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ABSTRACT

Detecting long wave infrared (LWIR) light at room temperature has posed a
persistent challenge due to the low energy of photons. The pursuit of an affordable,
high-performance LWIR camera capable of room temperature detection has spanned
several decades. In the realm of contemporary LWIR detectors, they can be broadly
classified into two categories: cooled and uncooled detectors. Cooled detectors, such
as MCT detectors, excel in terms of high detectivity and fast response times. However,
their reliance on cryogenic cooling significantly escalates their cost and restricts their
practical applications. In contrast, uncooled detectors, exemplified by microbolometers,
are capable of functioning at room temperature and come at a relatively lower cost.
Nonetheless, they exhibit somewhat lower detectivity and slower response times.
Within the scope of this work, | will showcase two innovative approaches aimed at
advancing the next generation of LWIR detectors. These approaches are designed to
offer high detectivity, swift response times, and room temperature operation. The first
approach involves harnessing Dirac plasmon and the Seebeck effect in graphene to
create a photo-thermoelectric detector. In addition, | will introduce the application of
scanning near-field microscopy for revealing the plasmons generated in graphene,
employing both imaging and spectroscopy techniques. The second approach entails the
use of an oscillating circuit integrated with phase change materials and the modulation
of frequency induced by infrared illumination to achieve LWIR detection. Finally, | will
present the progress made in integrating graphene-based detectors in this work onto

readout circuits to enable the development of dense pixel focal plane array.
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CHAPTER 1: INTRODUCTION

1.1 Background

Longwave infrared (LWIR) detectors, which operate within the 8 pm to 12 ym
wavelength range, find extensive applications in night vision, space exploration,
surveillance, thermal imaging, and defense-related scenarios. Nevertheless, achieving
LWIR detection at room temperature presents a formidable challenge due to the
inherently low photon energy and the presence of significant background noise.
Consequently, the utilization of cryogenic cooling becomes a necessity to attain optimal
detectivity for sensitive LWIR detectors. There is a burgeoning demand for the
development of efficient room-temperature LWIR detectors, primarily due to their
affordability and ease of operation. However, uncooled microbolometers suffer from
issues like reduced sensitivity (D* ~108) and slow response times in the order of tens of
milliseconds. As a result, it is crucial to explore new materials and techniques that
enable the creation of LWIR detectors operating at room temperature while maintaining

exceptional detectivity, achieving fast response times.



1.2 The Scope of This Work

The scope of this work is to create a room temperature LWIR detector with higher
sensitivity and faster response time compared to commercially available uncooled
technologies, while offering spectral tunability and other potential unique properties.
This research has also explored the process of upscaling a single pixel created in a
laboratory to incorporate sub-million pixels on an electronic readout circuit which is

currently used in the industry for prototype camera production.

Table 1: Comparison Between Different LWIR Detector Technologies

Detector Type/Properties  Operation Response time

Detectivity (Jones)

Condition (ms)
MCT detectors Cryogenic ~1010-1012 ~10°
Cooled
Microbolometer Room ~108 ~7-12
temperature
Graphene LWIR detector Room 9 4
L ~10 ~10
in this work temperature
FM based detection in Room 9
: ~10 ~3
this work temperature




CHAPTER 2: DYNAMICLLY TUNABLE LONG WAVE INFARED

DETECTION

2.1 Introduction

Longwave infrared (LWIR) detectors, operating in the 8 to 14 um wavelength
range, have diverse applications in night vision, space exploration, surveillance, thermal
imaging, and defense related applications'® as shown in Fig 1. However, LWIR
detection at room temperature is challenging due to the low photon energy and high
background noise. Therefore, cryogenic cooling is required for sensitive LWIR detectors
to achieve optimal detectivity®’. There is growing demand for developing efficient room-
temperature LWIR detectors for their low cost and ease of operation. Uncooled
microbolometers such as vanadium penta-oxide (V20s5) and amorphous silicon (a-Si)
based detectors suffer from lower sensitivity (D* ~108) and slow response time (10s of
ms) >89, Furthermore, due to their inherent broadband absorption, both cryo-cooled
detectors and uncooled microbolometers lack the capability of spectral tunability. While
the use of tunable IR filters based LWIR detection can offer spectral tunability'®, their
performance is compromised significantly in terms of detectivity. Spectrally tunable
LWIR detectors have gained huge interest for their potential in various applications such
as precise material identification, selective gas sensing, advanced spectroscopic
analysis, tailored remote sensing and hyperspectral imaging. Hence, it is imperative to

investigate materials and techniques that facilitate the creation of LWIR detectors



operating at room temperature with exceptional detectivity, fast response time, and the

ability to dynamically tune their operational wavelength.

Ultra -

. Infrared
violet

10*
Wavelength (um)

Thermal Imaging Night Vision

Figure 1 | LWIR detection.

LWIR detection and its applications in thermal imaging, night vision, space exploration
and energy saving.

The emergence of CVD grown large area graphene, has unlocked significant
potential for sensitive and fast LWIR detection with its unique Dirac cone band structure,
high carrier mobility, and distinctive thermal properties'?'3. Furthermore, electrostatic
gating enables tailored electronic and optical properties in graphene, allowing for
dynamic spectral tunability’+'”. However, the intrinsic absorption of LWIR radiation in
graphene is as low as 2.3% due to the one-atom thickness and low carrier
concentration. Prior research has investigated diverse approaches to enhance the light
absorption in graphene, including employing additional layers of plasmonic structures

and patterning the graphene itself'®'°. Patterning graphene directly offers several



advantages like seamless integration and increased versatility. Another major challenge
in developing an efficient LWIR detector with graphene is achieving effective
electrostatic gating for dynamic tunability. The commonly used top or bottom gate
geometry has limitations that either obstruct the incident light or prevent the creation of
an optical cavity. Instead, a side gate allows direct light access to the graphene layer. In
recent years, the use of ion gel as an efficient gate dielectric has enabled the fabrication
of large-area graphene-based field-effect transistor (FET) optical devices?%?2. lon gel,
composed of a polymer matrix infused with an ionic liquid, offers high gate capacitance
and ionic conductivity, enabling dynamic control of the Fermi level of graphene over a
large area with low gate voltage. A type of ion gel with thin layer thickness, transparency
to LWIR radiation and compatibility with photolithography has been developed;
moreover, the stability of such ion gel can be greatly enhanced?3. Therefore, ion gel
gating provides immense potential for developing graphene based LWIR detectors.
While ion gel-gated optical devices with graphene have been demonstrated, there is
currently no demonstration of their application in LWIR detection.

In this chapter, | demonstrate a room-temperature LWIR detector utilizing ion gel-
gated monolayer graphene, which exhibits dynamically tunable spectral response. By
patterning the graphene into a cavity-coupled hexagonal-hole array, we achieve an
enhanced absorption of ~70% by exciting Dirac localized plasmons which is further
electrostatically tunable within the LWIR spectra range. A carrier temperature gradient is
induced in the graphene layer through absorption asymmetry, by patterning half of it

with a hexagonal-hole array and leaving the other half unpatterned. The detection relies



on photo-thermoelectric effect to convert the asymmetry of carrier temperature into an
electrical signal?*-%6. The preliminary detector demonstrates a unique dynamic spectral
tuning ability from 8.5 ym to 11.2 ym while reaching a maximum detectivity of 3.15 x 10°
Jones (cryo-cooled detectors ~10'° and microbolometers~108) at an ultra-fast response
time of 144 ns (cryo-cooled detectors ~us and microbolometers ~ms), surpassing the
capabilities of the conventional uncooled microbolometers by several orders of
magnitude. No present cooled or uncooled detectors offer such dynamic spectral
tunability and ultrafast response. This demonstration underscores the potential of
engineered monolayer graphene LWIR detectors operating at room temperature,

offering high sensitivity as well as dynamic spectral tunability for spectroscopic imaging.



2.2 Photo-Thermoelectric Voltage Generation

2.2.1 Plasmon Damping in Graphene

It is essential to gain a comprehensive understanding of the factors that
contribute to plasmon losses in graphene. Plasmons within graphene are subject to a
range of damping mechanisms, with the primary mode of decay being Landau damping,
a process in which a plasmon generates hot carriers as shown in Fig 2. This undesired
damping can be alleviated through a process called doping, which elevates the carrier
concentration and, in doing so, constrains such transitions over a significant portion of
the (g, w) parameter space due to the Pauli exclusion principle. It's noteworthy that,
unlike three-dimensional metallic structures, graphene, being two-dimensional, can be
doped using an electrostatic gate voltage. This presents intriguing possibilities for
potential applications, as gating provides the means to manipulate plasmon dispersion

or even control the activation and deactivation of plasmons.
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Figure 2 | Hot carrier generation through plasmon decay and Landau damping.

