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Ultra-low temperature photon detectors have been able to achieve high detection sensitiv-

ity but they remain a high-maintenance and expensive option. Thermal detectors, on the

other hand, can be operated at room-temperature and can provide a more affordable and

portable option, albeit with lower performance compared to its counterpart. As such, there

remains a need for uncooled detectors with higher sensitivity, higher pixel density, and higher

bandwidth for critical applications, such as on-chip optical readout of incident radiation,

high-resolution medical imaging, autonomous driving at low-light conditions, and military

applications. This dissertation presents a study on the design, fabrication, and character-

ization of radiation detectors with high sensitivity, specifically plasmo-thermomechanical

and microbolometric types. Here, plasmonically enhanced thermo-mechanical and thermo-

electrical properties of materials and device geometries are intelligently exploited to achieve

uncooled electromagnetic radiation detectors with improved sensitivity and bandwidth of

operation.

Many novel applications in plasmonics and integrated optics have emerged from the advances

in micro and nanofabrication techniques. In particular, plasmonic structures have demon-

strated their ability to focus and control light at a micro- and nano-scales, which leads to

intense light-matter interactions - key to high sensitivity at reduced area. In addition to their
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electromagnetic properties, micro and nanoscale plasmonic structures may open up new op-

portunities for novel applications based on their thermal and mechanical properties. Along

with patterned metallic nanostructures, 2D materials like graphene possess extra-ordinary

thermal and plasmonic properties that are key to the enablement of novel sensing devices.

The first work described in this thesis demonstrates a true full integration of plasmo thermo

mechanics and integrated optical waveguides that turn efficient optical absorption into light

modulation in waveguides through the use of plasmonic fishbone nanowires. By using plas-

monic absorbers, specific band of radiation energy from free space is transformed into heat,

causing the nanowires suspended above a waveguide to bend. The radiation is finally detected

all-optically as a fluctuation of the waveguide insertion loss. The efficiency and bandwidth of

such devices are further shown to be augmented by the incorporation of a graphene layer on

top of the metallic nanowires due to graphene’s extraordinary plasmonic and heat-spreading

properties.

The second part of the dissertation presents a microbolometric detector that incorporates a

vanadium dioxide (V O2) nanobeam integrated with plasmonic absorbers to thermo-electrically

detect the incident electromagnetic radiation. V O2 is a phase-transition material (PTM)

that exhibits a unique property known as semiconductor to metal transition, whereby it

can switch between semiconducting and metallic states at a specific temperature called the

transition temperature. As such, this transition metal oxide is highly sensitive to optical

and thermal signals, making their perception precise and efficient. In particular, its sharp

temperature-dependent resistivity makes it a suitable material of choice for microbolometers.

The incorporation of plasmonic absorber, on the other hand, provides design flexibility and

tunability to detect narrowband, broadband, or even multiband electromagnetic radiation.

Presented in this study is an example design of an infrared detector that is designed to sense

thermal information from a human body emitting infrared (IR) radiation peaking near 10

µm wavelength. Unlike other bolometric detectors, the proposed detector incorporates V O2
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nanobeam (instead of a V O2 film) and is designed to operate near the V O2 phase transition

temperature to achieve enhanced responsivity.

Scaling the device geometries of plasmonic absorbers has the potential to transition the

example design of bolometer to operate at far infrared spectrum or THz frequency. However,

simple scaling is not sufficient to achieve such operation as the electromagnetic properties of

constituent materials as well as the thermodynamic and mechanical properties of bolometers

are subject to substantial changes with changes in frequency and size. To demonstrate design

methodology and its scalability, an uncooled high-sensitivity bolometric terahertz detector

operating near 1.7 THz is studied. The design additionally facilitates simultaneous sensing of

intensity and polarization of incident radiation by utilizing polarization-dependent plasmonic

field enhancement. Estimated responsivity is over 5 kV/W , noise equivalent power (NEP )

is below 12 pW , and normalized detectivity over 108 cm.Hz1/2.W−1 which are competitive

to state-of-the-art THz bolometer designs.

The final section of this work presents the fabrication steps for a proof-of-concept device

that incorporates plasmonic absorbers and V O2 beams. This includes details on the de-

position techniques and lithographic patterning used for the V O2 beams and plasmonic ab-

sorbers. Additionally, the work includes the results of x-ray diffraction test and temperature-

dependent electronic probing of deposited V O2 films and beams, and the IR spectroscopy of

fabricated plasmonic absorbers demonstrating the practicality of the proposed design concept

for high-resolution bolometric radiation detectors.
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Chapter 1

Introduction

1.1 Background

In the last few decades, infrared (IR) detection has found extensive use in various appli-

cations such as night vision, missile tracking, material inspection, medical diagnostics, and

more. To improve the performance of IR detection for these applications, researchers have

focused on enhancing the detection capability, sensitivity, selectivity, and efficiency of IR

detectors. The advancement in IR detectors has been largely due to the development of

precise fabrication methods and growth techniques by the integrated circuit (IC) industry.

However, contemporary IR photodetectors are bulky, expensive, and require low temperature

to operate. An alternative method, called the photothermal way of IR detection, is compact,

cost-effective, and can operate at room temperature. The concept of radiation detection is

presented in Fig. 1.1.

The thermal IR detector relies on converting electromagnetic energy into temperature or

thermal gradient, which can be measured by the changes in conductivity or mechanical de-

flection. At the nanoscale, nanoengineered structures play a vital role in enhancing the sen-
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Figure 1.1: Conceptual block diagram of an electromagnetic radiation detector. Any object
with finite temperature emits radiation depending on its temperature and emissivity. I and λ
are the intensity and the wavelength of radiation emitted from object. Iph is the photocurrent
readout signal generated upon radiation incidence on photodetectors. Thermal detectors,
on the other hand, reads out the temperature variation, ∆T in the detector upon radiation
incidence. ∆R is the change in resistance due to temperature variation.

sitivity and coupling between different forms of energy. Plasmonic absorbers are particularly

useful in selectively absorbing a specific regime of the radiation spectrum. Nano-engineered

spectrally selective optical antennas in suspended metallic beams can efficiently absorb free-

space radiation. The absorbed energy creates a thermal gradient, which causes the beams

to deflect based on their material properties. By optically probing the mechanical deflection

using a waveguide, the amount of absorbed radiation can be measured.

In this study, the authors propose coating metallic nanostructures with graphene to improve

absorption and speed of operation. The incorporation of graphene in the nanostructures

enhances sensitivity and bandwidth while reducing noise. The authors analyze the absorp-

tance profile with respect to the size and shape of nanostructures and include the effect of

the adhesion layer in their calculations. They also discuss the evanescent interaction and

its effect on the waveguided probe signal and compare the time constants of the beam’s
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mechanical deflection. The results indicate that integrating graphene in the nanostructure

can significantly improve the performance of IR detectors.

