thermal detector. For a standard multispectral

focal plane array with fixed absorption resonances, the spectral regions will have to be
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designed around regions of interest in the target scene. However, if a dynamically
tunable absorber was utilized with a multispectral FPA, the FPA could capture more
spectral information in a manner similar to hyperspectral imagers, lending the FPA
more versatility and accuracy for material characterization.

Plasmonic nanostructures provide an ideal platform for realizing dynamically
tunable materials due to their inherent sensitivity to the surrounding dielectric
materials. Incorporating active materials with plasmonic nanostructures promises to
provide novel materials with dynamically controllable optical properties. Active
metasurfaces have been demonstrated using a wide array of tuning mechanisms,
including electrical modulation,[123124127-130] polarization of incident light,['l mechanical
strain, 311321 hydrogen gas flow,['%13 UV exposure, 20131 femtosecond laser pulses!!36137]
and heating.!'*8-1431 While there have been several demonstrations of robust tuning at
mid-IR and longer wavelengths, 127130143 active metasurfaces in the visible and near-IR
have generally been limited by tuning mechanisms that are ill-suited for practical
devices, for reasons such as lack of reversibility or degradation of switching over

mulhple CYCIeS.[123’126’131’144]

4.3.1 Photochromic Materials

One promising approach for a dynamically tunable material is that of
photochromic polymers such as spiropyran.#-481 Here I demonstrate reversible

photoisomerization of photochromic molecules integrated into plasmonic nanopatch
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antennas consisting of film-coupled silver nanocubes. The plasmonic resonance of
individual nanoantennas was reversibly tuned up to 71 nm in the visible regime by
exposing the photochromic molecules in the nanocavity with UV light to induce a
photoisomerization reaction. Resetting the isomerization process was realized with
white light exposure. Single particle spectroscopy measurements verified the tuning of
individual nanopatch antennas before and after the photoisomerization process. The
large experimental tuning as confirmed through finite-element simulations results from
resonant coupling of the plasmonic resonance with the photochromic molecules after

photoisomerization.
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Figure 20: Photochromic Active Tuning Concept. (a) Schematic of film coupled
nanopatch antenna with 66 nm nanocube and 12 nm photochromic spacer layer over a
75 nm silver film. (b) Chemical structure diagram showing two isomers of SPI that can
be alternated through either UV or visible light exposure. (c-d) Refractive index and
extinction coefficient of a 12 nm layer of SPI/PMMA before (blue “SP1”) and after UV
exposure (red “MC”) and after being thermally reset (yellow “SPI-Reset”). Figure from
ACS Publications.['2¢]
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The plasmonic nanoantennas are comprised of silver nanocubes separated from a
silver film by a composite spiropyran (SPI) and poly(methyl methacrylate) (PMMA)
spacer layer as shown in Figure 20a. They act as both a small mode volume nanocavity
for extreme field confinement and a nanopatch optical antenna for efficient coupling of
light to localized plasmons. The fundamental resonance of this structure shown in the
electric field profile of Figure 21a depends strongly on the nanocube size, gap layer
thickness and the dielectric properties of the material in the gap.[**®5141 The controllable
optical properties of the SPI thin films make them ideal candidates for altering the
resonance of these nanostructures. The thin films were prepared by spin coating 3:2
weight ratio solutions of SPI and PMMA in anisole onto a 75 nm template-stripped
silver film. A sub-nanometer layer of cationic poly(allylamine hydrochloride) (PAH) was
self-assembled onto the SPI-PMMA thin film to facilitate better adhesion of the anionic
poly(vinyl pyrrolidone) (PVP) coated silver nanocubes. The colloidal silver nanocubes
were then drop-casted and electrostatically adhered to the PAH polymer layer using a
dilute solution of nanocubes to ensure that only a single nanoantenna is contained
within a diffraction limited spot. A more detailed fabrication procedure is described in
the Sample Fabrication section of the Supporting Information. Figure 20b shows the
chemical structure of the photochromic isomers before and after UV exposure and
depicts the C-O ring opening reaction that induces the change in optical properties. The

photoisomerization to merocyanine (MC) can be reversed through visible light or
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thermal exposure and the switching process can be repeated.'*'5!l The optical
characteristics of 12 nm thick SPI-PMMA films were probed using variable angle
spectroscopic ellipsometry. The optical parameters were extracted from fitting the
ellipsometry data to a Lorentzian oscillator model and the results are consistent with
previously reported data.l45-147150-1531 Figure 20c-d shows the refractive index and
extinction coefficient before and after the photoisomerization reactions. The data clearly
shows a significant change in the refractive index centered around 550 nm coinciding
with a large increase in the extinction coefficient with a peak at 560 nm. Ellipsometry
measurements allowed for the characterization of damage and switching thresholds
prior to integration with the plasmonic structure. The switching threshold for the 3:2
SPI-PMMA thin films was found to be a 4 minute exposure using a 340 nm light

emitting diode (LED) at a ~1 mW/cm? power density.
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Figure 21: Active Tuning of Single Plasmonic Nanocavity. (a) Simulated electric field
enhancement for nanoantennas with SPI and MC in the gap region shown at the
fundamental resonance (565 nm and 610 nm, respectively). (b) Representative
nanoantenna dark-field scattering spectra taken before and after UV exposure. (c)

Contrast between scattering spectra taken before and after UV exposure. Figure from
ACS Publications.[1¢]

As depicted in Figure 21, the fundamental resonance of the plasmonic
nanoantenna can be tuned by incorporating the photochromic thin film into the gap
region and exposure to UV light to induce the photoisomerization process. Figure 21a
shows the simulated electric field enhancement of the fundamental plasmonic mode
before and after photoisomerization for a nanoantenna composed of a 75 nm silver film,

a 10 nm SPI-PMMA film and a 66 nm cube with a 3 nm PVP coating. The field
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enhancements are calculated by dividing the magnitude of the electric field vector,
denoted as E, by the incident field magnitude, Eo, used to excite the resonance. The
simulations demonstrate the effect of the SPI and MC isomers on the fundamental
plasmonic mode, where the maximum field enhancement reached 60 times for the SPI
case and 38 times for the MC case. The smaller simulated field enhancements for the MC
simulations arise from the increased extinction coefficient of MC evident in Figure 20d,
which introduces higher losses into the system resulting in a weaker plasmonic
resonance. Experimentally, single particle spectroscopy measurements were taken of the
plasmonic nanoantennas before and after UV exposure using a custom-built microscope
depicted in Figure S1 of the Supporting Information. The UV LED was integrated into
the microscope with a power density between 0.99-1.07 mW/cm? and a 10.6 um diameter
excitation spot size. Each nanoantenna was identified using an EM-CCD camera with
bandpass filters around the resonance of the nanostructures. Once identified, a white
light scattering spectrum was taken by integrating over an area with a 3 um diameter on
the sample. Next, the nanoantennas were irradiated with UV light for 10 minutes to
ensure full conversion of the SPI molecules to MC, and another white light scattering
spectrum was taken to compare to the initial scattering resonance. After blocking the UV
light, another spectrum was taken after 10 minutes of exposure to white light to verify
the reversibility of the switching process. Figure 21b shows the experimental data from

exposing a representative single nanoantenna with a resonance initially centered at 577
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nm. The nanoantenna was composed of a 75 nm silver film, a 12 nm PMMA/SPI spacer,
a sub-nanometer polymer adhesion layer, and a silver nanocube with a 66nm nominal
side length. After UV exposure, the resonance of the nanoantenna was spectrally shifted
by 39 nm which corresponds to 0.75 times the full width at half maximum (FWHM) of
the initial resonance often denoted as the tuning figure of merit (FOM - spectral shift
divided by the FWHM of the initial spectrum). The decreased scattering intensity
between the initial resonance and switched resonance is due to resonant coupling of the
plasmonic resonator to the MC isomer which introduces losses to the system. Figure 21c
shows the contrast between the initial and switched nanoantenna states defined as the
difference between their scattering intensities. At the initial resonance wavelength the
contrast is 65 percent, while at the switched resonance the contrast is 13 percent. The
simulations and experimental data in Figure 21b-c both depict that the
photoisomerization reaction shifts and damps the fundamental mode of the plasmonic
nanoantennas.