Furthermore, there exist other plausible mechanisms for damping, including
plasmon scattering by various types of impurities or defects, interactions between
electrons and phonons, and mutual interactions among electrons. The impact of
electron scattering due to impurities can be partially inferred from D.C. measurements,
which have revealed exceptionally high electron mobilities, indicative of extended
electron lifetimes. As the quality of graphene samples improves, the effects of impurity
scattering are anticipated to diminish, thereby posing no significant obstacle to

achieving low plasmon losses.

2.3 Experimental Method

2.3.1 Fabrication of the Graphene Infrared Detector

A SiO2/Si (300 nm/500 um) substrate was used in the fabrication of the graphene
detector. The Au back reflector is first fabricated by photolithography (PL) followed by an
8



E-beam deposition of gold. A 1.3 ym thick SU-8 layer is then spin-coated and cured on
the back reflector to create the Fabry-Perot cavity. A5 nm thick Al203 layer was
subsequently deposited on top by atomic layer deposition. Next, a large area CVD-
grown monolayer graphene (Graphenea) is transferred on top of the stack via wet-
transfer method. The 10x10 um graphene channel was formed by PL, reactive ion
etching (RIE) with O2 gas and removal of the photoresist in acetone. The electrodes for
3-terminals were formed via PL and E-beam deposition. Next, the hexagonal hole array
was patterned on only half of the graphene channel by e-beam lithography and
following RIE etching with a radius of 200 nm and a period of 600 nm. Finally, the ion
gel was patterned and cured between the graphene and gate electrodes with

photolithography by the gelation of a triblock copolymer with an ionic liquid.
2.3.2 Principle of Operation

Upon LWIR illumination, the reflected beam from the bottom Au mirror and the
incident beam interferes constructively at the surface of the nano-patterned graphene
(NPG) film leading to an enhanced electrical field. The coherent interaction between the
optical cavity mode and the Dirac localized plasmons on the patterned graphene
significantly enhances LWIR absorption in the NPG layer by about 30 times. A 3-
terminal field effect transistor (FET) is formed on the graphene with source, drain, and
gate electrodes as shown in Fig. 3a. An electrical bias to the graphene channel is
provided by the source and drain electrodes. The gate electrode is fabricated by the
side of graphene. A thin ion gel layer spanning from the gate electrode to the top of

NPG functions as the gate dielectric in this side gating arrangement. The carrier

9



concentration in the NPG is dynamically tuned by varying the voltage between the drain
and the gate electrodes. Figure 3b shows the microscopic image of the fabricated
detector with a chemical vapor deposition (CVD) grown large-area graphene. Details of
the device fabrication are included in the Methods section. A scanning electron
microscope (SEM) image in Fig. 4a shows the half-patterned graphene with circular
hole patterns in a hexagonal array. The diameter of the circular holes is 400 nm and the
period of the hexagonal array is 600 nm. The proposed detector converts the absorbed
light to an electrical signal through Seebeck effect. When exposed to light, localized
surface plasmons (LSP) are generated in the patterned side of the graphene layer near
the edge of the circular holes. The excited LSP eventually dissipates the energy through
damping pathways in graphene. In general, various damping pathways such as phonon
emission, bulk scattering, and resistive loss can be prominant?”-?8, However, in our
case, the dominant damping pathway is the edge-assisted Landau scattering, which
leads to an increase in electron temperature and the generation of hot carriers in the
patterned region of the graphene while the lattice temperature remains unaffected due
to the slower lattice heating time. For the unpatterned half of the graphene, it exhibits
low absorption to LWIR light of approximately 2%. Therefore, the charge carrier
temperature is hardly affected. The Seebeck effect rises from the asymmetry of carrier
temperature between the patterned and the unpatterned half of the graphene?®. The
diffusion of the hot carriers from the hot-end to the cold-end creates a photo-

thermoelectric voltage across the source-drain electrodes0-3".

10
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Figure 3 | Graphene based LWIR Detector Architecture.

Schematic illustration (a) and (b) optical microscope image of the detector.

For efficient detection, the hot carriers need to be collected before transferring
their energy to the lattice. Therefore, the channel length of the NPG between the source
and the drain is designed to be 10 um, which is shorter than the hot carriers’ diffusion
length which is estimated to be ~12 um'2. Figure 4b shows the dynamic tuning of the
absorption spectra of the patterned graphene within the 6 um to 14 um as a function of
the applied gate voltage. With an increase in gate voltage, a noticeable blue shift and
enhanced absorption are observed. By increasing the gate voltage, the Fermi level of
graphene is elevated, resulting in a higher carrier concentration and longer carrier
lifetime due to the increase in density of states. This leads to increased conductivity, a
stronger plasmonic response, and enhanced peak absorption. Conversely, decreasing
the gate voltage reduces the response. The shift in localized surface plasmon

resonance (LSPR) frequency with Fermi energy can be expressed by:

1



’C’E
Wrspr X TF (1)

where wLsrr is the localized surface plasmon resonance frequency, d is the
edge-to-edge distance of the adjacent anti-disks, Er is the fermi energy of the graphene,
and C is the eigenvalue of the total electric potential equation. Based on this equation,
the elevated Fermi energy caused by a high gate voltage leads to an increased LSPR
frequency thus the absorption peak blueshifts'®32, It is worth noting that the absorption
peaks exhibit a smaller full width at half maximum (FWHM) with a higher gate voltage,
due to the longer carrier lifetime at high Fermi energy. The maximum absorption of 70%
occurs at a wavelength of 8.3 um for a gate voltage of -2.4 V, corresponding to the
Fermi level of EF = 1 eV. The overlay of the electrical field in Fig. 4a illustrates the finite
difference time domain (FDTD) predicted electrical field on the surface of the graphene
at Fermi level EF = 1 eV. It can be clearly observed enhancement of the electrical field at

the edge of the circular nanohole patterns.

12
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Figure 4 | Graphene device image and absorption.

a) SEM image of the asymmetrically patterned graphene and the corresponding
zoomed-in view shows the hexagonal hole array pattern with diameter D = 400 nm and
period P = 600 nm. The inset depicts a simulated electric field profile at resonance of
the patterned graphene. b) Simulated absorption spectra of the cavity-coupled
graphene patterned with holes in a hexagonal array, shown as a function of the applied
gate voltage.

The modulation of carrier concentration is assessed by measuring the resistance
of the graphene as a function of the gate voltage. Figure 5 shows the gate dependent
resistance change. The n-type and p-type doping regions are highlighted with a red/blue
background. The insects of Fig. 5 schematically show the band diagrams of graphene
corresponding to both the doping types. In the case of p-type doping, the Fermi level is
shifted toward the valence band, while in the case of n-type doping, it is shifted toward
the conduction band. All the measurements are performed at room temperature. Here,
the gate voltage Vq is expressed as Vg = Vgexp - Vene, Where Vgexp is the applied gate
voltage, Venr is the specific gate voltage where the charge-neutral point (CNP) of the
graphene is found. With pristine graphene, CNP is expected to occur at Vene = 0 as the

graphene’s unique Dirac cone band structure leads to a zero-carrier concentration

13



without gating. However, slight doping is common in CVD-grown and wet-transferred
graphene due to defects and impurities introduced by various experimental conditions33-
35 Thus, Vcne is often found to be non-zero. Therefore, Vg instead of Vgexp is used in the
figures to better present n-type and p-type doping. For V4 < 0, graphene undergoes n-
type doping, while Vg = 0 corresponds to a charge-neutral point, and Vg > 0 leads to p-
type doping in graphene. Figure 5 shows a four-fold resistance change between Vg =0
and Vg = -2.4V in the n-type doping region, while a 2-time resistance change is found
with the p-type doping region. This asymmetry can be attributed to the CVD grow
method, effect of substrates and the impurities introduced during device fabrication,

leading to a difference in electron and hole mobilities36-38,

14
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Figure 5 | Electrostatic doping of graphene

Change of carrier concentration measured as resistance change of the asymmetrically

patterned graphene as a function of the gate voltage (Vg) at a constant source-drain
voltage (Vsd) of 0.9 V.