The radiation induced thermal energy can also be read out electronically. Such detectors are

called bolometers. Bolometers offer a cost-efficient solution for IR detection at room tem-

perature. However, their performance lacks significantly compared to photodetectors which

usually requires cryogenic cooling. This dissertation presents high-resolution bolometers op-

erating at long wave infrared (LWIR) wavelength and terahertz (THz) frequencies. The

high-resolution and increased sensitivity is achieved by enhancing efficiency in absorption

and transduction by the detector. Absorption is enhanced by using plasmonic absorbers.

Transduction efficiency is increased by using V O2 beams near highest sensitivity tempera-

ture (transition temperature). The results indicate improvements in multiple performance

parameters of the bolometer such as - responsivity, detectivity, noise equivalent power, pixel

density, bandwidth, etc.

1.2 Organization of the Dissertation

The dissertation is structured as follows: Chapter 1 provides a brief overview of radiation

detectors and the research objective. Chapter 2 discusses the fundamentals of plasmonics,

particularly plasmonic absorbers and their potentials in optical sensing. Chapter 3 focuses

on the aspects of bolometer physics and phase-transition material (PTM) especially vana-

dium dioxide (V O2). Chapter 4 demonstrates a plasmo-thermomechanical radiation detector

made of a Si3N4 waveguide and a suspended metallic fishbone nanowire array whose sensi-

tivity and bandwidth is augmented by a graphene layer. This chapter includes mechanical

and electromagnetic modeling. Chapter 5 covers high-resolution bolometer designed for 10

µm infrared wavelength radiation detection with integrated plasmonic absorbers and V O2

nanobeam. This chapter includes comprehensive analysis of the electromagnetic modeling
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of plasmonic absorbers, study of material properties and geometric design parameters, their

effect on the performance, scalability of the design, as well as expected system performance.

Chapter 6 includes a polarization-sensitive THz detector implemented with similar design

principles demonstrating the scalability and added functionality of the original design at IR

band. Chapter 7 includes proof-of-concept fabrication methods and experimental character-

ization results including electronic and spectral analysis. Finally, the dissertation concludes

with a summary of the work in Chapter 8 and a discussion of possible future research direc-

tions.
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Chapter 2

Plasmonic Absorbers

2.1 Background

Plasmonics along with its incorporation in optical devices is a burgeoning field of science and

technology that capitalizes on the optical properties of metallic nano-structures to confine

and manipulate light at the nanoscale beyond the diffraction limit. The ability of plasmonic

devices to confine and direct light within sub-wavelength structures is a highly desirable

attribute, as it opens up the possibility of creating plasmonic circuits that are miniaturized

and possess feature sizes that are comparable to electronic circuits. The sub-wavelength

confinement of light enabled by surface plasmon polaritons (SPPs) - coupled wave of light and

collective oscillation of free electrons on the metal surface has brought forth compact optical

and photonic devices offering unique electromagnetic properties. Additionally, plasmonic

devices have also been employed in the medical and biological realms, such as biosensing,

diagnostics, and treatment. Surface-enhanced Raman spectroscopy (SERS), a technique

that detects single molecules and analyzes material components, has become widespread

due to the electric-field enhancement effect by metallic nanostructures. Along with metallic

5



nanostructures, graphene and other 2D materials [1] have also been widely researched over

the last two decades for their extra-ordinary plasmonic and optical properties leading to

noble applications.

Plasmonic absorbers are structured materials arranged and designed to efficiently absorb

and convert incident electromagnetic radiation into heat through the excitation of plasmons.

Plasmons are collective oscillations of free electrons in a material that are coupled to an

electromagnetic field. In a plasmonic absorber, the material or structure is designed to

support the excitation of plasmons at a specific frequency range, usually in the visible or

infrared region of the electromagnetic spectrum. When the incident radiation matches this

frequency range, the plasmons are excited, and the energy is absorbed and converted into

heat or any other form of energy. This absorption process can be very efficient, as the

plasmons can strongly couple with the incident radiation. Plasmonic absorbers have a wide

range of applications, including in solar energy conversion [2, 3, 4], thermal management

[5, 6], and sensing [7, 8]. They can be designed to have high absorption efficiency, tunable

absorption spectra, and can be integrated into various devices and systems.

2.2 Maxwell’s Equation

Plasmonic devices employ the excitation of plasmons - coherent oscillations of electrons cou-

pled with an electromagnetic wave along the boundary between a metal (such as silver or

gold) and a dielectric (such as air or glass). The interaction between metals and electromag-

netic fields can be described using Maxwell’s equations [9]:

∇ ·D = ρs (Gauss’s Law) (2.1)

∇ ·B = 0 (Gauss’s Law for Magnetic) (2.2)
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∇× E = −∂B/∂t (Faraday’s Law) (2.3)

∇×H = Js + ∂D/∂t (Ampere’s Law) (2.4)

which relates macroscopic fields (electric field E, magnetic field H, electric flux density D,

magnetic flux density B) to the applied current density Js and charge density ρs. For linear,

isotropic, and non-magnetic materials, D and B are related to E and H as:

D = ϵ0ϵE

B = µ0H

where ϵ is the dielectric constant, ϵ0 = 8.854 × 10−12F/m and µ0 = 4π × 10−7H/m are the

electric permittivity and magnetic permeability respectively in vacuum or air medium. The

dielectric constant of material is frequency dependent and in general a complex function. It

relates to the complex index of refraction as ϵ = ϵ′−jϵ′′ = n2 = (n−jκ)2 = (n2+κ2)−j2nκ.

The real part of the refractive index, n is responsible for the dispersion of light as it passes

through the material. The imaginary part of the refractive index is represented by the

extinction coefficient, κ and determines the amount of light that is absorbed by the material.

The absorption of light by a material occurs when the energy of the incident photons is

transferred to the material, causing its atoms or molecules to vibrate or excite. This can

cause the light to be converted to heat or to be re-emitted at a lower frequency. The greater

the value of κ, the more light is absorbed by the material.

Faraday’s law and Ampere’s law can be combined to produce three-dimensional electromag-

netic wave equation in a non-magnetic conducting medium as:
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∇2E− µ0σ
∂E

∂t
− µ0ϵ0ϵ

∂2E

∂t2
= 0 (2.5)

where σ is the electric conductivity of the medium and J = σE. For a dielectric medium,

the electric conductivity can be considered negligible. The solution of the equation is of the

form:

E = E0e
j(ωt−k.r) (2.6)

where E0 is a constant vector, r is position vector. Angular frequency, ω and wave vector,

k are related to the wave’s frequency, f and wavelength, λ by ω = 2πf and |k| = 2π/λ.