To elucidate the mechanisms underlying the large peak wavelength shifts and
investigate the effect of resonant coupling between the nanoantennas and MC, the
resonance wavelength of the nanoantennas was varied. For this investigation,
nanoantennas with a fundamental resonance between 550 and 720 nm were fabricated
by altering the thickness of the SPI-PMMA film from 2 to 25 nm and through the

inherent size distribution of the 66 + 5 nm silver nanocubes. Through this, the
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dependence between the tuning range and the gap thickness of the nanoantenna is

investigated while keeping the nanocube size fixed within 7.5 percent.
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Figure 22: Spectral Dependence of Nanocavity Tuning. (a) Experimental and simulated
change in the peak scattering wavelength for nanoantennas with different resonance
wavelengths. (b) Experimental and simulated on/off ratio for nanoantennas with
different resonance wavelengths. The colors of the data points indicate the tuning figure
of merit (spectral shift divided by the FWHM of the initial resonance). The simulation
labels denote different dispersion models for the refractive index of MC. The dispersion
in refractive index and extinction coefficient used for the “Ellips. Data” simulation was
taken from ellipsometry measurements on a thin SPI(MC)-PMMA film. The “Lorentz
Fit” simulation used an ideal Lorentzian oscillator fit of the ellipsometry data. The
“Linear” and “Constant” simulations used linear dispersion and a dc shift in the
refractive index respectively, with no extinction. Figure from ACS Publications.[12°]

Switching data was taken for 41 individual nanoantennas across the visible spectrum.
Figure 22a depicts the analyzed experimental data where each point corresponds to a
single plasmonic nanoantenna plotted according to its resonance wavelength and
amount of spectral shift. The color of each data point indicates the FOM for the
nanoantenna calculated from the linewidth of the initial resonance. The FOM was
selected as a representation of the quality of tuning due to its isolation of the spectral

switching properties from the absolute scattering intensity. Figure 22a shows that as the
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resonance wavelength is blue-shifted towards 550 nm the spectral shift increases.
Furthermore, the FOM is the highest for nanoantennas with a 12 nm film thickness and
resonance wavelengths near 570 nm. Thicknesses beyond 25 nm result in nanoantennas
that are poorly coupled to the metallic substrate and cannot blue shift the resonance
beyond 550 nm. Figure 22b shows the scattering on/off ratio at the initial resonance for
the same nanoantennas shown in Figure 22a and similarly depicts the FOM with their
respective color. Similar to the spectral shift, the on/off ratio exhibits increased
performance for blue-shifted resonances. It is important to note that if the scattering
intensity and FWHM do not change upon switching, the on/off ratio will be directly
related to the FOM. However, since the scattering FWHM and the intensity do change
upon photoisomerization as shown in Figure 21b, the nanoantennas with the highest
FOM do not necessarily have the highest on/off ratios. The largest spectral shift and
on/off ratio occurs for the nanoantenna with its initial resonance centered at 550 nm,
which exhibits 71 nm of spectral shift and 9.2 dB of selectivity. On average the highest
on/off ratios, FOMs, and spectral shifts arise from nanoantennas with initial resonances
centered between 550-580 nm coinciding with the molecular transition of the MC isomer.
To the first order when the index of refraction in a plasmonic gap changes, there is a
corresponding change in the plasmon resonance. From this, it would be expected that
the largest spectral shifts and on/off ratios would be observed when the nanoantenna

resonance overlaps with the largest refractive index change between the SPI and MC
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isomers at 615 nm. However, the largest spectral shifts and on/off ratios observed
experimentally occur around the minimal change in the index of refraction near 550 nm,
suggesting that a more complex phenomenon is responsible for the large spectral shifts.
For further insight into the mechanisms underlying the large experimental
tuning, finite-difference frequency domain (FDFD) finite-element scattering simulations
were conducted utilizing varying dispersion models for the refractive index of MC. The
simulation results are overlaid with the experimental data in Figure 22a-b where the
solid and dashed black lines correspond to the scattering simulations for 66 nm
nanocubes with 2-12 nm spacer thicknesses and are labeled according to the dispersion
profile used for the MC-PMMA refractive indices. The different dispersion profiles are
plotted in Figure S1 of the Supporting Information along with the simulation results.
The constant dispersion profile uses the largest index change at 615 nm in the
ellipsometry data and models the photoisomerization reaction as a constant index
change from 1.49 to 1.68 over the entire wavelength range. The linear dispersion profile
is similar but accounts for the negative dispersion of the MC not included in the constant
dispersion case. Simulations utilizing the ellipsometry data from Figure 20c-d for the
refractive index of the spacer layer agrees well with the observed experimental spectral
shifts and on/off ratios. Fitting the ellipsometry data with a Lorentzian oscillator
dispersion model similarly results in good agreement with the experimental data. The

Lorentzian dispersion model was chosen to enable investigation of the macroscopic
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effects of dipolar coupling of the MC molecules to the plasmonic mode. The Lorentzian
dispersion model is a homogenized material response derived from assuming the
material is comprised of many dipoles within a subwavelength volume, which as seen in
Figure 22a-b is a good approximation for the dense MC-PMMA photochromic films
used in this work. Comparing the simulation results using these four dispersion profiles
it is further evident that the nanoantenna tuning does not directly result from a change
in refractive index in the gap region.

As shown in Figure 22a, the linear and constant dispersion models consistently
underestimate the amount of spectral shift at wavelengths near the transition of MC. The
overlay of the simulations with experimental results in Figure 22a-b show that the large
spectral shifts observed in this work are described better by the refractive index profiles
modeled with a resonant dipolar response centered at 550 nm. The good agreement
between experiment and simulations that used a Lorentzian oscillator to model a
resonant dipole with respect to the spectral shift, on/off ratio, intensity change, and
linewidth broadening of the plasmonic resonances leads to the conclusion that the
mechanism responsible for the large tuning demonstrated here is weak-coupling
between the MC isomer and the fundamental plasmonic resonance. As the plasmonic
resonance and the resonance of the MC isomers are overlapped, the coupling strength
increases and larger spectral shifts are observed despite minimal change in the index.

Because no characteristic evidence of strong coupling is observed, such as peak splitting
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and anti-crossings as shown in other recent demonstrations,!'#>14 the MC isomers are
most likely weakly coupled to the plasmonic resonator. However, the switchable
resonant coupling shown here results in larger spectral shifts and on/off ratios as

compared to non-resonant changes in refractive index at the expense of increased losses.
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Figure 23: Multi-Cycle Tuning and Reversibility. (a) Extinction coefficient extracted
from ellipsometry measurements after multiple UV exposure- reset cycles. (b) Scattering
spectra from a representative nanoantenna after multiple UV exposure-white light reset
cycles, where Ap denotes the wavelength where peak scattering intensity occurs. Figure
from ACS Publications.['2¢]

Beyond the tuning mechanisms, another important aspect to characterize with
dynamic devices is the reversibility beyond a single switching cycle. In this work,

ellipsometry was used to evaluate the performance of the SPI/MC isomerization for
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several switching-reset cycles. Using the same switching parameters as described earlier,
Figure 23a demonstrates the extinction coefficient alteration of the MC/PMMA
composite through four consecutive switching cycles, labeled respectively as UV1. It is
seen that after these four cycles the extinction coefficient decreases by 14 percent relative
to the initial switch, indicating fatigue of the SPI molecules. The fatigue of SPI from UV
exposure is a result of side reactions leading to modified molecular structures with a
lack of photoresponsive properties.'!l It is important to note, the fatigue of SPI is
minimized when embedded in PMMA as compared to other polymer host matrices. (1>
The fatigue evident in the ellipsometry data is similarly seen in reduced spectral shifts of
the nanoantenna after multiple cycles as shown in Figure 23b. The scattering resonance
of a single nanoantenna is shown through three cycles with a 62 percent reduction in the
spectral shift after the third cycle. The increased fatigue in the nanoantenna is most
likely a result of the extreme environment in the nanometer-scale plasmonic cavity and
due to accumulation of semi-stable but optically inert isomers of SPI. When reset
thermally these states can be eliminated but using visible light to revert the MC back to
SPI does not fully recover all the molecules in the time scale of 10 minutes. Other
photoswitchable molecules have greater fatigue resistance but exhibit smaller changes in
the optical constants upon photoisomerization.'>!