2.3.3 Characterizations of the Detector Performance

First, the photo response from the detector is characterized by illuminating it with
a broadband blackbody light source and incident power of Pin=153 nW. Figure 6a
illustrates the changes in the thermoelectric voltage (V1e) of the graphene detector with
varying gate voltage under both blackbody light source (red) and dark (blue) conditions.
During the measurements, the graphene channel is driven with a constant bias voltage
of Vs¢=0.9 V between the source and the drain. The photo-thermoelectric voltage (VerE)

is further extracted by subtracting the recorded Ve values obtained in light and dark

15



conditions. The experimentally measured Vere (black) along with the simulated Vere
(red dashed) as a function of the gate voltage is plotted in Fig. 6b. The experimental
result shows good agreement with the simulation. More details about the calculation of
VTE and Vet are described in the method section. Although the highest absorption
occurs at the largest gate voltage Vg = -2.4 V (as can be seen Fig. 4b), the largest Vete
is observed at a lower gate voltage Vg = -1.4V. This can be explained by the origin of the
photo-thermoelectric voltage from the Seebeck effect. The photo-thermoelectric voltage
(VeTe) can be mathematically represented as the integral of the Seebeck coefficient
(S(x)) multiplied by the gradient of carrier temperature (Tcarrier) Which depends on the
absorption with respect to the position (x) of the graphene film, ranging from the position
of the electrical contact on the patterned graphene side (Xp) to the position on the

unpatterned graphene side (Xu):

Xu aT rrier
Vere =J S(X)Le(x)dx (2)

X, ox
Figure 6¢ plots the Seebeck coefficient S of the graphene film, which is extracted
from the resistance-vs-gate voltage measurement'?25 in Fig. 5 with the Mott relation as:

_nZkBZTalna
~ 3e 0Eg

)

where o, ks, and e are electrical conductivity, Boltzman constant, and electron
charge, respectively. Here, Er is related to the applied gate voltage by ErF=Avr
(TTCVy/e)"2, where ve~ 108 ms™' is the Fermi velocity of the charge carriers in graphene
and C is the capacitance of the ion-gel gating medium. It can be observed that the

corresponding Vg with the highest Seebeck coefficient is reached at Vg = -0.75 V. The
16



combined impact of Tcarrier (X) and S contributes to the photo-response with respect to

the gate voltage as can be seen in Fig. 6b.
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Figure 6 | Thermoelectric effect

a) Thermoelectric voltage (V1e) measurements corresponding to illumination with a
blackbody light source and dark conditions plotted as a function of the gate voltage at
the same Vsq of 0.9 V. b) Comparison between simulated and experimental photo-
induced thermoelectric voltage (Vete) as a function of gate voltage. c) Gate voltage
dependence of the Seebeck coefficient, deduced from the resistance vs. Vg4

measurement.
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The experimental findings are compared with the finite element simulations using
COMSOL Multiphysics, which considers both the carrier temperature and Seebeck
coefficient. In the simulation, a constant source-drain voltage of Vs4=0.9 V, and an
incident LWIR radiation power of 153 nW are maintained. The top image in Fig. 7a
illustrates the distribution map of the carrier temperature across the half-patterned
graphene channel, revealing a temperature difference of AT = 9.78 K compared to the
coolest region in the unpatterned graphene for a gate voltage of Vg =-1.34 V. The
corresponding potential distribution map is displayed in the bottom image of Fig. 7a,
demonstrating that the carrier temperature difference results in a photo-thermoelectric
voltage of 1.2 mV. Furthermore, Fig. 7b presents line plots depicting the variation of
carrier temperature and photo-thermoelectric voltage along the graphene channel in the
temperature and potential maps, respectively. A clear trend is evident: as we move
along from the patterned half to the unpatterned half, the carrier temperature decreases,
while the photo-thermoelectric voltage increases. To investigate the correlation between
the photo-thermoelectric voltage (Vere) and the source-drain voltage (Vsd), we keep the
gate voltage fixed at Vg = -1.34 V while varying Vsq¢ from 0 to 0.9 V. Both the
experimental and simulation results, shown in Fig. 8a, indicate a clear linear relationship
between Vpre and Vsd. This behavior can be attributed to the increased diffusion of hot
carriers facilitated by higher bias voltages. Although, a higher Vsq leads to higher Vpre, it
is observed in the experiment that a Vsa of more than 1V affects the stability of the
graphene detector under constant operation. Thus, a source-drain voltage of 0.9V is

used in experiments for the optimal performance of the detector.
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Figure 7 | Vete and Temperature distribution.

a) Distribution maps of carrier temperature (top) and corresponding photo-
thermoelectric potential (bottom) across the asymmetrically patterned graphene channel
at Vg=-1.34 V. b) Line-cut plots presenting the variation in carrier temperature and
photo-thermoelectric voltage along the graphene channel.

In order to evaluate the LWIR detector's performance, we conducted
measurements on its dynamic tunability of detectivity, denoted as D*. Figure 8b plots D*
and the noise equivalent power (NEP) with respect to the gate voltage. The D* is
defined by the expression:

D* = VA/NEP (4)
where, A is the active area of the detector and NEP is the noise equivalent
power. The NEP can be determined by:
NEP =S,/R (5)
where Sn is the noise spectral density measured at 1 Hz. The responsivity R can

be determined as follows:
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R = Vpre/Pinc (6)
where Pinc is the incident power on the active region of the device. The highest
detectivity of 3.15 x 10° Jones is measured at a gate voltage of -2.0V. It is worth noting
that the detectivity of the graphene detector exhibits a plateau over a wide range of gate

voltage Vg between -2.5V and -1.5V, which defines the optimum range of operation.
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Figure 8 | Photo-theroelectric voltage and detectivity.

a) Change of photo-thermoelectric voltage (Vete) as a function of source-drain voltage
(Vsd) at a constant Vg =-1.34 V. b) The effect of gate voltage on the detectivity (D*) and
noise equivalent power (NEP) at an optimum Vsq= 0.9 V.

Next, we examined the dynamic spectral tunability of the monolayer graphene-
based room temperature LWIR detector. The correlation between the peak absorption
wavelengths of the detector and the applied gate voltage is simulated using Finite-
Difference Time-Domain (FDTD) simulation.

The contour plot in Fig. 9a shows the evolution of the absorption wavelength as a
function of the gate voltage. Furthermore, in Fig. 9b, the experimentally measured

absorption spectra for different gate voltages are compared with the FDTD simulation
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results. The measured absorption spectra are represented by solid lines, while the
simulated results corresponding to each gate voltage are shown as dashed lines of
same colors. It is evident from the experimental and the simulation data that a broad
tuning range of 2.7 uym for the center wavelength is achieved, spanning from
approximately 8.5 ym to 11.2 ym.
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Figure 9 | Spectrally tunable LWIR detection.

a) Simulated contour plot depicting the evolution of the absorption peak of the
hexagonal hole array patterned graphene as a function of gate voltage. b) Comparison
of the experimentally measured (solid) and simulated (dashed) absorption spectra of the
patterned graphene at certain gate voltages for a constant Vsq¢= 0.9 V.

Figure 10a illustrates the peak detectivities at the selected gate voltages plotted
against the corresponding peak absorption wavelengths. This further demonstrates the
dynamic spectral tunability of the graphene-based room temperature LWIR detector
across the atmospheric transparent window. The time response of the proposed
detector is measured by recording the rise time Trise and fall time Tran during the switching

between dark-to-light and light-to-dark conditions, respectively. Trise and T are
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calculated by the time duration between 10% and 90% of changes between the steady-

state voltages. The total time response of the detector is further expressed as Tiotal = Trise

+ Trall.
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Figure 10 | Spectrally tunable LWIR detection.

a) the measured peak detectivity vs peak absorption wavelength. b) Time response
measurement of the graphene detector showing an ultra-fast response time of 1 ~
144ns.

Figure 10b plots the experimental data of the time response measurement,
where we record a Trise = 74.6 ns and Tra1 = 69.5 ns indicating a response time of Tiotal
=144 ns. It should be noted that the response time of our detector is only limited by the
experimental setup. The response time can be further reduced as the Dirac plasmon
relaxation lifetime is less than 1 ps®. This response time is three-orders of magnitude
faster compared to the cryogenically cooled detectors which are typically limited to the

micro-second response time. High sensitivity (D* > 10°), fast response time (1 < 150 ns)
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and dynamic spectral tunability at room temperature makes this proposed detector a

new class of uncooled LWIR detector which was missing from the present technologies.

2.4 Scatter type Scanning Nearfield Optical Microscopy (s-SNOM)

Scattering Scanning Near-Field Optical Microscopy, commonly abbreviated as s-
SNOM, is an advanced imaging technique used in nanoscale and surface science
research. The configuration of the s-SNOM is schematically shown in Fig 11. It consists
of an AFM system with external optical component to illuminate the tip with external
laser and collect the back scattered light. S-SNOM is a powerful analytical method that
allows scientists to investigate and visualize nanoscale structures and interactions at
the molecular and atomic levels. s-SNOM employs the principles of near-field
microscopy and spectroscopy to achieve high-resolution imaging and spectroscopic
analysis, enabling researchers to study materials and devices with unprecedented

detail.