Substituting equation 2.6 into equation 2.5 leads to the dispersion relation:

−k2 − jωµ0σ + ω2µ0ϵ = 0 (2.7)

where,

k = α⃗− jβ⃗ (2.8)

|α⃗| = ω
√
µ0ε

[
1

2
+

1

2

√
1 +

σ2

ω2ε2

]1/2

(2.9)

|β⃗| = ωµ0σ

2|α⃗| (2.10)
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The solution of equation 2.6 is now of the form E = E0e
j(ωt−α⃗.r)e−

⃗β..r. The first exponential

factor denotes the wave-like oscillation of the electric field and the second exponential factor

denotes the decay of the amplitude. Using numerical tools like finite element method (FEM)

or finite difference time domain (FDTD) solver, Maxwell’s equations or wave equation can

be solved in a complex geometric structures in a device to obtain the electric and magnetic

field distribution and extract device electromagnetic properties.

2.3 Localized Surface Plasmons

Optical properties of materials can be described using the plasma model, where the medium

or material is considered like an electron gas comprised of free electrons. Bulk plasmons are

collective oscillations of such free electrons in a bulk material when coupled to an electromag-

netic field. In the case of bulk plasmons, the oscillations occur throughout the bulk of the

material, as opposed to surface plasmons (also surface plasmon polariton or SPP) [10, 11],

which propagates along the interface between a metal and a dielectric medium (such as air

or water). Phase matching is required to excite SPP modes. This can be achieved by special

techniques like prism or grating coupling, tightly-focused optical beams, or near-field exci-

tation. Controlled coupling and propagation of SPPs along waveguiding structures can be

achieved, for example, by using thin metal films sandwiched between two dielectric layers.

Metallic wires can support guided waves propagating in one dimension forming the basis of

plasmonic waveguides [12, 13].

On the other hand, dimensionally bound metal dielectric interfaces, such as metal nanoparti-

cles or nanostructures, produce non-propagating coupled electromagnetic wave and electron

oscillation. These are called localized surface plasmons (LSP) [14, 15]. Unlike, SPP modes,

LSPs do not need any special techniques to be excited. Creation of such plasmonic modes

leads to strong confined electric field resulting in increased sensitivity, increased thermal
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energy, etc. depending on application. When considering small, isolated metal particles

that are approximately the same size as the depth to which an electromagnetic field can

penetrate (around 20 nm for Ag in the optical range), surface and bulk plasmons becomes

non-distinguishable. In these cases, an external electromagnetic field is able to penetrate into

the particle’s volume, causing the conduction electrons to shift in relation to the ion lattice.

The electrons that have shifted in a coherent manner, along with the restoring field, make

up an oscillator that is influenced by the effective electron mass, charge density, and particle

geometry, which together determine its behavior. If the incident electromagnetic wave is

in resonance with the oscillation, the amplitude of the induced field can get amplified by a

factor known as field enhancement factor. This localized surface plasmon resonance or LSPR

induced field enhancement is the basis of plasmonic absorbers.

The primary characteristic of localized surface plasmon polaritons (LSPPs) is that the en-

ergy becomes concentrated in a specific, isolated area after excitation, which is where the

name comes from. The resonance is determined by the shape of the individual absorbing ele-

ments, particularly the portion that confines light, while the impact of neighboring absorbing

elements interacting with each other is minimal.

2.4 Metal-Insulator-Metal Absorber

A metal-insulator-metal (MIM) absorber [16, 17] is a type of thin-film metamaterial absorber

that consists of two metallic layers separated by a thin insulating layer. When light is incident

on the MIM absorber, the metal layers act as antennas to absorb the incident radiation, and

the insulating layer serves to confine the electromagnetic energy within the structure.

The field distribution profile of a MIM absorber is shown in Fig. 2.1. The top and bot-

tom layers of the absorber experience induced anti-parallel oscillating fields. The electric
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displacement vectors in the bottom layer and the micropatches are opposite to each other,

which generates a strong magnetic response. Additionally, the sides of the top layer mi-

cropatches exhibit strong electric dipole resonances. These localized magnetic and electric

dipole or LSPP resonances result in substantial absorption by the metals through ohmic

losses, leading to temperature development. The MIM absorber thus converts the absorbed

light into ohmic loss induced thermal energy.

Figure 2.1: Field profile for resonant radiation incidence on a M-I-M absorber showing
electric dipole resonance and magnetic resonance.

MIM absorbers are attractive as they offer several advantages over traditional absorbers

- easy fabrication methods using simple and low-cost deposition techniques, they can be

made very thin, and they exhibit strong light absorption in the frequency or wavelength

band they are designed for - visible, infrared as well as terahertz (THz) regions of the

spectrum. Additionally, MIM absorbers can be tuned to absorb specific wavelengths of light

by adjusting the thicknesses or dimensions of the metal and insulating layers, which makes

them potentially useful for a wide range of applications in solar cells, sensing, and radiation

detectors. They offer absorption tunability and efficiency by geometric control allowing more

flexibility of material choice.

MIM absorbers employ localized surface plasmon polaritons (LSPPs) to achieve high perfor-

mance and design flexibility based on geometry beyond diffraction limit rather than material
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composition. As such, these absorbers are able to achieve sufficient performance with a small

footprint and thin design for both visible and infrared wavelengths as well as THz frequencies.
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Chapter 3

Bolometer Physics

3.1 Background

The two main types of infrared (IR) detectors are thermal detector and photon detector.

The thermal detectors function based on the principles of temperature dependent phenom-

ena - change in resistance, voltage generation in junction, change in polarization, thermal

expansion of gas, etc. On the other hand, photon detectors functions by converting IR radi-

ation into photo generated free carriers [18]. At present, high-performance infrared imaging

technology is mainly based on epitaxially grown structures of the small-bandgap bulk alloy

mercury-cadmium-telluride (MCT ) [19, 20]. Quantum-well infrared photodetectors based

on InSb, GaAs, InGaAs and others are also available [21, 22]. However, these technologies

require very low operating temperature (< 240 K) increasing the bulkiness and cost of the

system [18, 19].

Unlike photon detectors, thermal detectors can operate without cryogenic cooling, which is

both costly and power-intensive. Although thermal detectors are typically slower and less

sensitive than photon detectors, they have the ability to absorb energy over a wider range of
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wavelengths and to operate at or near room temperature making them a more cost-effective

and power-efficient alternative to photon detectors.