Here I have demonstrated reversible tuning of the plasmon resonance of over 40

distinct nanoantennas in the visible regime through the photoisomerization of SPI
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integrated between silver nanocubes and a silver film. The plasmon resonance was
actively tuned over multiple cycles by up to 71 nm corresponding to a FOM of 1.43
which to the best of our knowledge is the highest reported in the visible spectrum. The
scattering spectra of single nanoantennas were actively red-shifted by varying amounts
depending on their initial resonance wavelength and nanoparticle size, correlating with
the coupling strength between the MC isomers and the plasmonic resonance. The
experimental results show good agreement with finite-element simulations,
demonstrating dynamic control over plasmon resonances with an all optical approach.
Furthermore, the inherent switching rate of SPI isomers to MC in solution have been
shown to surpass 40 ps!'®! promising for applications requiring ultrafast tuning with
high on/off ratios. However, this approach requires an optical signal for switching which

is not ideal for integration with a multispectral FPA.

4.3.2 Phase-Change Materials

One option for overcoming the limitations of photochromic materials is through
utilizing the phase-change material vanadium dioxide (VO:), which offers robust
switching via heating above 68°C. At this temperature, VO: undergoes a first-order,
crystalline phase transition with an accompanying change in its refractive index, which
is fully reversible by cooling below the transition temperature.'® It has also been
reported that this phase change can be induced electrically with a less than 2 ns response

time, '] increasing the promise of VO for integration into practical, active metasurface
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devices. Previously, VO: has been used to create active metasurfaces over a broad
wavelength rangel!3$142143158-1601 - typically with bulk materials or sputtered films with
thicknesses of 50-150 nml'*!-1%l. However, integrating nanometer-scale films of VO: with
nanocavity structures has remained an outstanding challenge, yet offers the promise for
robust, deeply subwavelength tunable optoelectronic devices to enable e.g. nanoscale
optical memories and dynamic control of fluorophores and quantum emitters.

Here I demonstrate reversible tuning of near-IR absorption resonances from
active plasmonic metasurfaces via the insulator-to-metal phase transition of a 6 nm VO:

film grown by atomic layer deposition (ALD).
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Figure 24: VO: Dynamic Tuning Concept. (a) Schematic of sample structure consisting
of Au nanodisks (height = 30 nm) separated from an Au ground plane by 6 nm of VO2.
(b) Hlustration of phase transition of VO2. Upon heating to ~68°C, the crystal structure
shifts from monoclinic to rutile leading to a corresponding change in its refractive index.
(c) Ellipsometry-measured real and imaginary components of the refractive index of a 6
nm VO?2 film on gold at room temperature and after heating to 80°C. Manuscript is
under review.
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The tunable metasurfaces consist of arrays of plasmonic nanodisks on top of the VO
and Au films, where a single nanocavity is shown in Figure 24a. The resonances are
statically controlled by varying the nanoparticle diameter and dynamically controlled
through the refractive index tuning of the VO: layer. Upon heating to ~68°C, VO:
undergoes a phase transition which alters the corresponding crystal structure from
monoclinic to rutile as depicted in Figure 24b. In the monoclinic phase, VO: is
transparent and insulting in the IR and possesses a bandgap of 0.7 eV.l9l When
transitioned to the tetragonal phase, the bandgap closes resulting in lossy metallic
behavior or a metallic phase. Beyond a purely electronic transition, this insulator-to-
metal transition possesses a concomitant change in the real and imaginary components
of the refractive index. Figure 24c depicts the refractive index change for a 6 nm film
deposited on Au and measured by ellipsometry at 24°C and 80°C for wavelengths
spanning from 400-2400 nm. Spectrally, the largest refractive index change of -0.28
occurs at 720 nm for the real component and 0.25 at 2390 nm for the imaginary
component. In the monoclinic phase, the VO: film exhibits normal dispersion for
wavelengths longer than 500 nm indicative of the insulating or dielectric state. When in
the tetragonal phase at 80°C, the refractive index shows anomalous dispersion at
wavelengths longer than 1000 nm indicative of metallic behavior. As such, the refractive
index change in Figure 24c distinctly shows the insulator-to-metal transition induced

upon heating.
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Figure 25: EBL Metasurface Transfer onto VO: Films. (a) Fabrication process for
transferring EBL-fabricated gold nanodisks onto the VO2 film. (b) SEM images of gold
nanodisks for a few of the fabricated sizes. (c) Simulated electric (left) and magnetic
(right) field profiles at 24°C and 80°C for the nanogap cavity structure with 192 nm gold
nanodisks. An incident plane wave with wavelength matching the room-temperature
resonance of the nanocavity at 1495 nm is utilized. (d) Room-temperature reflectance
spectra for metasurfaces consisting of six different sizes of nanodisks where additional
spectra are shown in the SI. Manuscript is under review.

Fabrication of the structure began with growing the VO: on a 75-nm-thick Au
film via ALD, which was then annealed to form a poly-crystalline film from the initially
amorphous material and had the effect of ensuring that the metasurface switching was
fully reversible. Next, the VO: films were embedded into plasmonic nanocavities by
transferring Au nanodisks on top of them. The Au nanodisks were fabricated using
electron-beam lithography (EBL) on a Si substrate. Due to the weak adhesion of Au to
the Si substrate, the Au nanodisks could be exfoliated from the Si wafer after removing
the native SiO2 and deposited onto the VO: film using a PDMS stamp as shown in Figure

25a. This technique was utilized due to the sensitivity of VO: to electron-beam exposures
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and subsequent development processes. In all, ten metasurfaces were fabricated by
varying the diameter of the nanodisks (from 88 nm to 240 nm), where SEM images of
representative metasurfaces are shown in Figure 25b. The plasmonic nanocavities
possess a large effective electric and magnetic response on resonance as shown in Figure
25¢, which is strongly localized in the VO: film below the disks. As such, a sufficient fill
fraction of nanocavities on the surface can result in near-perfect absorption at the
plasmonic resonance, which can intuitively be thought of as the destructive interference

of the reflected wave with the multitude of plasmonic modes. 671681
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Figure 26: Spectral Dependence of VO: Metasurface Tuning. (a) Thermal switching
spectra for metasurfaces consisting of 115, 150, 192 and 221 nm diameter Au nanodisks.
Spectra for the remaining sizes are shown in the SI. (b) Simulated switching spectra for
the same size nanodisks as in (a). (c¢) Comparison of the amount of switching predicted
in simulations and measured experimentally as a function of the resonance wavelength.
(d) Comparison of the amount of switching in the full-width at half-maximum (FWHM)
predicted in simulations and measured experimentally as a function of the resonance
wavelength. Manuscript is under review.
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Due to the spectrally dependent variations in the insulator-to-metal transition,
ten spectrally distinct metasurfaces were used to assess the dispersion of the active
tuning. The resonant wavelengths for these absorbing metasurfaces range from ~900 nm
to >1500 nm, and span above and below the anomalous dispersion of the tetragonal VO
phase. The room-temperature reflection spectra of the metasurfaces was measured with
a white light source focused through a 0.15 NA objective as shown in Figure 25d. All the
metasurfaces demonstrate near-perfect absorption of incident light on resonance, with
typical peak absorption values of ~95%. The switching spectra for the 115, 150, 192 and
221 nm nanodisk metasurfaces are shown in Figure 26a. In addition to producing a
spectral shift in the resonance, heating the metasurfaces was also observed to modulate
the peak absorbance by as much as 12%, contributing further to the dynamic nature of
this structure.