AFM-Cantilever

laser /
’ scattered light with
near-field contributions

Figure 11 | Configuration of the s-SNOM.
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Key features of s-SNOM include near-field Imaging, high spatial resolution
(surpassing the diffraction limit) and spectroscopic capabilities. For near-field Imaging,
s-SNOM operates in the near-field region, which is very close to the sample surface,
typically within a few nanometers. Thus, the scattered signal collected contains nearfield
information, differs from a far-field microscopy. And by detecting the scattered light with
an AFM tip of radius ~10s nm, s-SNOM can achieve spatial resolution well below the
diffraction limit of light. This enables researchers to visualize and analyze nanoscale
features, including surface roughness, chemical composition, and structural details. In
addition to imaging, s-SNOM can also perform spectroscopy. It can measure vibrational,
electronic, and other optical properties of materials at the nanoscale, providing insights
into chemical composition and material behavior.

Applications of s-SNOM span a wide range of scientific disciplines, including
materials science, biology, and condensed matter physics. Researchers use s-SNOM to
study surface plasmon resonance, investigate nanoscale structures, and gain a deeper
understanding of the interactions and properties of various materials. This technique
has become invaluable for advancing our understanding of nanoscale phenomena and
for the development of cutting-edge technologies in fields like nanotechnology,

photonics, and materials research.
2.4.1 Imaging of the plasmon in decorated monolayer graphene

Propagating surface plasmons, often referred to as surface plasmon polaritons
(SPPs), are collective electron oscillations or waves that propagate along the interface

between a metal and a dielectric or insulating material. These waves result from the
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interaction between incident light and the free electrons at the metal-dielectric boundary.
Propagating surface plasmons have garnered significant interest in the fields of
photonics, plasmonic, and nanophotonic due to their unique properties and potential
applications. Understanding and controlling propagating surface plasmons has led to
groundbreaking advancements in the field of photonics and have opened new
possibilities for developing compact and highly sensitive optical devices. The ability to
manipulate light at the nanoscale using SPPs has implications in various fields,
including telecommunications, biosensing, imaging, and data storage, making it a topic
of significant research and innovation.

Here, we demonstrate some preliminary results of imaging the SPPs in
plasmonic structure decorated monolayer graphene with s-SNOM. The structures are a
series of holes with different diameters ranging from 160nm to 300nm. With an incident
light illumination on the interface of graphene and metal AFM tip, the tip enhanced field
excites the SPPs in graphene. With the plasmonic structure decoration, the excited
plasmons will interference with SPPs bounced back from the plasmonic structure
decoration in graphene, forming interface patterns as shown in Fig 12. Both the
amplitude and phase of the scattered field are recorded by s-SNOM. The amplitude of
the scattered field mainly contains information about the reflection properties of the
surface. The field amplitude is strongest where the nearfield is most intense, which is
the edge of the ring structure as shown in Fig. 12a. The scattered phase, on the other
hand, reflects the absorption related properties of the probed interface, thus often

possess greater contrast compared to the amplitude of the signal near peak of
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absorption. In Fig. 12b, the phase of the scattered nearfield clearly showed

characteristics of interfering SPPs.

a  Amplitude (S) b Phase (¢)
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Figure 12 | SPPs in graphene.

(a) Scattered electromagnetic field amplitude (b) scattered field phase

2.4.2 Nearfield imaging of the hot carrier decay in graphene

Here we demonstrate the imaging of hot carrier decay in the proposed LWIR
graphene detector. To achieve this, we need an additional light source apart from the
one which illuminates at the tip-graphene interface as shown in Fig 13. The purpose of
the additional QCL source is to excite the patterned graphene with hot carriers and
study their drift.

To eliminate the unwanted signal from the QCL source, we intentionally misalign
the QCL source with the tip-graphene interface, such that the scattered light from the
QCL source is minimal. It is worth noting that the alignment of the incident light to the

AFM tip is critical to get any scattered signal to the detector in s-SNOM, a misalignment
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of 1 ~2 ym drastically decreases the signal to about >20 times or more. With this, we
misalign the QCL source intentionally while making sure the beam spot covers the

whole graphene channel.

AFM tip
QCL illumination _ Broadband
(10 um) ~~ mid IR laser
imaging

(Excites plasmons)

Figure 13 | Additional illumination for hot carrier generation.

Additional light source is for the excitation of hot carriers in graphene.

With the above, we performed s-SNOM measurement with an additional
excitation of QCL laser at 10 um on half patterned graphene as previously introduced.
Figure 14(a) shows the s-SNOM imaging with different QCL laser power from 0 mW to
4.7 mW. With all experiment, the effect of the scattered QCL signal collected by the
detector in s-SNOM is carefully examined with switching on and off the QCL
illumination. While similar signal intensity is observed with the switching on/off the QCL

laser, and the standby signal is much less compared to while taking a measurement, it
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validates the actual measurement from the possible noise contribution with the QCL
laser.

With the increase of the QCL power, an increased number of hot carriers is
observed in the graphene channel. In the meantime, local hot spots are observed in the
patterned region likely due to the drift of the hot carriers. In this experiment, no source
drain current is applied, this means both source and drain electrodes can act as a
collector of the hot carriers. The result aligns with this assumption as the scattered field
intensity is strongest at the center of the channel which has an equal distance to both
electrodes. Due to the decoration in the patterned region, it is not trivial to observe the
hot carrier drifting, here we investigate the unpatented region.

As shown in Fig 14(b), the line plot of the unpatterned channel at 2 QCL laser
power 0 mW and 1.9mW is plotted. The distribution of the scattered signal with a 0 mW
laser power is due to the broadband s-SNOM imaging laser of 1mW. While the QCL
laser is a single wavelength laser and possesses much more power in the resonance

region of graphene, we plotted the result with a 1.9 mW power in Fig. 14(b) bottom.
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Figure 14 | Hot carrier drift in graphene.

(a) Hot carrier drifting in half patterned graphene with different laser power. (b) line fit of
the carrier drift.

2.5 Discussion

In conclusion, we have successfully demonstrated a room-temperature LWIR
detector with dynamic spectral tunability using a cavity-coupled nano-patterned
monolayer graphene. Our work is significant as it harnesses the unique properties of
graphene, such as high carrier mobility, fast carrier relaxation time, and dynamic
tunability of its optical properties through electrostatic gating, to enable efficient long-
wavelength infrared (LWIR) detection. By exciting Dirac plasmons on a hexagonal array
of circular holes coupled to a Fabry-Perot cavity, the challenge of graphene's low
absorption is successfully overcome, resulting in an approximately 30 times

enhancement in absorption. The transparent nature of the ion-gel used in our design

29



allows direct access of LWIR radiation to the graphene layer, enhancing its sensitivity.
Moreover, by adjusting the gate voltage, the absorption of the nano-patterned graphene
can be dynamically tuned. The graphene based LWIR detector showcased exceptional
performance, with a high detectivity of 3.15x10° Jones and a fast response time of 144
ns, surpassing the capabilities of conventional uncooled microbolometers by several
orders of magnitude. This breakthrough paves the way for low-cost, sensitive, and fast
infrared detection at room temperature. Importantly, our detector provides the
advantage of dynamically tuning the spectral response by selectively targeting
operational wavelengths within the long-wavelength infrared (LWIR) range of 8 to 14
pum, thereby addressing the limitations of both traditional cryogenically cooled LWIR
photodetectors and bolometers that lack spectral tunability. The versatility of our
approach opens exciting possibilities for a wide range of applications, including thermal
imaging, night vision, and material identification. By exploiting the dynamic spectral
tunability and superior performance of our graphene-based detector, these applications
can benefit from improved sensitivity and fast time response. Overall, our work
represents a significant step forward in the development of advanced room-temperature
LWIR detection technology with broad implications in various fields.

In addition, to study the physics behind the detector, we have employed s-SNOM
to image the SPPs in plasmonic structure decorated graphene as well as hot carrier

generation/drifting in half patterned graphene.
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CHAPTER 3: FREQUENCY MODULATION BASED INFRARED

DETECTION

3.1 Introduction

All existing LWIR detectors, whether they are of the cooled or uncooled variety,
currently utilize amplitude modulation (AM) for the detection of changes in photocurrent,
voltage, or resistance in response to light exposure. These AM-based detection
methods are inherently susceptible to various forms of AM noise, including Johnson
noise, flicker noise, and shot noise®*#'. Therefore, there is a critical demand for an
uncooled LWIR detector that can provide superior detectivity and an improved signal-to-
noise response.

Here, we introduce an LWIR detection approach based on Frequency Modulation
(FM), utilizing an oscillating circuit integrated with a phase-change material. While
traditional microbolometers operate by sensing changes in resistance due to small
perturbations in material properties with LWIR light illumination, they often exhibit a
positive resistance characteristic. Our proposed scheme functions through FM of the
circuit. This modulation is achieved by harnessing the Negative Differential Resistance
(NDR) property change of the phase-change material with incident light, which
undergoes dramatic phase transitions between insulating and metallic states.