The need for increased performance of the infrared detectors has driven extensive research

towards the improvement in current IR detection technology as well as spurred novel tech-

niques and sensors [23, 24, 25]. The advancement of integrated optics [26, 27] and photonic

integrated circuits has brought forward both IR detection and readout capability in the same

chip [28, 29, 30]. However, there is still requirement for higher sensitivity and higher pixel

density detectors for critical applications and high-resolution thermal imaging and sensing

for medical and military purposes.

A microbolometer is a type of thermal detector that measures changes in resistance caused

by heat induced by radiation incidence. Such detectors require thermal isolation to achieve

high sensitivity which is achieved by following Micro-Electromechanical Sensor (MEMS)

device fabrication techniques. The device is composed of a thin dielectric membrane (usually

Si3N4) which is suspended over a substrate and linked to it by two or more support arms. The

membrane supports the transducer element can be either a metal or a semiconductor, changes

its resistance upon radiation-induced temperature variation. The Temperature Coefficient

of Resistivity (TCR) measures the amount by which the transducer’s resistance changes

with temperature. TCR is positive for metals and negative for semiconductors, and a high

TCR is desirable for increased sensitivity. However, the room temperature resistivity of the

transducer should be low for noise considerations. Most microbolometers [31] use high TCR

films as transducer elements, such as platinum [32], titanium [33], amorphous silicon [34],

and amorphous vanadium oxide (V Ox) [35]. However, in this work, transducer element is

chosen to be a rectangular beam to achieve enhanced sensitivity; discussed in Chapter 5 in

detail.
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3.2 PTM and V O2

Phase-changing or phase-transition materials (PCM, PTM) hold significant potential in op-

tical and thermal sensing and switching due to their sharp temperature dependent char-

acteristics. Vanadium dioxide (V O2) is the most utilitarian PCM because of its close-to-

room-temperature transition point and high TCR. The latter property is exploited in many

reported microbolometers [31, 35, 36]. Most commonly reported value for this semiconductor-

to-metal transition temperature of V O2 films is 68◦C [37]. However, the film and deposi-

tion technique can be engineered to further lower the transition even closer to the room-

temperature [38, 36] with a narrower hysteresis. At the transition point, resistivity of V O2

material undergoes over three [37] to four [39] orders of change in magnitude. V O2-based

bolometers utilize the material’s large temperature coefficient of resistivity (TCR) [36, 40]

to detect infrared radiation. The V O2 film can be nanoengineered [36, 41, 42] to improve

bolometer sensitivity. In addition, there has been development on MEMS-based bolometers

[43] and integration of patterned coating [44] for improved performance. However, the active

radiation absorption area still needs to be large enough that allows sufficient temperature

buildup from incident radiation absorbed by V O2, thus requiring large pixel dimension and

degrading the spatial resolution of bolometric sensing. The fabrication process dependence

and close co-existence of different oxides [45, 46, 47, 48, 49] of the deposited vanadium films

pose challenges in obtaining high-TCR film thus degrading detector performance. Moreover,

the absorption by the V O2 material is not optimized for a specific frequency band in most

of the applications. Nanostructured or nanobeam V O2 has been used to compensate the

degradation of TCR and achieve higher sensitivity [36, 50].

On the other hand, to achieve increased absorption for a specific band of incident radiation

by reduced-size pixel, plasmonic micro and nanostructures [51, 52, 53, 54] can be designed

and tuned. The V O2 micro/nanobeam and plasmonic nanostructures thus have the potential

to be incorporated together for sensitive bolometric detection. The prevalent design dilemma
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between the obtained thermal resolution and spatial resolution, bolometric bandwidth and

performance, sensitivity and noise need to be analyzed in order to achieve an optimized

detector.

3.3 Infrared Radiation

Infrared (IR) is a band of electromagnetic radiation that has a longer wavelength than visible

light but shorter than radio waves. Infrared radiation is emitted by all objects with a tem-

perature above absolute zero, and it can be detected by specialized sensors and cameras. The

wavelength at which an object radiates most intensely depends on its temperature. In gen-

eral, cooler objects show up more prominently at farther infrared wavelengths. The amount

of emitted radiant energy depends on the object’s emissivity. Thus, infrared radiation holds

the temperature and associated signatures of all objects.

Infrared radiation is divided into three main bands: near-infrared (NIR), mid-infrared (MIR),

and far-infrared (FIR). Each category has a specific wavelength range and is used for different

applications. NIR band has a wavelength range from 780 nm to 2.5 µm and is commonly

used in fiber optic communication, spectroscopy, and sensing. It is also used in the study

of plant health and vegetation growth. MIR band ranges from 2.5 µm to 50 µm and has

application in thermal imaging, chemical sensing such as identifying chemical compounds,

and environmental monitoring such as measuring air pollution levels and tracking weather

patterns. It is also used in medical applications, such as identifying tumors and diagnosing

diseases. FIR band is defined from 50 µm (6 THz) to 1000 µm (0.3 THz). It is used in

astronomy and some medical applications, such as detecting breast cancer and imaging the

eye. It is also used in material science to study the properties of materials and in non-

destructive testing to detect defects in materials. There are also sub-bands within each

of these main bands, which are further divided based on specific wavelength ranges and
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applications.

A blackbody refers to an object that absorbs all electromagnetic energy that falls on it and,

according to the law of conservation of energy, must radiate this energy perfectly if it is in

a state of thermodynamic equilibrium. Although achieving a perfectly blackbody object is

only theoretically possible, many objects exhibit behavior that is close to a blackbody. The

sun, for instance, can be approximated as a blackbody, with its peak emission occurring

at a wavelength of 0.5 µm, which is in the middle of the visible spectrum. However, the

sun also functions as a source of broadband infrared radiation, which we experience as

heat, and Earth’s atmosphere limits the transmission of this radiation to specific wavelength

ranges based on its constituent molecules. Short-wave infrared (SWIR, 1.4 - 3 µm), mid-

wave infrared (MWIR, 3 - 8 µm), and long-wave infrared (LWIR, 8 - 15 µm) are commonly

defined specific sub-bands of the infrared spectrum, based on the transmission windows of the

Earth. Human body is not a perfect blackbody, but can be modeled as one for estimation.

A person’s skin temperature may be around 33-34°C (91-93°F), while their internal body

temperature is around 37°C (98.6°F). Therefore, the radiation emitted by the body will vary

depending on the specific location and temperature of the emitting surface.