To provide additional insight into the spectral dependence of the switching
behavior, the active metasurfaces were simulated with a finite-difference solver to model
the temperature-dependent reflection spectra for the various metasurfaces. The
simulated spectra for the same sizes of nanodisks as in Figure 26a are shown in Figure
26b. The amount of switching and the change in the resonance full-width at half-
maximum (FWHM) versus the resonance wavelength for both simulations and
experimental data are shown in Figures 26c and 26d, respectively. Both the simulations

and experimental results show that spectral switching can be maximized for a given
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geometry and resonant wavelength. In both simulations and experiment, the amount of
switching increases with increasing resonance wavelength from ~900 to ~1400 nm and
decreases slightly if the resonance wavelength is red shifted further. Similarly, both
simulations and experiment show very little change in the FWHM up until ~1100 nm
and a steady increase past this wavelength. However, simulations show a significantly
larger magnitude of switching and change in the FWHM than the experimental results,
which likely result from nanoscale inhomogeneities in the thin film, including variations
in vanadium oxide morphology, especially faceting, pinholes or areas of dewetting.['’]
With furthered optimization of the VO: deposition, the simulations show the promise to

observe up to 160 nm of switching.
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Figure 27. Reversibility and Temperature Dependence of Tuning. Characteristics of
thermal switching for a metasurface consisting of 192 nm gold nanodisks (a) Thermal
switching spectra over five cycles, which shows fully reversible switching. (b)
Magnitude of switching over twelve cycles of the temperature (c) Switching spectra over
one heating cycle taken in 5°C increments from 20°C to 85°C. (d) Extracted resonance
wavelength as a function of temperature for the spectra displayed in (c). Manuscript is
under review.

For further characterization of the VO: switching, the amount of switching for
the 192 nm metasurface is analyzed over multiple cycles and smaller temperature steps.
The temperature-dependent reflectance spectra of the 192 nm nanodisk metasurface
over five cycles is shown in Figure 27a. In all, reflection spectra for this metasurface were
collected over twelve temperature cycles; the shift in peak wavelength measured during
each cycle is plotted in Figure 27b instead of the full spectra for clarity. For each cycle

the magnitude of shift was observed to be 36 + 2 nm, demonstrating the repeatable
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nature of the thermal switching. The reflection spectra of the 192 nm nanodisk
metasurface was also measured at 5°C increments to characterize the continuity of the
switching in more detail, and the results are shown in Figure 27c. The extracted
resonance wavelength is shown as a function of temperature in Figure 27d. The
resonance wavelength of the 192 nm metasurface displays little change until the
temperature approaches 45°C. The resonance then begins to blue-shift with increasing
temperature, reaching a maximum rate of change at 60°C. This implies a transition
temperature of ~60°C for the fabricated VO: gap layer, which is slightly less than the
reported value in literature for bulk VO..['* Previous investigations of ALD-grown VO:
have similarly shown a lowered transition temperature of 61°C.I'"01 Above 80°C, the
resonance wavelength stabilizes at a final value of 1300 nm, which is blue-shifted by 40
nm compared to the resonance wavelength at room temperature. The lowered transition
temperature and gradual phase shift occurring over a 40°C range when compared to
bulk VO: is characteristic of the effect of boundary conditions on the VO: thin films.

In summary, I have demonstrated thermally tunable nanogap absorbers, which
rely upon a robust, solid-state switching mechanism and possess a range of resonant
wavelengths spanning more than 600 nm in the near-IR. These metasurfaces display up
to 40 nm of switching that is fully reversible over more than 10 temperature cycles. The
amount of switching increases with increasing resonance wavelength before tailing off

slightly at around 1400 nm, a trend which is confirmed by finite-difference, time-domain
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simulations. With improvements to the VO thin film deposition, such that the switching
is increased to amounts similar to what is predicted in simulations, a variety of
additional deeply subwavelength, all-solid-state, optoelectronic devices could be created

using this platform including tunable photodetectors for multispectral FPAs.
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5. Metasurface-Pyroelectric Photodetectors

Isolated thermal detectors, such as bolometric, pyroelectric, and thermoelectric
devices, typically possess slow thermal response times on the millisecond scale.[325462171-
174 However, if thermal detectors are not thermally-isolated, their response times can be
much faster approaching that of state-of-the-art photovoltaic or photodiode detectors./%!
Several demonstrations in the 1970s achieved rise times at the nano- to pico-second
scales with bulk pyroelectric crystals at room-temperature;l'>”7l however, these devices
exhibited prohibitively low responsivities in the nV/W-uV/W regime and relied upon
intrinsic absorption features of the pyroelectric material, restricting operation to specific
wavelengths and discouraging further development. Recent work with pyroelectric
films have focused on leveraging pyroelectricity for hot-electron capture by using the
inherent polarization of the material for charge separation. However, the large bandgap
of pyroelectric materials restricts their applicability to the ultraviolet (UV) range and the
fastest devices show a 53 s response time.['7%17%] Pyroelectric detectors are a promising
detector technology capable of realizing nano and picosecond responses from transient,

non-sinusoidal optical signals.

5.1 Pyroelectric Detectors

Pyroelectricity is the phenomena of a crystalline or polycrystalline material that
exhibits a temperature dependent spontaneous electrical polarization. The pyroelectric

effect was initially discovered in the 4" century BCE by the Greek philosopher,
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Theophrastus, when heated tourmaline crystals attracted pieces of wood, straw, copper
and iron foils.'%181 In modern times, pyroelectric materials have been used for
photodetectors,3171172175182-18] - x-ray generators,'”] waste-heat harvesters,??l particle
accelerators, ! among many other applications. Pyroelectric materials are anisotropic
crystals with a non-centrosymmetric unit cell —i.e. crystals with an axis that do not have
inversion symmetry — where out of the possible 32-point group symmetries of crystalline
solids only 10 polar point groups satisfy this condition. The lack of inversion symmetry
in these polar point groups generates a net polarization along a specific axis, which is
dependent upon the temperature and mechanical strain of the material. As such, all
pyroelectric materials are piezoelectric and a subset of pyroelectric materials are
ferroelectric — materials were the spontaneous polarization can be reversed — shown

pictorially in Figure 28.

dielectrics

Tc
Figure 28: Classification of Dielectric Materials. The enclosed circles represent distinct

subsets of dielectric materials. The ferroelectric arrows indicate the type of phase
transformation at the Curie temperature, Tc. Figure from AIP Publishing.[18”]

When pyroelectric materials are sandwiched between two conductors, the inherent

polarization vector, Ps, in [C-m?] will generate a surface charge density equal to the

83



inherent polarization normal to the surface of the conductors. The electrostatics of a

pyroelectric material in between two conductors are derived below in Equation 21.

D=¢gE+P (1)
Where D is the electric displacement field vector, E is the electric field vector, o is the
free space permittivity, and P is the polarization vector. Vectors in the main text will be
denoted with bold face text. The polarization of the pyroelectric material is the sum of
the induced polarization from externally applied fields and the spontaneous
polarization inherent to the material as shown in Equation 22. Thus, the electric

displacement vector can be given according to Equation 23.

PPy P, @
D=¢g,6E+P, (23)
The spontaneous polarization of pyroelectric materials is dependent upon the
temperature and strain applied to the material. The pyroelectric coefficient, p, is a metric

quantifying the slope of temperature dependence upon the electric displacement field as

shown according to Equation 24.
p=—=" (24)

In most cases, the electric field is much smaller than the spontaneous polarization and
the pyroelectric coefficient can be written as the temperature derivative of the

spontaneous polarization. Figure 29 shows an exemplary ferroelectric/pyroelectric
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material with its’ temperature dependent spontaneous polarization, where past the
Curie temperature, Tc, the material completely depolarizes. The pyroelectric coefficient
is temperature dependent, where the highest values occur slightly below Tc.
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Figure 29: Spontaneous Polarization of a Pyroelectric Material. Example of the
spontaneous polarization, Ps(T), for a ferroelectric/pyroelectric material at several
temperatures. Figure adapted from AIP Publishing.['®!