This FM-based detection scheme inherently offers robustness against noise,
especially AM noises. Our room-temperature LWIR detector demonstrates a noise

equivalent power (NEP) of less than 3 pW-Hz "2, a response time of approximately 2.96
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ms, and a high detectivity (D*) on the order of 10°. The performance of the FM based
detection in this work can be further improved through appropriate industry-scale

packaging with reduced capacitance.

3.2 Insulating to Metallic Phase Transitions

3.2.1 Phase Change Material

Lately, there has been a growing fascination with phase-change materials
(PCMs) as a promising avenue for advancing adaptive materials that have the potential
to revolutionize the realm of metamaterial-based applications. PCMs, as a category of
materials, can undergo substantial changes in their material phase when exposed to
external stimuli, such as conductive heating, optical activation, or the application of
electric or magnetic fields. These transformations lead to alterations in their electrical
and optical characteristics. Notably, PCMs exhibit varying levels of volatility, with some
falling into the category of volatile PCMs, requiring continuous stimulation to maintain
their altered state, while others are categorized as non-volatile PCMs, preserving their
phase change even after the stimulus is removed until a specific level of stimulus is
reapplied. This diversity in volatility is a significant consideration when dealing with
PCMs, and researchers are actively exploring innovative ways to harness this distinctive
property for the development of more dynamic and adjustable materials.

In this study, we employ volatile phase-change materials (PCMs) that undergo
phase transitions in response to external stimuli, reverting to their original states when

the stimulus is removed. Our specific focus lies in PCMs that exhibit alterations in their
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characteristics upon exposure to LWIR light. By detecting these changes in properties,

we accomplish LWIR detection.
3.2.2 Thin Film Vanadium Dioxide

Unravelling the physical characteristics of strongly correlated systems has
remained one of the most intricate challenges within the field of condensed matter
physics, persistently raising contentious questions both in theory and experiment.
Among the materials of interest, the V-O system stands out as one of the most
captivating due to its diverse array of compounds, including V203, VOz2, and V20s,
among others. Many of these compounds undergo a distinctive metal-to-insulator phase
transition (MIT), resulting in abrupt alterations in their optical, electrical, thermal, and
magnetic properties. This system not only holds considerable promise for practical
applications but also offers scientists compelling and important materials for
investigating the mechanisms behind phase transitions.

Vanadium dioxide (VOz2) is particularly intriguing within the V-O system because
its transition temperature lies in proximity to room temperature. Despite ongoing debate
over its phase-transition mechanism, there has been notable progress in modifying this
transition in recent years*?. The crystal structure of different VO2 phases with the

corresponding band structures can be seen in Fig 1542
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Figure 15 | Crystal structure of VO2 and corresponding band structures*2.

The band structure of metal and insulator phase of VOo:.

The behavior of MIT in VO2 was initially documented by Morin in 1959. The
transition from a first-order monoclinic (M) insulator phase to a rutile (R) metallic phase
in VOz2 is accompanied by a significant and rapid transformation in electrical and optical
properties, with potential applications in switching, sensing, and the control of infrared
(IR) wavelengths. Recently, VO2 has gained renewed attention as a conveniently
accessible strongly correlated material, thanks to advances in ultrafast and microscopy

techniques, ionic gating, and improved computational methods. Leveraging these new
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research tools, considerable efforts have been invested in various aspects, such as
exploring different material structures (films, nanobelts, nanowires, etc.), refining
fabrication techniques, uncovering phase-transition mechanisms, and modulating MIT
behaviors. Several studies have presented different morphologies of VO2 using diverse
fabrication methods, resulting in enhanced performance. Furthermore, gaining a deep
understanding of the mechanisms underlying phase transitions not only improves
material performance and broadens its applications but also contributes to a more

profound comprehension of the phase-transition process.
3.2.3 Mechanisms of Phase Transitions

In the past two decades, the exploration of the physical properties of phase-
transition systems has presented one of the most formidable challenges in the realm of
condensed matter physics. This field continues to grapple with contentious issues both
in theory and experimentation. Within the context of the VO2 system's transition, several
simultaneous phenomena, including Mott correlation, Peierls distortion, and orbital
splitting in the V-V chains, have complicated our comprehension of the underlying
mechanism. This chapter aims to shed light on the focal points of mechanism research
and the significance of understanding the phase-transition characteristics of VOz2 for
subsequent modulation. A central point of controversy revolves around the theoretical
interpretation of lattice-electron interactions and electron-electron correlations during the
phase transition. The VO2in its rutile axis and the researcher’s effort of discovering the

phase transition mechanics are shown in Fig. 1643
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Figure 16 | Spectral function of VO2 and its crystal structure*.

(a) Spectral function p of paramagnetic VOz2 in the presence of Gaussian disorder 0.
(b) Averaged quasiparticle weight Zq (c) Distribution of the local quasiparticle

weight Zd,i for =0.1 A. (d) Isosurface of the real space representation of the Fermi
density for disorder =0.3 A. The large (small) sphere denotes V (O) atoms along the
rutile axis.*?

Back in the 1930s, Rudolf Peierls postulated that a 1D conductor comprises
atoms with uniform spacing, each associated with a conduction electron. Due to the
interaction between electrons and the lattice, this 1D system becomes unstable,
resulting in lattice distortions at pairs of atoms at low temperatures. When the
modulation wave vector q equals 2 times Fermi wave vector k, the Fermi surface aligns
perfectly with the boundary of the Brillouin zone, causing complete "nesting." When the
energy expended in creating the band gap is greater than the energy required for the
lattice distortion, the overall electronic-lattice system's energy decreases, leading to the
transition from a conductor to an insulator. Goodenough was the first to employ crystal
field and molecular orbital theories to analyze the electronic structure of VOz2, attributing
the MIT transformation to lattice distortion, thereby associating it with the Peierls
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transition. However, it's worth noting that the MIT in VOz2 is considerably more complex,
and the Peierls mechanism falls short in completely addressing all the issues related to
the phase transition. Essentially, the Peierls mechanism is a result derived from
traditional band theory, which may have overlooked crucial factors in the phase
transition or, in other words, is not entirely suitable for explaining the behavior of VO2
materials.

Later, as observed by Mott in his 1949 publication on Ni-oxide, the origins of this
phase change behavior are linked to electron correlations and their strong connection to
magnetism. The Mott transition's physical underpinning arises from the interplay
between the Coulomb repulsion among electrons and their degree of localization,
represented by the band width. When the carrier density becomes sufficiently high, the
system's energy can be minimized by localizing the previously conducting electrons

(reducing the band width), which leads to the formation of a band gap.

3.3 Self-Oscillation in Electrical Circuits

3.3.1 Self-Oscillators and Negative Differential Resistance

In electrical circuits, self-oscillators refer to a circuit element that does not require
an AC voltage/current input to output an AC voltage/current. Such self-oscillators can be
created by utilizing circuit elements that exhibit NDR coupled with a proper capacitor.

While a typical resistor exhibits a change of current induced by a change of
voltage AV/Al > 0, an element with NDR exhibits AV/Al < 0. They are widely used in
oscillators, memory devices, frequency multipliers, mixers, etc. When such circuits are
biased within the NDR region, small disturbances or noise signals can initiate
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oscillations, and the negative resistance will sustain and amplify these oscillations until
a stable output waveform is achieved.

In this work, we utilize a self-oscillator with an NDR element. With light
illumination, the property of the NDR element changes correspondingly resulting in the
oscillation frequency change to the self-oscillator. By recording this change in frequency,

the LWIR detection with FM scheme is realized.
3.3.2 Vanadium Dioxide Based Self-Oscillators

In this work, VO2 is chosen as the phase-change material*. At room
temperature, VO2 assumes an insulating phase characterized by a monoclinic crystal
structure and high resistance*>4’. However, when exposed to higher temperatures, VO2
undergoes a transition, shifting from this insulating phase to a metallic phase, commonly
referred to as the insulator-to-metal transition (IMT). In this metallic phase, VO:2 displays
significantly reduced resistance, orders of magnitude lower than in its insulating
state*®49. This transition is reversible, allowing VOz2 to return to its insulating phase
when the temperature decreases, which is known as the metal-to-insulator transition
(MIT)%9:51, Notably, this thermally induced phase transition in VOz2 is particularly robust
when compared to other phase-change materials, and it exhibits a narrow thermal
hysteresis range of 5-8 K523,

Within the phase transition range, VO2 demonstrates a unique characteristic
known as Negative Differential Resistance (NDR)%*, where the differential resistance
(AV/Al) becomes negative. We leverage this property by combining an NDR element

with a capacitor, resulting in an electrical oscillator circuit that can independently sustain
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current/voltage oscillations, eliminating the need for an external inductive component®®
%8_|n the case of VO, this leads to repeated oscillation between its insulating and
metallic phases, with the IMT and MIT transitions following one another.