An infrared detector is a device designed to convert infrared radiation into measurable elec-

trical signals. By using a two-dimensional detector array, also known as a Focal Plane Array

(FPA), it is possible to create infrared images that are useful for ”night vision” applications

based on the infrared radiation that objects emit rather than the sunlight that they reflect.

This technology is particularly effective in environments where shorter optical wavelengths

are obscured by Rayleigh scattering, such as fog, smoke, or dense dust, but where infrared

radiation remains unaffected, particularly in the LWIR band. Infrared imagers have a broad

range of applications, including defense, surveillance, security, and emergency response.
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3.4 Imaging System

An infrared imaging system consists of imaging optics, focal plane array (FPA) containing

array of detector pixels, electronic read out circuit or application-specific integrated circuit

(ASIC) in a hermetically sealed package. A conceptual block diagram of such imaging system

is shown in Fig. 3.1.

Figure 3.1: Conceptual block diagram of an imaging system. The emitted electromagnetic
radiation from an object is focused by lens onto the FPA. The pixels on the FPA detects the
spatial temperature profile of the object which is detected electronically and later processed
to display the thermal image of the object.

The imaging optics usually consist of a combination of focusing lens that focused the emitted

radiation from object on the FPA or active area of the detector. The lens material needs

to be transmissive at the wavelength of operation and may be coated with filters to block

other wavelengths. For LWIR, for instance, Ge or CaF2 lens needs to be used as they are

transparent at those wavelengths. Commonly used lens for visible or NIR will not be suitable
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here.

The FPA contains array of detector pixels. For bolometers, the pixels are usually suspended

and supported by a dielectric membrane with two or more legs to create thermal isolation

from the substrate. Such thermal isolation ensures sufficient temperature buildup for high

sensitivity. The electronic control and readout circuitry are laid out underneath the active

detector area using CMOS processes. The readout data is processed to display the thermal

image or other useful information of the object. The FPA can be placed and packaged

within a vacuum housing with a thermo-electric controller to actively control the detector

temperature.

Detector pixels can be designed in different way. In this work, each pixel consist of multiple

plasmonic absorber patches and one readout V O2 transducer beam. The size of the pixel

determines the spatial resolution or pixel density. Overall sensitivity from object’s tempera-

ture to readout signal defines the thermal resolution of the detector. The number of pixels in

a detector and the pixel time constant determines the electronic requirements such as power

consumption and clock speed.

3.5 Human Body Radiation

Human body is not a perfect blackbody. However, it can be modeled as one for approxi-

mation. Planck’s blackbody radiation theory defines the emitted energy from an object in

relation to its temperature over a specific wavelength as:

Eλ =
2πhc2

λ5
[
e

hc
λkT

−1
] (3.1)

where, h = 6.6 × 10−34Js is the Planck’s constant, c = 3 × 108m/s is the speed of light in
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vacuum, k = 1.38× 10−23J/K is the Boltzmann constant, T is the object temperature, λ is

the wavelength of radiation, Eλ is emissive power per unit area per wavelength. Applying

equation 3.1 near human body temperature yields the emitted radiation energy distribution

over wavelength shown in Fig. 3.2 (a).

Figure 3.2: Radiation profile and thermal contrast over wavelength and temperature. (a)
Blackbody radiation near human body temperature, (b) Thermal contrast for different wave-
lengths

For a blackbody object at 315 K and 310 K, peak power is 40.36 W.m−2.µm−1 at 9.2 µm

and 37.26 W.m−2.µm−1 at 9.3 µm wavelength, respectively. The peak radiation wavelength

λmax can also be approximated using Wien’s displacement law, λmax ≈ 2880
T

µm, where T

is in Kelvin. As observed, the change in radiation profile with temperature is not very

strong, and here lies the challenge to precisely detect a small range of temperature for LWIR

imaging. The underlying challenge becomes more clear in Fig. 3.2 (b) which shows the

thermal contrast at a few different wavelengths over a temperature range from 250 to 350 K.

The thermal contrast is the ratio of the thermal derivative of the spectral radiant exitance ot

the spectral radiant exitance, M(λ, T ) [55] i.e., C = ∂M(λ,T )/∂T
M(λ,T )

. At longer wavelengths, the

thermal contrast degrades making it more challenging to detect small temperature difference

in the object being imaged. The challenge clearly points out the necessity of high-sensitivity

detection for high-resolution imaging particularly at longer wavelengths. Another important

thing to consider is the ground level solar radiation power and the object radiation power.
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If the solar radiation power is comparatively strong, the object radiation signature will

get obscured. The ground level solar radiation power at 3-5 µm and 8-13 µm wavelength

bands are 24 and 1.5 W/m2, respectively. The emissive power from a blackbody at 290 K

temperature for the respective wavelength bands are 4.1 and 127 W/m2 [56]. As such, 8-13

µm or LWIR bands are more suitable for thermal imaging of objects near room temperature.

3.6 Bolometer Model

Figure 3.3 illustrates a standard microbolometer model and its corresponding design pa-

rameters. The two essential parameters for a bolometer are its thermal conductance, Gth,

and its heat capacitance, Cth. Infrared sensitivity increases with larger thermal buildup,

which is achieved by reducing heat escape mechanisms to lower thermal conductance. Con-

sequently, the radiative limit is the optimal performance limit. To decrease heat escape

through conductance, various structural modifications can be employed, such as using sus-

pended membranes to reduce vertical heat transfer. Additionally long, thin, and narrow

arms can be implemented to reduce lateral heat transfer. The thermal time constant of the

detector is inversely proportional to its thermal conductance and directly proportional to its

thermal resistance, which can be expressed as:

τth =
Cth

Gth

= CthRth (3.2)

This trade-off between the detection bandwidth and heat capacity is crucial to consider, as

the time constant determines the maximum refresh rate in thermal cameras.

The temperature increase in the bolometer upon radiation incidence can be found by applying

heat balance equation [55]
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Figure 3.3: Microbolometer model showing two important parameters of a bolometer - ther-
mal conductance and heat capacitance.

Cth
d∆T

dt
+Gth∆T = εΦ (3.3)

where ∆T is the temperature difference created by radiation signal Φ = Φoe
iωt as the incident

radiation is assumed to be modulated with a frequency f = ω
2π
, and ε is the emissivity or

absorptance of detector. The detector is usually DC-biased with a constant current source to

measure the change in resistance upon radiation incidence. The bias current also contributes

to Joule heating. However, choosing a very small bias current (e.g., ≤ 1µA) can limit such

bias current induced Joule heating to a level that can be ignored. The solution is found as:

∆T =
εϕ0

(G2
th + ω2C2

th)
1/2

=
εϕ0Rth

(1 + ω2τ 2th)
1/2

(3.4)

The readout voltage is thus:
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∆V =
Kεϕ0Rth

(1 + ω2τ 2th)
1/2

(3.5)

where K = Ibias ×R× TCR; Ibias being the bias current, R is the resistance across readout

terminals, TCR is the temperature-coefficient of resistivity of the sensing component.