A Heckmann diagram in Figure 30 shows the interplay and cross coupling between
thermal, electrical, and mechanical variables affecting a ferroelectric material. Thus, the
electric displacement in Equation 23 will be dependent upon the mechanical strain,
electric field, and temperature of the material. There can be significant cross-coupling
between the different effects, for example thermally induced strain or thermoelastic
coupling can generate an electrical signal through the piezoelectric effect. As such, there

can be significant secondary and tertiary corrections to the pyroelectric coefficient and
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for tourmaline, triglycine sulfate (TGS), (CH2CFz)n, and others the secondary pyroelectric

coefficients are equal to or larger than the primary coefficient.

Figure 30: The Heckmann Diagram. Describing direct and cross-coupling terms
between thermal, electrical, and mechanical state variables. Bold and non-bold circles
represent intensive and extensive state variables, respectively. For reasons of simplicity
magnetic properties are omitted. Figure from AIP Publishing.['®]

The updated pyroelectric coefficient accounting for all other changes to the displacement
field from changes in temperature can be seen in Equation 25. For ensuing treatment, the
pyroelectric coefficient will be treated as a scalar in the direction perpendicular to the

conductors sandwiching the pyroelectric material or along the z-axis in this treatment.
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The primary pyroelectric coefficient, pprim, is caused by an actual change in the

spontaneous polarization from temperature fluctuations. The secondary coefficient, psec,
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captures the thermal effects on mechanical strain and the piezoelectric effect converting

strain to a displacement field, where dij is the piezoelectric tensor, oik is the mechanical

stress tensor, and the indices i, j, and k are for the X, y, and z tensor components. The

tertiary coefficient, per, produces a polarization change due to spatial strain gradients

(0e/ar), where puik is the flexoelectric tensor. Lastly, the field induced coefficient, ps,

captures the temperature dependent changes in the relative dielectric permittivity

tensor, &rijk. In general, the primary and secondary pyroelectric coefficients are the largest

coefficients, where these two coefficients are shown for some common pyroelectric

materials in Table 2.

Table 2: Pyroelectric Coefficients for Various Materials. Table from AIP Publishing.['8!

. Primary Secondary Total coefficient
Material . . . .
coefficient coefficient (uC-m2K-)
Ferroelectrics
BaTiOs -260 +60 -200
PbZro.95Ti0.0s0s3 -305.7 +37.7 —268
LiNbOs -95.8 +12.8 -83
LiTaOs -175 -1 -176
PbsGesOn -110.5 +15.5 -95
Ba>NaNbsO1s -141.7 +41.7 -100
SrosBaosNb20s -502 —48 =550
(CH:CF2). -14 -13 27
Triglycine sulfate +60 -330 -270
Nonferroelectrics
CdSe -2.94 -0.56 -3.5
Cds -3.0 -1.0 -4.0
ZnO -6.9 -2.5 -94
Tourmaline -0.48 -3.52 -4.0
Li2SOs4 - 2H20 +60.2 +26.1 +86.3
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The pyroelectric coefficient has units of [uC-m?K"'] and can be thought of as the amount
of charge generated on the surface of the pyroelectric crystal from a 1 K change in
temperature for a 1 m? area. Once the pyroelectric material is sandwiched between two
conductors and connected to an external circuit, a pyroelectric current can be generated
when heated or cooled. The pyroelectric current will be proportional to the area of the

detector and can be given by Equation 26.

. dD dDdT dT
P dt aT dt | Pe g (26)

Thus, a pyroelectric detector is inherently a current source with a signal proportional to
the area, pyroelectric coefficient, and rate of temperature change of the detector.
Plugging in the temperature change from Equation 11 for a thermal detector exposed
with a sinusoidally varying light source, the rate of temperature change can be given by

Equation 27.

d_T_ dAT _1 nPRy | on®Ry
dtdt  dt| (1+e% | (1+eP

(27)

The current responsivity in this case for a sinusoidal signal can be given by Equation 28.

R o = =2 = Py Al 28)

i, pyro - e
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For low frequencies w << tw’!, the current responsivity is proportional to w. At
frequencies greater than tw?, the responsivity approaches asymptotes to constant value

indicating that pyroelectric detectors do not lose sensitivity for higher operation
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frequencies for a current readout approach. However, this derivation assumes the
temperature change of the pyroelectric material occurs instantly upon absorption, where
in reality the heat takes time to diffuse through the absorber into the pyroelectric
material. As such, the responsivity response time of the pyroelectric detectors are
inherently bound by the thermal diffusion time from the absorber into the pyroelectric
material, which can be on the scale of ns to us for traditional blackened absorbers.
Nanophotonic absorbers on the other hand reduce the thermal diffusion time by
localizing the absorption close to the pyroelectric material and can show thermal

diffusion times on the order of 1’s to 10’s of picoseconds.?!l

5.2 Film-Coupled Nanocubes with Pyroelectric Film

Here, I experimentally and computationally demonstrate the pico- and nano-
second dynamics of a room-temperature, pyroelectric photodetector which is integrated
with a metallic metasurface that acts as a perfect absorber and on-chip spectral filter. The
dimensions of the metasurface elements, and thus their associated plasmon resonance,
solely define the detection wavelength of the detector without restrictions imposed by
the bandgap of the material or instrinsic absorption features. Leveraging colloidal
deposition and lithographic techniques, I demonstrate a pyroelectric detector with sub-
nanosecond rise times and responsivities up to 180 mV/W. The detector structure
consists of a film-coupled plasmonic metasurfacel'® deposited on top of an aluminum

nitride (AIN) pyroelectric film deposited on a p-type Si substrate as shown in Figure 31a.
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Light incident upon these photodetectors interacts with the resonant plasmonic
metasurface giving rise to the dip in reflectance shown in Figure 31d. At the
fundamental plasmonic resonance, over 98 percent of the incident optical energy is
converted into localized charge density oscillations confined to the metallic surfaces (i.e.
localized surface plasmons) between the Ag nanocube and the Au film.[%l Subsequently,
the localized surface plasmons decay at femtosecond timescales and generate heat
through electron-phonon scattering (e-ph scattering) on the order of several
picoseconds.”#1141201%] The generated heat then diffuses through the 75 nm thick Au film
into the underlying AIN on the order of tens of picoseconds. A simulated heat map
illustrates this diffusion process in Figure 31b-c, which shows the metamaterial unit cell
1 ps and 40 ps after excitation with a 100 femtosecond (fs) optical pulse. Pyroelectric
materials, such as AIN, possess a temperature-dependent spontaneous polarization and
upon heating, their polarization is altered. Uniquely, pyroelectric materials exhibit
increased pyroelectric coefficients when heated below their Curie temperature which is
~2000°C for AIN™1 and are thus well suited to ambient- or above- ambient temperature
operation. Sandwiching the pyroelectric material between two conductive films allows
electrical charges to accumulate on the conductor-pyroelectric interfaces in an amount
proportional to the polarization as shown conceptually in Figure 31b-c. Time-varying
optical/thermal signals alter the density of interfacial charges in the sandwiched

structure generating a pyroelectric voltage which drives a current when connected to an
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external circuit as shown in Equation 26, where A is the detector area, p is the
pyroelectric coefficient, and dT/dt is the rate of temperature change of the pyroelectric
film. The produced time-varying pyroelectric signal is measured using a phase-sensitive

electrical detection scheme utilizing a lock-in amplifier.
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Figure 31: Pyroelectric-Metasurface Detector Concept. a) Schematic of the vertical
detector structure with a plasmonic metasurface deposited on a poly-crystalline AIN
pyroelectric layer. An SEM image of the fabricated metasurface with 100 nm Ag cubes.
b-c) Depiction of thermal impulse response within a single metamaterial element 1 ps
and 40 ps after an excitation pulse. The temperature change is overlaid with the
pyroelectric detection concept and the equivalent circuit of the pyroelectric film. d)
Reflection spectra of three colloidal metasurface-pyroelectric detectors, an Au reference
detector, and an EBL fabricated metasurface-pyroelectric detector. Image of the 135 nm
cube metasurface-pyroelectric detectors with 3.0, 2.0, 1.5, and 1.0 mm diameters. e)
Normalized photovoltage spectra of the five different detectors showing a clear
correlation with the absorption spectra. Figure from Nature Publishing.l*!l