To improve the detector's optical absorption and sensitivity, we place a thin film of
VO2 on an optical cavity. Our frequency modulation (FM)-based LWIR detection method
relies on monitoring changes in the oscillator circuit's frequency concerning incident
power while electrically biasing the VOz2 film near the IMT transition edge, where its
temperature coefficient of resistance (TCR) is high.

Prior research has successfully demonstrated the creation of self-oscillators with
NDR using various phase-change materials, including metal oxides and 2D materials®®-
62 The detection scheme presented in this work is compatible with such materials and
changing the film from VOz2 to these materials may invoke distinct properties to the

LWIR detector.
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3.4 Experimental Methods

3.4.1 Principle of Operation

The schematic design of the FM-based LWIR detector is shown in Fig. 17a. A thin
PCM film is suspended with a SisN4 support layer on top of an air spacer and an Au
mirror. The Au mirror and air spacer together form an optical cavity. A part of the
PCM/SisN4 stack in the schematic is intentionally drawn with transparency to clearly
show the presence of the optical cavity. The incident infrared radiation (indicated by the
red arrow) is partially absorbed and partially transmitted through the thin film stack. The
transmitted wave is then reflected by the back mirror. Depending on the cavity phase, a
constructive interference between the reflected wave and incident wave intensifies the
electromagnetic field at the suspended PCM/Si3sN4 stack interface resulting in an
enhancement in absorption’. Finally, chromium electrodes were fabricated on the

sides of the PCM for electrical connections.
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Figure 17 | FM based infrared detection.

a) Schematic illustration and (b) corresponding scanning electron microscope (SEM)
image of the device. c) Circuit diagram of the FM measurement setup. d) Current-vs-
voltage plot of the device with an external resistor of 58kQ. e) Schematic illustration of
the frequency modulation detection scheme.

A Scanning Electron Microscope (SEM) image of the detector is shown in Fig.
17b, where a suspended 8x8 um? PCM/Si3Na4 stack is clearly visible. Details of the
device fabrication are included in the Methods section. The fabricated detector pixel is
connected to an electrical circuit as illustrated in Fig. 17c. At an appropriate biasing
condition, electrical oscillations can be initiated owing to the NDR exhibited by the
phase change material in the active pixel material stack. The onset of oscillation under
current control (CC)®2 mode is depicted in Fig. 17c. The two halves in the circuit

diagram, highlighted by blue and red colors, represent two processes in the oscillation.
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The blue process indicates the charging of capacitor C1 when the circuit is first initiated.
During this process, the current flow Id bypasses the active detector pixel (Rv) branch
due to its high resistance in the insulating phase of PCM, instead, charges the capacitor
C1. Following the charging of C1 (shaded as the blue process in Fig. 17c), the
discharging of C1 (shaded as the red process in Fig. 17c) starts as soon as the voltage
V1 across C1 exceeds a certain threshold to drive sufficient current through Rv to induce
an IMT due to the increase in local Joule heating®3-%°. After the IMT, the PCM (Rv)
transits to a metallic phase with considerably lower resistance compared to its insulating
phase, resulting in the discharging of capacitor C1. Subsequently, the voltage across C+
(V1) decreases, eventually leading to an MIT in the PCM due to the significant decrease
in the current/Joule heating.

The continuous repetition of these two processes results in the oscillation in
current/voltage across the PCM. One complete electrical oscillation cycle includes one
rise and one fall of the voltage V1 across the PCM (Rv). The rise and fall time can be
understood as the time required to travel between two threshold voltages Vint and Vin2,
where Vi1 is the threshold voltage at the end of the C+1 charging (V1 >Vin1) when the IMT
occurs, and Vinz is the threshold voltage at the end of C+1 discharging (V1 < Vin2) when
the MIT happens. To acquire the full hysteresis curve of the VO2 phase transition, we
measure the change in the voltage across the VO: film by varying the bias current. An
external resistor Rext = 58 kQ is added to the circuit (Figure 17c) to disable electrical
oscillation while varying the applied current. Figure 17d plots the measured voltage

across the PCM as a function of the bias current. The sudden drop in the voltage in the
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red curve while increasing the applied current represents IMT, whereas the sudden
bump in the voltage while decreasing the applied current represents MIT. The voltages
across the PCM (V1) at the transition edges are recorded as the threshold voltages Vin1
and Vinz, respectively. During the LWIR exposure of the device, the stack absorbs the
light and modifies the phase of PCM towards metallic phase. Although, this modification
is not strong enough to induce the phase transition due to the low intensity of the
incident light, it reduces both threshold voltages Vin1 near IMT and Vin2 near MIT
resulting in the shift in the oscillation frequency. Figure 17e shows a schematic
illustration of the working principle of this proposed FM-based detection scheme. At first,
during dark conditions, the circuit oscillates at a frequency of faark. When the detector is
illuminated with infrared light, it changes the oscillation frequency to faark+Af. Once the
incident light is removed, the oscillation frequency returns to its original frequency.

With light illumination, the phase transition property change of VOz2 film is shown
in Fig. 18. The change in the |-V characteristics leads to the change in the oscillation

frequency of the circuit.
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Figure 18 | Device I-V curve under dark and light conditions.

The hysteresis curves of the VOz2 film are different under light and dark conditions. The
transition time from one to another are found different via the rise and fall time
measurement of the device

Therefore, by recording the frequency shift Af, the incoming infrared light can be
detected. The absorption spectra of the PCM/SisN4 stack in the insulating (blue) and
metallic (red) phases are measured and plotted in Fig. 19a where a significant change
in absorption between the two end states is observed. To corroborate the experimental
data with numerical calculations, we perform finite difference time domain (FDTD)
simulations in Ansys Lumericals, where there is a good agreement between the
simulation (dashed) and experimental results (solid) (see Methods section for the details

of the FDTD simulation). We consider the absorption of the stack during oscillation to be
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in between the metallic and insulating phase absorptions. Figure 19b shows two

measured electrical oscillation waveforms in dark (blue) and light (red) conditions, with

the time between the two waveforms adjusted to best present the difference in

oscillation frequency. The corresponding oscillation frequencies in the light (red) and

dark (blue) conditions are displayed in Fig. 19c.
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Figure 19 | Absorption and measured FM.

20

a) Measured and simulated absorption spectra of the detector in the wavelength range
of 8 to 14 ym in insulating (Blue) and Metallic (Red) phase. b) Oscillation waveforms
during the dark (Blue) and light (Red) conditions. A higher oscillation frequency is
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observed when the detector is illuminated with light and the corresponding shift in the
oscillation frequency is shown in (c).

3.4.2 Characterization of the Device

Next, the performance of the detector is assessed in terms of pixel dimensions.
For this study, we characterized detectors of three different active areas: 8x8 ym?,

12x12 ym?, and 15%15 um?2. Figure 20 shows the experimental setup.

Parabolic mirror

Power meter )
Probe station

Laser T | J
\ J
1 |_:ietectf:r_‘
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Figure 20 | FM based LWIR detection measurement setup.
BS: Beam splitter. ND: Neutral density.

Electrical measurements: The fabricated device was driven by a constant current
source with a source measurement unit (Keithley 2614B). No capacitor was attached
but the total capacitance (6 nF) of the system was extracted by fitting the experimental
data with the simulation. The device was mounted on a probe station (MPI TS150). The
oscillation waveform of the voltage across the VOz2 film was recorded by a digital

storage oscilloscope (Tektronix Mix Domain Oscilloscope MDO34).
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Optical setup: A quantum cascade laser source (OmniLux from Pranalytica, Inc.)
at 8.7 ym was focused by a parabolic mirror onto the VO: film. Laser power at different
positions in the beam path was measured by a power meter (Thermal Power Sensor
S401C from Thorlabs). Neutral density filters (Thorlabs) were used to scale the incident
power. For mapping the beam profile, the parabolic mirror was moved by a motorized
XY-stage (M30X, Thorlabs), while the device was kept static. For the single-pixel
imaging experiment, a chromium mask on top of ZnSe window (WG70530 from
Thorlabs) was placed in between the parabolic mirror and the device. The diameter of
the mask plate (ZnSe window) is 2.54cm, while the size of the dragon pattern on top is
1cm to 2.1cm. The laser was focused on the mask to achieve the best resolution of the
recorded image. Both the parabolic mirror and the sample were kept static, while the

mask was moved by the motorized XY-stage (M30X, Thorlabs).
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Figure 21 | Detector LWIR performance measurements at room temperature.

a) Evolution of oscillation frequency of the detector with respect to the driving current for
three different sizes of the VO2 channel, the corresponding frequency shift as a function
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of drive current is shown in (b). The shift is presented as 0 when the circuit is not
oscillating.