The responsivity, Rv of bolometer is defined as the voltage signal generated for a 1 W of

incident power. Thus–

Rv =
KϵRth√
(1 + ω2τ 2th)

(3.6)

Another important performance metric is the noise equivalent power (NEP ) that is defined

as the incident power level that produces a signal-to-noise ratio (SNR) of 1. Its relation to

the bolometer design parameters is presented as:

NEP =
∆Pth

κ
=

√
4kT 2Gth

σs

(3.7)

where ∆Pth is the thermal noise power, σs is Stefan’s constant, k is Boltzmann’s constant,

T is device temperature in Kelvin.

The detectivity, D is the inverse of NEP , i.e., D = 1/NEP . However, a normalized

detectivity, D∗ = D
√
A∆f is used more commonly [57] to easily compare similar detectors

of different active areas. The normalized detectivity relates to bolometer parameters as [58]

D∗ = KεRth

√√√√√
 A

(1 + ω2τ 2th)
(

4kT 2K2Rth

1+ωτ2th
+ 4kTRV

)
 (3.8)
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3.7 Bolometer Noises

The major sources of noise in a bolometer detector are Johnson or resistive noise (Vj),

thermal fluctuation noise (Vth), flicker noise (V 1
f
), and background noise (Vb). Johnson noise

is a white noise and arises from the detector resistance and is proportional to the device bias

temperature. It is defined as -

Vj =
√

4kTR∆f (3.9)

where k is Boltzmann constant, T is detector temperature, R is the readout resistance, and

∆f is the measurement bandwidth. The Johnson noise depends on the bandwidth, operating

temperature, and the resistance of the device.

Thermal fluctuation is usually the second most dominant noise source. It arises from the

temperature fluctuation of the detector and is proportional to the thermal resistance. As a

result, the effort to improve the sensitivity by increasing thermal resistance also increases the

thermal fluctuation noise. The temperature fluctuation noise, ∆Tn of the device causes cor-

responding thermal fluctuation voltage, Vth to appear as noise contribution and is expressed

as-

Vth =

√
K2∆T̄n

2
= 2KT

√
k∆f

(1 + ω2τ 2th)
Rth (3.10)

Another source of noise - the background noise, Vb is the noise due to radiative heat exchange

between the detector with temperature, TD and surrounding background with a temperature

Tb. It is expressed as -
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Vb =

√
8kϵσA (T 2

d + T 2
b )

(1 + ω2τ 2th)
KRth (3.11)

where, σ is the Stefan-Boltzmann constant.
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Chapter 4

Plasmo Thermo-mechanical Radiation

Detector

4.1 Device Model

The proposed optomechanical device consists of a 1.5 µm wide and 0.3 µm thick Si3N4

waveguide and an array of graphene-coated suspended metallic fishbone nanowires above,

as illustrated in Figure 4.1. The experimental demonstration[28] consisted of bimetallic

antennas without graphene-layer having 20 nm nickel and 30 nm gold for optimized max-

imum deflection in response to radiation. As the free-space radiation is applied on the

nanowires, the plasmonic resonant absorption by the integrated antennas creates a thermal

gradient along the nanowires. The temperature reaches maximum at the middle of each

of the nanowires which is also the maximum deflection point as expected. The mechanical

deflection causes the gap between the waveguide and suspended metallic structures to vary.

The coupling between the evanescent waveguide mode to the nanowires changes depending

on the gap which in turn changes the insertion loss of the waveguide. Thus, the free space
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IR radiation can be measured by sensing the probe light through the waveguide. The whole

system can operate at room-temperature and can be integrated on the silicon platform.

Figure 4.1: (a) Geometry of the whole system – the fishbone nanowire array with graphene
is suspended above a Si3N4 waveguide. The plasmonic nanowires selectively absorb free-
space IR radiation. The inset shows the unit cell (graphene layer not shown) and its field
distribution at resonant absorption. Inset on the right shows the SEM top view image of the
detector containing fishbone suspended metallic nanostructures and the waveguide. (b) Plas-
monic heating causes the suspended layer to expand and mechanically deflect, modulating
the gap between waveguide and plasmonic structures. The insertion loss of the waveguide
thus reflects the incident radiation. The deflection magnitude and direction depend on the
thermal expansion coefficients of the materials.

The sensitivity of the device is measured by the absorption efficiency of free space radiation.

For an absorption coefficient of 0.338 of the designed antenna[28] at near IR, the bimetal-

lic nanowires were estimated to deflect about 15 nm. The sensitivity of insertion loss of

waveguide (S21) was experimentally measured to be 4.3× 10−3 nm−1 in the same work. To

increase the sensitivity, we propose to incorporate graphene to the nanowires. Graphene

is a two-dimensional material which is simultaneously flexible and strong, and carries ex-

traordinary optical, thermal, and mechanical behavior. Our IR detector employs optically

induced thermo-mechanical fluctuations to measure the radiation. Therefore, graphene’s

properties can be exploited and utilized here. The interplay between graphene and metal-

lic nanostructures has already been proven to be beneficial. Single layer graphene absorbs
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radiation weakly because of its short interaction length. Even so, enhanced performance

of graphene-based photodetectors[59, 60] has been achieved by introducing metallic nanos-

tructures on the detectors to selectively enhance the absorption of radiation and thus the

photocurrent. Similarly, metallic absorbers have seen increased absorption coefficient when

graphene is incorporated in the system[61] facilitating high-sensitivity plasmonic detection

and biosensing. Furthermore, the enhanced interaction between graphene and waveguided-

light[62] has spurred significant interest in graphene-based on-chip optical communication

devices. We investigate different metallic nanowire and graphene combinations. We have

shown over two-fold absorption enhancement by considering a single-layer graphene sheet

over the nanowires. This large enhancement is not simply the result of adding a single-layer

graphene-sheet as it only absorbs 2.3% of the radiation over a broad wavelength range. We

see higher enhancement for thinner metallic films. This is because thinner nanowires al-

low more interaction between the graphene layer on top and the generated localized surface

plasmons.