Experimentally, the colloidal metasurface-pyroelectric detectors are fabricated
with two readily established techniques for both the pyroelectric films'? and for the
metasurfaces!® capable of realizing detectors ranging from 0.0044 mm? to 7.0 mm? over
wafer-scale areas. A top-down SEM image in Figure 31a shows the uniformity of the

self-assembled 100 nm Ag nanocubes on an Au film. Electron-beam lithography (EBL)
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was used to fabricate resonances further into the infrared by interchanging the Ag
nanocubes with 40 nm thick Au nanoparticles with larger edge lengths. To characterize
the spectral responsivity, five spectrally-different detectors were fabricated as shown in
Figure 31d-e, where three consist of colloidal metasurfaces with varied resonances by
depositing 100, 125, or 135 nm edge length cubes, one of 250 nm edge length Au
nanoparticles patterned with EBL, and one of an Au film as a control. The metasurface-
pyroelectric detectors were exposed to a chopped, tunable laser, and the resultant
photovoltage was measured for each wavelength. Figure 31d-e show clear agreement
between the absorption spectra and responsivity, where the peak responsivities ranged
between 0.11-0.18 V/W for the 7.0 mm? colloidal metasurfaces and showed greater than
30 dB of selectivity between the wavelengths of fundamental resonance and 1500 nm.
The increasing responsivity of the Au control for shorter wavelengths occurs due to the
interband absorption of Au and can be reduced using different plasmonic materials such
as Pt, Ag and Al or mitigated through background subtraction. The EBL metasurfaces
similarly show an agreement between the absorption spectrum and the spectral
responsivity peaking at 0.33 mV/W for the 1900 nm wavelength for a 0.0072 mm?
detector. By simply varying the nanoparticle size, the resonances of the metasurface-
pyroelectric detectors displayed photovoltages between 660-2000 nm surpassing the

spectral range of conventional InGaAs detectors.
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Figure 32: Temporal Metasurface-Pyroelectric Detector Response. a) Photovoltage
impulse response of metasurface-pyroelectric detectors after excitation with a 100 fs
laser pulse at time zero (0 ns). Detectors with different diameters, D, show varying
response times and are overlaid with the simulated response for the 75 um detector
convolved with its” RC limit. b) Size-dependent exponential time constants extracted
from fitting each impulse response, which are shown along with the RC limited
responses and a dashed line to guide the eye. Inset image contains the fabricated
metasurface-pyroelectric detectors with diameters ranging from 1000 um to 75 um. c)
Simulated thermal impulse response for the 75 um detector. The rate of temperature
change, dT/dt, is directly proportional to the generated pyroelectric voltage as described
by Equation 26. Figure from Nature Publishing.®!l

The inherent speed of these pyroelectric-metasurface detectors was found
through analyzing the impulse response dynamics. Experimentally, the impulse
response was measured by exciting the detectors with a 1 kHz, 100 fs laser at a
wavelength of 800 nm provided by Prof. Smith and Prof. Litchinitser. Two physical
mechanisms determine the ultimate speed of these detectors, the thermal time constant

and the electrical time constant. The simulated temperature change, dT/dt, found with
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COMSOL shows a 6 ps rise time with a 25 ps full-width half maximum (FWHM) which
is significantly faster than the instrument and electrical responses in the actual device.
As such, the capacitance of the sandwiched pyroelectric detectors is the dominant
temporal aspect, due to the slower RC time constant. To experimentally investigate the
temporal dependence of the metasurface-pyroelectric detectors, the capacitance of the
detectors was varied by fabricating detectors with diameters ranging from 75-1000 pm.
The impulse response for five different detector sizes is shown in Figure 32a along with
the simulated response for the 75 um detector. For each detector size, the impulse
response was fit to a single-exponential decay and the extracted time constant is plotted
according to the detector area in Figure 32b. The total RC time constant of the detector,
probe, and oscilloscope is also overlaid on the size-dependence. The agreement between
the RC time constant and the extracted exponential decay indicates that the RC time
constant is indeed the dominant temporal factor for these detectors. Even with the RC-
limited responses, the thermal detectors achieved response times down to a 500 ps
exponential decay, a 1.67 ns full-width half maximum (FWHM), and a 300 MHz

bandwidth as shown in Figure 33.
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Figure 33: Bandwidth from the Impulse Response. The detectors are clearly limited by
their electrical bandwidth as the thermal diffusion time does not change with the area of
the detector, but the capacitance does. The smallest detector with the lowest capacitance
shows the highest bandwidth as expected. The instrument limited response was found
to be ~500 MHz due to the 1 GHz bandwidth of the oscilloscope and the capacitances of
the detector and contacting probes, limiting the measurement out to the GHz regime.
Figure from Nature Publishing.l!]

Computationally, finite-element simulations were used to estimate the thermal-
temporal limits of the detectors. For plasmonic structures, the absorbed power density
can be calculated via the conductive losses from charge oscillations induced by the
plasmonic mode, which depends upon the local electric field, the oscillation frequency,
and the imaginary permittivity.l'”’! In the vicinity of plasmonic nanostructures, large
electric fields can produce highly-localized, sub-wavelength absorption regions (Figure
38). The electromagnetic simulations were then coupled into a solid-state heat transfer

simulation, where the heat source is spatially-defined by the absorbed power density
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and temporally-defined by a 100 fs FWHM Gaussian pulse. The normalized temperature
maps in Figure 31b-c were taken 1 ps and 40 ps after excitation. To account for any size-
dependent thermal relaxation, full detectors were simulated with 75-1000 um diameters,
which showed less than 1 percent deviations in their extracted lifetimes between
different detector sizes. The 75 um thermal simulation included in Figure 32c shows an
10-90 percent rise time of 41 ps and a bi-exponential decay with a primary and
secondary relaxation of 580 ps and 4.91 ns. To overlay the simulated and experimental
results, the simulated photoresponse was calculated according to Equation 26, which
relates the rate of temperature change (Figure 32c), the detector area (0.0044 mm?), the
termination resistance (51.8 (1), and the pyroelectric coefficient. The pyroelectric
coefficient for AIN was extracted by fitting the magnitude of the simulation to the
experimental results, which was found to be 1.9 uC/m?K as compared to the directly
measured 6-8 uC/m?K in a previous work.'s] The discrepancy between these values
likely arises from transient absorption effects when exciting with the fs laser pulses,
which are unaccounted for by the thermal simulations. For better visual comparison
between the simulated and measured impulse responses, the simulated response was
convolved with a 500 MHz Gaussian pulse corresponding to the experimental
instrument-limited response time. The simulated and experimental impulse response for
the 75 um detector (Figure 32a) show precise temporal agreement for both the AIN

depolarization and repolarization upon heating and cooling following the fs pulse. This
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agreement between the experimental and simulated results demonstrates the possibility
of realizing much faster metasurface-pyroelectric detectors potentially with thermally-

limited 25 ps response times.
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Figure 34: Responsivity Characterization. a) Photovoltage and photocurrent
responsivities of a detector fabricated with 100 nm nanocubes. b) The angle dependent
responsivity of the same detector showing large responsivities out to 60° angles. Figure
from Nature Publishing.®!