Figure 21a shows the evolution of the oscillation frequency as a function of drive
current for 3 different pixel sizes in dark and light conditions. The devices which are
smaller in size (8x8 um?) exhibit the highest oscillation frequency with the same drive
current. It is observed that both the limit current Imin and Imax are larger for the devices
with 15x15 um? pixel size. Despite the larger operation current, the bigger devices show
lower frequency response under the same incident power compared to the smaller
devices. The effect of pixel size on the behavior of the devices is attributed to the
current density being lower in bigger pixels under the same drive current. The lower
current density in the larger pixel leads to less local Joule heating, and hence higher
drive currents are required to induce the phase transition in the larger pixels.

Consequently, higher limit currents Imin and Imax are observed in the case of larger
pixels. The decrease in the oscillation frequency with the bigger pixels can be explained
by the longer time required to travel between two threshold voltages Vi1 and Vin2, due
to the larger difference between them AV=Vin1-Vi2, further details can be found in the

Fig. 22a and Fig. 22b.
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Figure 22 | Comparison between different pixel sizes.

The larger device exhibits higher Vin1-Vin2 leading to a slower oscillation at the same
drive current.

Back to Fig. 21a and Fig. 22 b which shows the corresponding frequency shifts of
3 different pixel-size detectors. While the device with the dimension of 8x8 pm? exhibits
the largest frequency shift, all 3 sizes show a similar trend as a function of drive current.
From the frequency shift, the responsivity R can be determined as follows:

R = Vpre/Pinc (7)

where Pinc is the incident power on the active region of the device. It is to be
noted that since the spot diameter of the laser is ~300 uym, Pinc is only a fraction of the
total incident power. Therefore, from these measurements, it can be inferred that better
responsivity is expected for devices with smaller pixel sizes. Further, the sensitivity of
the device with 8x8 um? active pixel area is assessed by measuring the detectivity (D*)

as a function of drive current. The D* is defined by the expression.

D* = VA/NEPf (8)
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where, A is the active area of the detector and NEP is the noise equivalent

power. NEP can be determined by:
NEP = S, /R (9)
where Sn is the noise spectral density calculated at 1 Hz by a waveform
measurement with Shannon-Nyquist sampling theorem. The noise is attributed to circuit
FM noises such as phase noise and jitter noise®6-67.

The evolution of the noise and detectivity as a function of the drive current is
plotted in Fig. 23a. As the drive current increases, the noise (Sn) also increases
because the device approaches the metallic phase. This is attributed to the increased
instability of Vint and Vin1-Vin2 with a high drive current. The black graph in Fig. 23b
displays the measured D* of the device as a function of the drive current. This
measurement demonstrates that when the drive current is set to the smallest value of
40 pA, producing the lowest noise Sn, the highest measured D* of 3.8x108 Jones is
obtained for these fabricated detectors. As the drive current increases, the value of Sn
also increases, leading to a corresponding decrease in D*. This decrease in D*
continues until a certain drive current is attained, after which it remains mostly constant.
The capacitance of the measurement setup is estimated to be ~6 nF by matching
experimental result with the equivalent circuit model prediction. It is worth noting that if
the capacitance in parallel with the VOz2 film is reduced or the electrical circuit's
instability is decreased, the sensitivity of the proposed FM-based detector for room
temperature use will be further enhanced. According to industry standards, constructing

a measurement set-up with a parallel capacitance of 1 nF is a straightforward task.
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Therefore, the D* of the device with 1 nF capacitance is predicted by the equivalent
circuit and represented by the red curve in Fig. 23a, demonstrating a four-fold
improvement the D* value is achievable. For a drive current of 40 pA, it is anticipated
that the highest expected D* is around 1.5 x 10° Jones with room temperature
detection, which is a level achievable only with a cryogenically cooled LWIR detector
among commercially available detectors. The time response is then studies as shown in
Fig.23b. The light source is turned on/off with the on/off of the control current of the
QCL. The calculated response time Tiwtal is ~2.96 ms at 40 pA by the rise time Trise and
fall time Trai by Ttotal = Trise + Ttall. Trise/Trall iS calculated by the duration between 10% and
90% of changes in steady-state frequencies®. The result is 5-7 times faster compared
to the commercially available uncooled LWIR detectors in the market®%%7°. The short
response time of the proposed detector can be attributed to the strong electrothermal

feedback in VOz2 thin film”1.72,
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Figure 23 | Detectivity and response time.

a) Dependence of detectivity and noise of the detector on the drive current for an 8x8
Mm2 pixel. b) Measured time response of the 8x8 umz2 device with the light switched
on(red) and off(blue).

Next, the dependency of the frequency response of the device to the incident IR
power is investigated. As discussed previously, the spot size of the excitation laser, with
a wavelength of 8.7 ym, is much larger than the active area of the detector, which is 8 x
8 um2. Therefore, an accurate estimation of the incident power on the active area of the
detector is necessary. For this purpose, we obtain the beam profile of the incident laser
in form of a frequency shift map by scanning the detector within the focal plane of the
incident laser. The parabolic mirror used to focus the laser is shifted in increments of 10
pm with a motorized XY stage to scan the detector within the laser spot. Figure 24a is
the measured frequency shift map of the perfectly Gaussian beam profile of the incident
laser. The incident power Pinc on the active area of the detector is finally calculated by

picking out the center 8x8 um2 region of the measured frequency shift map as:
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Pine = (Afa/Dfimap) X Bnap (10)

where Afq is the integrated frequency shift over the center 8x8 ym2 region of the
map; Afmap is the integrated frequency shift of the whole map; and Pmap is the total
incident power which is measured in front of the parabolic mirror by a power meter. The
same measurements are performed to determine the incident laser power for the
estimation of R, NEP, and D*. Figure 24b shows the shift in oscillation frequency Af as
a function of incident laser power for an 8 x 8 um2 device. The power of the laser is
varied using neutral density filters before the parabolic mirror. A linear response is
observed for a large range of incident power on the 8x8 um2 area from 4.54 nW to 63.4
nW. The device’s position relative to the beam is carefully adjusted and placed at the
center of the beam by scanning the beam profile for each incident power at the start of

the measurement.

a b
300 AF (Hz)
300 |
. 800 Pixel size: 8x8 pm?
N
’E225 250 T
2 & 600f
c )
G O 4p0f
°.'O 150 o
> 75 D |
100 r 200
% 75 150 225 300 © 0 10 20 30 40 50 60 70
X-Paosition (um) Incident Power (nW)

Figure 24 | Beam profile imaging and linearity of the photo-response.

a) Frequency shift map of the laser beam profile obtained by scanning an 8x8 um2 size
pixel. b) Dependence of the Frequency shift on the incident power showing a linear
detector response
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To demonstrate the performance of our LWIR detector, a single-pixel imaging
experiment was conducted. The setup for the experiment is illustrated in Fig. 25a. The
QCL laser is sent through a hollow mask of a dragon onto the detector. By changing the
position of the mask, we were able to produce the image of the dragon as shown in Fig.
25b. It is to be noted that the captured image is a map of frequency shift as opposed to
amplitude shift in conventional imaging techniques. Sharp high-resolution features are
clearly visible in the captured image. We believe this is the first demonstration of FM-

based LWIR imaging.
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Figure 25 | FM based infrared single pixel imaging.

a) Schematic illustration of the experimental setup of the single-pixel imaging system.
The light source and detector are fixed while the object is mounted on the motorized XY-
stage for scanning. b) Original design of the object (left) and the obtained image (right)
through single-pixel imaging in terms of frequency shift.
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3.5 Equivalent Circuit Model in LT-Spice

While extensive research has been done on the phase transition of VOz, the
physics behind the phase transition when it is simultaneously driven by current and
electric field (in this case incident infrared light), is not well understood. A good model
that can describe the full transition is still being explored. For this reason, it is daunting
to simulate the oscillation frequency and light induced modulation of the frequency of
our device at the same time for a wide range of currents, because this would require
describing the phase transition both under DC (bias current) and high frequency
(incident IR radiation) electric fields. We instead followed an approximate approach by
creating an equivalent circuit of the device in a circuit simulation environment to match
and predict the electrical performance of the device. To simulate the oscillation
frequency and its light induced modulation, we have created an equivalent circuit model
of the device in LTspice 7374, which is illustrated in Fig. 26a. In this model, constant
current source Id is the drive current used in the experiment. Rv is a voltage-controlled
resistor representing the resistance of the VO2 film, C1 refers to the capacitance in the
system that is connected in parallel to the VOz2 film. It should be noted that Id and C1 are
among the external components utilized in the experiment. Additional circuit elements
including a voltage comparator (V3), constant voltage sources (Vb1, Vb2, Vo), a constant
resistor (Ro) and a capacitor (Co) shown with a gray background, along with Rv are
incorporated to imitate the variation of the PCM’s voltage-controlled resistance (Rv)
during phase transition. Details of the simulation are included in the Methods section.
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Figure 26b plots the oscillation frequency of the circuit as a function of drive current
during the dark conditions (blue) and when illuminated with an 8.7 ym wavelength IR
laser(red). An increase in the oscillation frequency is observed during light illumination
compared to the dark condition. The simulation agrees well with the experimental
results. It should be noted that the circuit can support oscillations in a certain range of
the drive current. For the devices with 8x8 um? active area, oscillation onsets from the
drive current at 40 pA and ceases at 108 YA in the dark condition. When the drive
current is lower than 40 pA, the voltage V1 < Vin1 on the VOz2 film stays below the IMT

threshold and consequently, no current oscillation exists.
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Figure 26 | FM-based detector equivalent circuit model.

a) Equivalent circuit diagram of the FM-based detector in LTspice. b) Evolution of the
frequency of oscillation as a function of drive current Id for an 8x8 um2 active detector
area under dark (Blue) and light (Red) conditions. ¢) Simulated and experimental
frequency shift Af between light and dark conditions as a function of the drive current of
the oscillator.