The temperature created by the absorbed radiation dissipates mostly by conduction. Heat is

conducted from the nanowire mid-point to the pads. The temperature at this point has been

calculated to rise up over 400 K in some cases. Due to the large area of the pads supporting

the suspended nanowires, they are considered to be at ambient temperature (293.15 K) for

modelling purposes. The heat dissipation is important since the speed of the device operation

depends on the thermo-mechanical relaxation of the nanowires. Having graphene layer on

top of the nanowires again proves to be beneficial in this regard, as graphene has a very large

thermal conductivity (>5000 Wm−1K−1 reported[63]) that leads to faster heat spreading and

accelerated thermal response of nanowires.

Strip antennas are designed and optimized for resonant radiation absorption by varying

the antenna dimensions. The unit cell is shown in Figure 4.1 inset along with the field

distribution at resonant plasmonic absorption. By default, we set the width of the beam
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and antenna equal, W = Wb = Wa = 100 nm, antenna length, L = 350 nm, and period

P = Px = Py = 660 nm. We see the resonance shift by changing the period and length of the

antenna. As discussed in a later section, longer antenna length and/or larger antenna period

results in longer resonant wavelength. Multiple strip antennas are placed along the nanowires

to augment the total absorption. The number of strip-antennas in a beam is chosen so as

to keep a balance between temperature buildup and deflection. The number of nanowires

is also optimized to give an optimized amount of waveguide insertion loss. The fabricated

device consisted of 11 of the 12.54 µm long nanowires each holding 16 strip antennas to

produce enough mechanical deflection and modulation of the S21 parameter.

4.2 Fabrication and Experimental Characterization

The proposed approach of free-space radiation detection has been verified by an experimen-

tal demonstration[28] that include bimetallic suspended nanowire fishbone as antennas and

Si3N4 waveguides as readout circuit. At the beginning of fabrication, oxide, nitride, and

cladding oxide layers are grown or deposited by thermal oxidation, LPCVD, and PECVD

respectively. Photolithography and dry etching are done to pattern the waveguide. The

bump on the PECVD oxide due to waveguide is removed by chemical-mechanical polishing

(CMP) and dry etching. Then e-beam lithography is done to pattern fishbone structure on

PMMA resist. After that, metal evaporation and liftoff, hydrofluoric (HF ) vapor etching

was done to etch the sacrificial SiO2 layer between the nanowires and the waveguide top

facet, thus creating a suspension of nanowires.

The fabricated IR detector is characterized experimentally[28] by measuring the power out-

put of the waveguide. A continuous wave (CW) of 1550 nm (probe) passes through the

waveguide with its evanescent fields modulated by the mechanical vibration of the nanowires

upon the incident radiation from Laser Diode (LD) of 660 nm. We tune the LD modulation
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frequency and record the voltage from the lock-in amplifier connected to the power meter

at waveguide output end. We calculate the 3dB bandwidth of the detection scheme as 9.6

Hz and a time constant of τ = 1
2πf3dB

= 16.6 ms. The results are shown in Figure 4.2.

The voltage reading with respect to LD frequency appears in Figure 4.2(a). We show the

sinusoid-like time trace of the filtered power in Figure 4.2(b) as the incident radiation is also

a sinusoid.

Figure 4.2: (a) The frequency response of the output voltage obtained from a lock-in amplifier
which indicates the waveguide output power. (b) The digitally filtered waveguide output
power Pwg,out for different levels of radiation power, PR. The Pwg,out at different radiation
levels have similar average power but are offset along the y-axis according to the radiation
power for clarity. The right y axis indicates the incident radiation power. Radiation power
is considered to be 0 in the non-illumination case. (c) The correlation between the filtered
detected power variation with respect to sinusoidal incident radiation as a function of the
peak intensity. Inset shows the incident sinusoidal radiation (dotted green) and detected
filtered waveguide output (solid violet), which is the case for a radiation power of 87.91 mW.
(d) FFT of raw detected signal for different incident radiation showing sidebands at 0.05 Hz
(the modulation frequency), x axis is frequency in Hz and y axis is power in arbitrary unit.
Higher incident radiation gives higher sidebands thus higher modulation index.

We also report the normalized correlation between the input sinusoid to the waveguide

output signal in Figure 4.2(c). At higher incident power intensity, the correlation is better,
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and the modulation index is also higher. In the inset of Figure 4.2(c), we can see how well

correlated the waveguide output power and LD modulation signal is. Correlation is a metric

of how well the detector sensed the time-varying radiation. To illustrate the modulation

strength for different radiation power – 21. 15, 55.05, and 87.91 mW, we show the fast

Fourier transform. The relative power of the sideband is a measure of the modulation index

or modulation strength. We can see the sideband at the modulation frequency (0.05 Hz) is

prominent for higher radiation intensity, and it eventually drops below the system induced

noise floor at a radiation power lower than about 20 mW.

4.3 Absorption Enhancement by Graphene

Graphene-based photodetectors are limited in terms of absorption due to infinitesimal over-

lap between photon waves and this monolayer 2D material. However, graphene’s absorption

can be further enhanced [64, 65] if it is coupled with the proposed antennas. Here, we

use finite-element method (FEM) to calculate the absorption coefficient of different metallic

nanostructures with and without graphene layer on them. In particular, we use the fishbone

or cross geometry because they are easier to fabricate and suspend, and they also show strong

plasmonic absorption. We numerically calculate the absorptance using a single unit cell with

proper periodic boundary conditions along the repetitive directions, and perfectly matched

layer (PML) boundary condition along the direction of propagation. Being a cross-shaped

structure, the absorber unit cell contains sharp corners which may lead to electromagnetic

singularity. To avoid singular electromagnetic field results, and to resemble a realistic fabri-

cated sample, we have included rounded edges at the corners as shown in the unit cell inset

of Fig. 4.1 (a). This allows more precise and realistic predictions of the device characteris-

tics. For the numerical analysis, graphene is considered as a 2D conductive sheet where the

conductivity of graphene is modeled as[66]
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σ(ω) = σintra(ω) + σinter(ω)

= i2e
2kBT
πh̄ω

ln[2 cosh( µc

2kBT
)] + e2

4h̄
[u(h̄ω − 2µc)− i

2π
ln (h̄ω+2µc)2

(h̄ω−2µc)2)+(2kBT )2
]

(4.1)

Where, σintra is intra-band conductivity and σinter is inter-band conductivity. Here, the step

function u determines the inter-band electron transition, kB is Boltzmann constant, h̄ is

reduced Planck’s constant, e is electron charge, T is temperature, and we assume, chemical

potential of graphene, µc = 0.45 eV, a relaxation time of about 0.5 ps, Fermi velocity of

9.5× 105 ms−1, and a mobility of 9000 cm2V−1s−1.