After demonstration of the picosecond-scale temporal dynamics, the detector
responsivity was further characterized. Results from two different readout schemes for
the pyroelectric detectors are shown in Figure 34a, where the low-impedance readout
scheme allows for photocurrent measurements and the high-impedance readout for
measuring photovoltage. Both readout schemes possess a spectral profile matching the
100 nm nanocube metasurface shown in Figure 31d-e. The angle dependence of the same
detector is depicted in Figure 34b and shows the responsivity only decreases by 7
percent out to 60-degree angles, which closely follows the metasurface angular
absorption profile shown previously.l® The power dependence was then measured to
characterize the noise and sensitivity of this detector. The noise floor of the 7.0 mm?
detector is depicted in Figure 36a and shows an SNR of 1 for a laser power of 1.7 pyW
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corresponding to an irradiance of 24 pW/cm?. In pyroelectric/thermal detection there are
multiple noise sources that determine the sensitivity of the detector such as Johnson
noise, thermal noise, 1/f noise, and amplifier noise. In this work, Johnson noise
dominates as it depends upon the resistance of the detector and its temperature, which
can be large for the room-temperature pyroelectric films. The 675 k() resistance of the 7.0

mm? detector was extracted from an IV curve as shown in Figure 35.
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Figure 35: Electrical Characteristics. a) The Schottky diode response arising from the
contact between the pyroelectric AIN and the Ti adhesion layer. The inset shows a linear
I-V response for the area of device operation along with the linear fit showing a 675 kQ
resistance at low voltages. b) The size-dependent capacitance of the metasurface-
pyroelectric detectors showing a near-ideal parallel plate capacitance for smaller
detector sizes. Figure from Nature Publishing.l®!l

The I-V behavior of this thermal detector is analogous to a diode response arising
from the Schottky diode forming between the AIN and Ti adhesion layer. The p-type Si
substrate and the p-type AIN will prevent the formation of a p-n junction. The inset

shows an enlarged plot of the origin, where the I-V curve shows nearly resistive

behavior for low voltages. The RC characteristics of the smaller diameter detectors, 75-
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1000 pum, were measured with a LCR meter using a 1 MHz carrier frequency. The
measured capacitances from the LCR meter are overlaid in Figure 35b with the
corresponding parallel plate capacitances for each detector calculated from their areas.
The impulse responses were measured on Prof. Padilla’s Keysight InfiniiVision
oscilloscope with a 1 GHz bandwidth and an 8 pF input capacitance. The effective
capacitance of the micromanipulator, SMA, and contact was found to be 180 pF by
fitting the extracted exponential time constants to that of the RC time constant of the
entire electrical circuit. The contact capacitance can be significantly reduced by bonding
the detectors to a printed circuit board (PCB) and using photolithographic contacts and
wire bonding to connect the detectors to an SMA connector directly. The resistance of
the oscilloscope termination, contact resistance, tungsten probe, and SMA cable was
measured to be 51.8 Q.

The theoretical Johnson noise for this detector with a high-impedance amplifier
was 106 nV/NHz as shown in Figure 36b which closely matches the mean measured NSD
of 132 nV/NHz. The low-impedance amplifier noise measurements showed better
agreement between the calculated Johnson noise at 0.156 pA/YHz and the mean NSD of
0.162 pA/NHz. The noise equivalent power (NEP) is calculated by dividing the NSD by
the spectral responsivity. As expected, the highest NEP of 679 nW/VHz occurs at the
highest responsivity equating to the peak metasurface absorptance as seen in Figure 35c

and can be improved by cooling the detector to decrease the Johnson noise or through
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thermal isolation. The specific detectivity (D*) normalizes the performance to the
detector size and is calculated by dividing the area of the detector by the NEP. As such,
this metasurface-pyroelectric detector shows a peak detectivity of 3.9x10° Jones, which
can be improved using back-thinned, thermally isolated pixels, cooling the detectors, or
vacuum packaging of the detector. However, this demonstration focused upon the high-
speed transient dynamics of the thermal diffusion through the pyroelectric detector
necessitating the detectors are not thermally isolated. For practical devices and

multispectral FPAs it is highly desirable to thermally isolate the detectors.
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Figure 36: Noise Performance. a) Power dependence of detector with 100 nm cubes
showing the noise floor for powers below 1 uW, and a nearly linear photovoltage for
increasing powers. b) Noise spectral density (NSD) for both current and voltage
measurements of the same detector. c) Noise equivalent power (NEP) calculated from
the NSD showing uW sensitivity similar to the power dependence noise floor plotted
along with the specific detectivity (D¥). Figure from Nature Publishing.’*!l

100



The simulations were conducted in COMSOL Multiphysics utilizing the Wave
Optics module for the absorptive characteristics and the Heat Transfer module for the
separate thermal simulations. The electromagnetic (EM) simulation was conducted in
the frequency domain with the boundary conditions laid out in Figure 37. The results
from the EM simulations were fed into a solid-state heat transfer simulation with the
boundary conditions in Figure 37. The x-y boundary in air was held at a constant
temperature to prevent reflections of the thermal impulse from the air. The x-y
boundary in the Si substrate allowed 2.6:107 W/m?K of constant heat flux arising from
the thermal conductivity of Si (130 W/mK) and assuming the surface of constant
temperature lies 5 um below the simulated boundary. The heat flux boundary condition
allowed for faster simulations and did not change the thermal relaxation dynamics

when compared to simulations with thick Si substrates up to 10 um.
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Figure 37: Metasurface Simulation Schematic. Schematic of a single metasurface
element used for both the electromagnetic and heat transfer simulations and their
associated boundary conditions. Figure from Nature Publishing.3!

The absorptive characteristics of the detectors were simulated with the Wave
Optics module to calculate the absorbed power density at the fundamental plasmon
resonance. The absorbed power density shown in Figure 38b was calculated according
to Equation 19. The electric field map is highly-localized in the gap region between the
Ag cube and the Au film as shown in Figure 38a and is utilized for the absorbed power
density calculation shown in Figure 38b. The absorption spectra shown in Figure 38c is
overlaid with the absorption amount occurring in each of the metasurface constituents.
The constituent absorptions were calculated by integrating the absorbed power density

over the volume of the specific material. The structure was designed to localize the
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absorption in the Au film for faster thermal diffusion. Temporally, the plasmon is
expected to produce a measurable thermal signature impulse that is delayed by 200 fs
after the initial excitation, which is consistent with previous investigations showing a
mean plasmon decay and e-e scattering time of 185 fs.l''¥l For the transient thermal
simulations, a 100 fs Gaussian thermal pulse delayed by 200 fs was utilized for the
temporal excitation and the absorbed power density for the spatial excitation, where the
pulse power was modeled after actual experiments with a 100-fs laser excitation, 3
W/cm? averaged irradiance, and a 1 kHz repetition rate.

The full detector thermal simulations were similarly computed using the
COMSOL Multiphysics package with the Heat Transfer module. A simplified model
was essential to simulate the full detectors as a 75 um detector covered in 100 nm
nanocubes could contain up to 90,000 metasurface elements, which is not feasible to
simulate individually. Thus, the thermal generation from the metasurface elements is
assumed to be spatially uniform on the surface of the Au film. The simulated detectors
with diameters ranging between 75-1000 pm consisted of a vertical stack of a 10 um
thick air buffer, a 75 nm Au film, a 105 nm AIN active layer, and a 20 um thick Si
substrate, where the thermal excitation was carried out through a boundary heat source
on top of the 75 nm Au film. The same Gaussian 100 fs pulse was utilized for excitation
and the transient dynamics were captured for the AIN film. A 2D simulation using

radial symmetry was conducted since the detectors were circular, where all boundaries
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other than the axial symmetry were placed at a constant temperature of 293.15 K. Lateral
diffusion for the macroscopic detectors larger than 25 um diameters had a negligible
effect on the thermal relaxation. These macroscopic simulations show close agreement
with the thermal simulations of the single metasurface element despite ignoring the

absorption and thermal diffusion from the Ag nanocubes.
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Figure 38: Metasurface Simulation Results. a) Electric-field profile of a plasmonic
metasurface element at the fundamental plasmon resonance. b) Absorbed power density
of nanostructure exposed with an irradiance of 3 W/cm2, showing the majority of
absorption occurs in the Au. c) Simulated spectral absorption showing 96 percent
absorption at the fundamental resonance around 780 nm. Dashed lines show absorption
percentages from specific constituents of the plasmonic metasurface. d) Simulated
temperature change of AIN film after excitation with a fs-pulse shown for two different
simulations. Red: The single metasurface element simulation (red). Orange: The full
detector simulation of the 75 um diameter. Figure from Nature Publishing.l%!l