On the other hand, with a high drive current above 108 pA, the device makes an
IMT but fails to make an MIT afterward due to V1 > V2 at all the time, and hence the
oscillation cannot exist as well. Here, Imin and Imax are referred to as the minimum and

maximum limit currents that support oscillation in the circuit, respectively. The shift in the
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frequency in presence of light (Af = fignt - faark) @s a function of drive current for a
constant illumination power is shown in Fig. 26c. It is observed that Af increases with
the drive current lq. As the drive current Id approaches the threshold current Iz, the

increase in Af is particularly rapid.
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Figure 27 | Waveform simulation with the equivalent circuit model.

Simulated and experimental frequency shift Af between light and dark conditions as a
function of the drive current of the oscillator.

Figure 27 displays the corresponding simulated (red dashed line) and
experimental (blue solid line) oscillation waveforms at 63 pA in the dark (top) and the
light (bottom) conditions. The experiments demonstrate that the frequency of the circuit
increases from 5.007 kHz to 5.506 kHz when exposed to light, manifesting a frequency

shift of Af ~ 500Hz which shows an excellent match with the simulation results.
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3.6 Discussion

In summary, we have demonstrated an FM-based uncooled LWIR detector using
a cavity-coupled phase change material. The FM-based detection scheme possesses
inherent robustness against noise compared to conventional AM-based detection
schemes, providing significant improvement in sensitivity and signal-to-noise ratio while
minimizing the influence of external interference. The measured detectivity of the
proposed detector is higher than commercially available uncooled LWIR detectors with
a faster response time. We expect that a proper industrial packaging with low
capacitance circuit components can further increase the detectivity comparable to
cryogenically cooled detectors (~10°). Notably, the detector exhibits a highly desirable
linear response and high detectivity at room temperature, rendering it a promising
solution for diverse applications. Furthermore, we have demonstrated the feasibility of
developing a multipixel IR camera with these detectors through single-pixel imaging.
Although, we employed VO:2 as the phase change material in our work, this detection
scheme can be extended to other phase change materials exhibiting NDR, and different
spectral regions of light can be covered depending on the absorption properties of the
material. Furthermore, PCMs such as W-doped VO:2 with lower phase transition
temperature’® can be operated with smaller drive current, which is beneficial for the
focal plane array integration. The operational wavelength may also be tuned by
changing the cavity thickness. Our results introduce this novel FM-based detector as a

unique platform for creating low-cost, high-efficiency uncooled infrared detectors and

59



imaging systems for various applications such as remote sensing, thermal imaging, and

medical diagnostics.
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CHAPTER 4: DENSE PIXEL ARRAY INTEGRATION

4.1 Introduction

Although researchers have developed numerous impressive tools within the
confines of research laboratories, scaling them up for industrial applications poses a
significant challenge. When it comes to LWIR detectors, most of the reported work
focuses on individual pixels, with limited representation of innovative detectors featuring
dense pixel arrays and integrated readout circuits (ROIC)’677_ In this presentation, | will
showcase our endeavors to integrate the graphene LWIR detector into a commercially
available ROIC with dense pixel focal plane array, paving the way to prototype camera
production.

Please note that, despite the tremendous time and effort invested, due to
intellectual property protection and restrictions, this aspect of my work will be presented
in a concise and descriptive manner. Figure 28 illustrates an example of a readout

circuit from an open access source’” (not the ROIC used in this work).
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Figure 28 | Example of an Electronic readout circuit die photo””

1 - DACs block, 2 - array of pixel cells, 3 - column followers and decoders, 4 —
preamplifiers and output buffers, 5 — digital block, 6 — row decoder.

Focal Plane Array (FPA) is a collection of light-sensitive pixels arranged in a
typically rectangular grid at the focal plane of a lens. FPAs are primarily employed for
imaging tasks, such as capturing photographs or video footage. The FPA lies in the
ROIC which is labeled as 2 in Fig. 28. With FPA and the imaging lens array, LWIR

images can be generated at the output of ROIC as show in Fig. 2977.
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Figure 29 | Heat residue on a person’s face imaged with FPA7’,

4.2 Experimental Method

4.2.1 Fabrication of the Specially Designed Single Pixel.

The graphene based single pixel device is redesigned based on the configuration
of the pixels on the ROIC. Instead of a 3-terminal device, we have changed our design
to a 2-terminal device with source and drain electrodes connected the graphene.
Instead of electrostatic doping, we employed chemical doping to increase the carrier

concentration in graphene.
4.2.2 Test of Performance of the Single Pixels

The performance of the single pixel device is tested by a probe station after all
fabrication devices. And we could get decent detectivity with the alternated design.
4.2.3 Fabrication of Dense Pixel Array on ROIC

Fabricating the dense pixel array on the ROIC presented a formidable challenge
for several reasons. First, a different material for the optical cavity is required.
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Fortunately, a near-transparent cavity was successfully optimized and fabricated.
Secondly, working on a small die as opposed to an entire wafer posed a different set of
challenges from multiple perspectives. Finally, the electronics on the ROIC and creating
additional pixels with various functionalities also proved to be highly demanding tasks.
Despite the numerous challenges encountered, the integration ultimately proved
to be a success. Figure 30a and b demonstrate the successful integration of the LWIR

graphene detector onto the ROIC substrate.

.

Figure 30 | Device size vs detectivity vs estimated response time.

(a) Microscope image of fabricated LWIR detector on ROIC. (b) SEM image of a single
pixel of the fabricated detector on ROIC.

4.2.4 Characterization of the dense pixel array

The fabricated detector is first examined with an optical microscope and SEM to
ensure the critical element is present. Then the variation between different graphene
pixels is carefully examined as excess difference on the resistance with active pixels will

cause issue in calibration. A series of tests on other elements on ROIC is performed as
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well. These tests validate the ability of the fabricated focal plane array’s functionality on
the ROIC electronically. Finally, the optical and advanced electronical test is ongoing

with an industry collaborator.
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4.3 Discussion

I've showcased the design and performance verification of single pixel LWIR
detectors constructed from graphene, employing a unique design that ensures
compatibility with the ROIC. Following this achievement, the optimization of fabrication
steps for integrating a dense pixel array was successfully completed. It's essential to
acknowledge that fabricating a dense pixel array for graphene devices presents a
significantly higher level of complexity compared to crafting a single pixel, and there
remains room for improvement. Nevertheless, through thorough scrutiny using various
tools, we have confirmed the successful formation of the dense pixel array. The
fabricated dense pixel array detector is undergoing performance evaluation in

collaboration with a partner.
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CHAPTER 5: CONCLUSION and FUTURE

In conclusion, | have worked on 2 approaches of LWIR detectors with room
temperature operation. Both detectors turned out yielding better detectivity compared to
traditional microbolometers with a faster response time. The graphene-based LWIR
detector featured in this work relies on Dirac plasmon and the Seebeck effect to
generate a photo-thermoelectric voltage, while the VO2-based detector operates as a
thermal sensor, detecting local joule heat changes induced by IR illumination.

Both varieties of LWIR detectors hold immense promise for the future. In the case
of the graphene LWIR detector described in this study, it's worth noting that only half of
the graphene film is photoactive. In the future, a fully decorated graphene film could
potentially operate in a similar manner with asymmetric hot carrier generation, while
boosting the sensitivity of the detector. Furthermore, the integration of the graphene
LWIR detector onto a dense pixel array is an exciting project. The process of integrating
it with the ROIC could yield game-changing results and pique commercial interest.

The FM based detection is the first demonstration of its kind in the LWIR region.
The VO2 used in the work can be changed to other PCMs exhibiting NDR property. As
different PMCs have different properties such as absorptions, thermal coefficients, and
current/voltage response, integrating them into the FM based detection scheme will
inherently modify the detector, including different absorption band, faster response time,

polarization dependence and opto-mechanical effect.
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