In comparison to other high-speed infrared detectors, Table 3 summarizes the
temporal resolution and NEP of commonly used near-infrared photodetectors and
recent demonstrations.®21%-1971 The temporal resolution of this pyroelectric detector is six
orders of magnitude faster than typical pyroelectric detectors because its” lack of thermal

isolation and picosecond thermal diffusion through the integrated metasurface. The
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NEP is slightly better for commercial detectors, because the responsivity this non-
isolated detectors reduced by the larger thermal capacitance and conductance. However,
simulations show these pyroelectric photodetectors can approach the carrier-limited
lifetimes of high-performance Si and InGaAs photodiodes at the expense of extra noise.
Furthermore, the presented detectors have a spectral bandwidth beyond that of InGaAs
and could be utilized in spectral windows not covered by these common detectors. The
spectral range is not included in the table below as several references did not
characterize the detector’s spectral range.

Table 3: Comparison of Common Near-Infrared Photodetectors. Table from Nature
Publishing.l®!

Detector Material Temporal NEP Temperature | Reference
Resolution nW/Hz%5

This Report AIN 1.67 ns - Exp. 679 Uncooled

(Pyroelectric) 25 ps - Sim.

Standard PVDEF/PANI  >10ms 235 Uncooled (194]

Pyroelectric

Photoconductive  PbS 9 ms 417 Uncooled (19]

Photoconductive MCT 10 ns 0.210 Uncooled Thorlabs
PDAV]J10

Thermoelectric ~ Bi2Tes/Sb2Tes 337 us 3.5 Uncooled [32]

Photodiode Sn-Perovskite 7.4 us 0.015 Uncooled [19]

Schottky Si-Graphene  1.35ns 0.35 Uncooled (197]

Photodiode InGaAs 80 ps 0.00044 Uncooled Newport
818-BB-51

In conclusion, a room-temperature, ultrafast thermal photodetector has been
demonstrated by integrating a metasurface with a nanometer-scale pyroelectric film

enabling an instrument-limited 700 ps rise time, a 1.67 ns FWHM, and a 300 MHz
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bandwidth which is almost six orders of magnitude faster than previously demonstrated
spectrally-selective thermal detectors.®25462171-174] Thermal transport simulations closely
match the experimental results and show the potential for response times down to 25 ps
for smaller detectors approaching that of semiconductor photodiodes with carrier-
limited responses of ~30 ps.'*!l On-chip spectral filters created by the integrated
metasurfaces were used to realize spectrally-selective detection from 660-2000 nm. The
wavelength range could be further extended into the ultraviolet-visible (UV-VIS) region
through substitution of Au with Pt, Ag, or Al and into the mid-infrared by fabricating
larger nanoparticles via EBL or inexpensive, large-area techniques such as deep-UV
lithography or the synthesis of larger colloidal nanoparticles. These large-area devices
show the potential for realizing uncooled, thermal photodetectors with high
responsivities and GHz speeds without the spectral limitations of bandgap-based
detectors. Furthermore, integrating these metasurface-pyroelectric photodetectors with
multiscale patterning techniques"'? could enable on-chip multispectral focal plane
arrays, where integration of dynamically tunable metasurfaces!'?!?4 could allow for

spectral reconstruction with a single photodetector. %20l

5.3 Toward Multispectral FPAs with Metasurface-Pyroelectric
Detectors

Current efforts on these metasurface-pyroelectric detectors are focused upon i)
investigating the thermal diffusion limit out to 67 GHz bandwidths, and ii) creation of a

4x4 multispectral pixel array with simultaneous electrical readouts. For instance, a single
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pixel of the fabricated 4x4 multispectral pixel array is shown in Figure 39. The reflection
and photovoltage spectra of this pixel is shown in Figure 31d, which is denoted as the
270 nm EBL detector since the metasurfaces were fabricated with electron-beam

lithography.

a

Au = 75 nm Cg
1
, ;
AIN - pyroelectric 200
N ;
Si Substrate I_x

Figure 39: Multispectral Array of Metasurface-Pyroelectric Detectors. a) Microscope
image of an 85x85 um detector with a 75x75 pm active area and a 100 pm pixel pitch. b)
SEM image of the detector showing the EBL fabricated nanoparticle array. c) SEM
showing 270 nm Au nanoparticles fabricated on the detector. d) Cross-section of a single
metasurface element in the center of the detector. Figure from Nature Publishing.i*!

These EBL metasurface-pyroelectric detectors were fabricated to demonstrate the
potential of pyroelectrics to exhibit resonances and photovoltages over a broad
wavelength range which is beyond the sensitivity of InGaAs and Si, where the EBL
detector shown possesses a primary resonance 1850 nm. The 85x85 um Au/AIN pads

with their internal 75x75 um active region can be clearly seen in Figure 38a along with
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the top contact with a trace leading to the edge of the sample at the top of the image. The
metasurface deposited on the detector can be clearly seen in the SEM images of Figure
38b-c. The average lateral particle size is 269 + 1 nm and possesses a 29.3% fill-fraction,
where a cross-section of the metasurface elements are shown in Figure 39d. The
resonance of the other detectors were changed by altering the edge-lengths of the EBL
cubes between 50-350 nm, resulting in evenly spaced absorption resonances spanning
from 700-2600 nm. While this initial demonstration possesses relatively large 100 um
pixel pitches, the pixel pitch can be pushed down to commercially-relevant sizes, 20 um
or below, with the maturation of the integrated readout circuit. The present readout
consists of a single channel femtoampere electrometer amplifier wire-bonded to the
desired detector, however a PCB with 16 amplifier channels with a multiplexed ADC is
under development. There is much future work and maturation required to facilitate the
technology transfer of these spectrally selective thermal detectors, but these detectors are

a promising technology for realizing a new generation multispectral focal plane arrays.
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6. Conclusion

Through this dissertation, I have demonstrated the promise of spectrally-
selective thermal detectors for creation of multispectral FPAs for applications ranging
from precision agriculture to industrial process monitoring. Through recent theoretical
developments in other works, spectrally selective thermal detectors were shown to
outperform ideal photoconductive and photovoltaic detectors from the MWIR to the
VLWIR. In my initial work, I developed a colloidal metasurface platform capable of
producing highly-absorbing filters over large areas with resonances spanning from 340-
2740 nm, while allowing for the nanoscale thermal generation to be spatially engineered.
Subsequently, I demonstrated that the deposition of colloidal nanoparticles can be
laterally controlled for creation of multispectral metasurface arrays. I then integrated
two dynamic spectral tuning mechanisms into the colloidal metasurfaces, promising for
future creation of spectrally tunable photodetectors for spectral reconstruction.
Furthermore, I integrated film-coupled colloidal metasurfaces with pyroelectric films
that exhibited sub-nanosecond instrument limited response times, where finite-element
simulations reveal the potential of these pyroelectric detectors to match the response
times of state-of-the-art photodiodes. Current efforts are seeking to reveal the thermal
diffusion limit of these metasurface-pyroelectric detectors out to 67 GHz, while non-
isolated 4x4 multispectral detector arrays are being constructed from the metasurface-

pyroelectric detectors for multispectral imaging demonstrations. Overall, these
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spectrally selective thermal detectors are a promising technology capable of disrupting
the low cost, low form-factor spectral imaging market and provide an interesting

platform to conduct research into photothermal generation and thermal diffusion at the

nanoscale.
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