As evident from Figure 4.3, coating graphene on nanostructures significantly enhances the

plasmonic absorption. We observe over 33% enhancement in absorptance when graphene

is integrated on 20 nm-thick silver fishbone nanowires. This increased absorption of radia-

tion causes larger temperature gradient, larger mechanical deflection, and as a result, larger

modulation of probe light at the waveguide output. For bimetallic nanowires, the ratio be-

tween the thicknesses of gold and nickel is kept 1.5 to obtain maximum deflection. However,

the absorption does not change much for graphene-nickel or graphene-gold-nickel fishbones.

This can be attributed to broader plasmonic absorption by nickel antennas[67]. However,

single metal fishbones also give comparable level of absorption with even thinner material

layer. This is even more beneficial as using single metallic nanostructure reduces fabrication

steps and complexity in comparison to bimetallic ones while achieving higher or same level

of absorption performance with the aid of graphene coating.

Since titanium (Ti) layer of 3 nm is used as an adhesion layer during the bimetallic layer

deposition for the actual fabrication of the designed IR detector, we consider the effect of

this very thin layer in our numerical calculation of absorptance. This adhesion layer is

indispensable for depositing metal films, particularly gold films, and almost all the time,
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Figure 4.3: Absorptance of suspended fishbone nanostructures with (solid) and without
(dotted-filled) graphene coating for different metals - gold (a), silver (b), nickel (c), and
gold-nickel (d) of varied thickness. Inset of (d) – The effect of adhesion layer titanium (Ti)
on the numerically calculated absorptance of the bimetallic fishbone.

their effect is overlooked as the thickness is negligible compared to other material layers. As

we are using an atomically thin graphene sheet in our proposed design, we also examine the

effect of having Ti in our FEM study. In the inset of Figure 4.3(d), we see that the adhesion

layer Ti does not have any effect on the absorptance spectrum. The solid line represents the

absorptance with Ti considered and the circle markers represents the absorptance without

Ti layer.

The geometry of nanostructures can be adjusted to tune the absorption spectrum. We

scrutinize the variation of the antenna length, width, and shape. We already have an idea of
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Figure 4.4: Absorptance adjustment by geometric tuning of suspended fishbone nanostruc-
tures - (a) variation of strip antenna length, Ls, without the antenna there is no absorption
peak near 1 µm, (b) variation of beam width, W , (c) suspended metal shape, (d) absorption
due to un-patterned suspended continuous gold and nickel film clarifying the high absorp-
tance at lower wavelength in rest of the plots.

how the thickness variation for different materials influences the response from Figure 4.4.

As the thickness is increased, the plasmonic coupling between the top and bottom surfaces of

the nanowires decreases, so does the plasmonic absorption. The absorption peak also shows

a blue shift. As the incident radiation has a polarization along the direction of the antenna,

the antenna length can be tuned to tune the absorptance. The absorption peak expectedly

shifts with the antenna length. This is shown in Figure 4.4(a). The purpose of the beam is to

hold the strip antennas. However, the size of the beam impacts the plasmonic oscillation or

resonance which is depicted in Figure 4.4(b). Wider beam reduces the absorption peak and
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causes blue shift of the absorption spectra. Finally, to peruse the high absorption coefficient

at the lower wavelength (450-670 nm), we solve the absorptance for different shape of the

suspended metal films. From our observation of Figure 4.4(c) and (d), we attribute that high

absorption to the materials’ inherited plasmonic property. However, the primary absorption

peak around 1 µm is obviously because of the strip antennas as seen from Figure 4.4.

4.4 Sensitivity Analysis

We also study sensitivity of the proposed devices with different materials in combination

with graphene coating. The sensitivity of the detector depends on the amount of evanescent

coupling between the waveguide and nanostructure. We define a performance variable called

evanescent intensity ratio (EIR), Figure 4.5(a), which is the ratio between the power of the

leaked mode in the nanostructure to the total power. Higher EIR means more wave leaks

and interacts with the metallic fishbone. The evanescent field and guided mode are shown

in Figure 4.5(b).

Figure 4.5: Sensitivity analysis – (a) evanescent intensity ratio (EIR) for different material
nanostructure as a function of gap, (b) field view showing guided mode and field leakage to
the nanowire region above the waveguide, (c) transmittance modulation as a function of the
gap between waveguide and fishbone nanostructures for a single beam containing nanowires.
Higher EIR causes larger change in the insertion loss of the waveguide.

We also report the variation of transmittance, Figure 4.5(c), through the waveguide as
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a function of distance (gap) between the waveguide top facet and a single-beam metallic

fishbone. Higher EIR gives higher modulation of the transmission through the waveguide.

So, it is beneficial to suspend the beams not too far above from the waveguide top facet.

The detector configured with 50 nm gold fishbone coated with graphene deflects 120 nm for

a beam center-point temperature change of 82 K giving us a deflection of 1.46 nm/K for an

incident radiation of 68 µW/µm2 intensity. This is almost an order more deflection than out

earlier report[28]. The deflection for 1 µW/µm2 is calculated to be zvib=1.76 nm/(µW/µm2).

Figure 4.5(c) further gives the idea of waveguide output modulation because of this vibration

and it clearly depends on the rest gap between waveguide and nanostructure. We calculate

over 0.1% change in waveguide output power for a change in radiation intensity of 1 µW/µm2

with only a single beam of fishbone. Nickel and gold-nickel based nanowires show higher

plasmonic interaction. We can also incorporate an array of the fishbone beams to get higher

modulation strength at the waveguide output.

4.5 Noise Analysis

The plasmo-thermomechanical detector we designed is affected by three different noise

sources – thermal, ambient, and mechanical. The thermal noise is dependent on the temper-

ature and equivalent thermal conductivity of the device along the thermal path of interest.

With graphene, we get a thermal noise power of Pth =
√
4kBT 2G= 4.74 pW/

√
Hz, where we

consider thermal conductance G thorough air, gap and substrate, and primarily along the

nanobeams, kB is the Boltzmann constant, T is temperature. The contribution of graphene’s

large thermal conductivity to this noise is compensated by its tiny cross section. Ambient

noise caused by radiative heat transfer to and from the device is negligible as the tempera-

ture build up is not too high. To analyze the mechanical noise, we calculate the equivalent

Young’s modulus of the nanowire to be E = 137 GPa. This results in 0.68 fm/
√
Hz of
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non-resonant vibrational noise by using znoise=
√

24kBT l3

π4wωot3EQ
, where l, w, and t are the length,

width, and thickness of the nanowire, Q is the quality factor obtained from simulation of

the nanowire, ωo is the resonant frequency. The power of vibrational noise thus appears to

be Pvib=
znoise

zvib
A , where A is the 12.54 × 8.58 µm2 detector footprint. Pvib is calculated to

be 41.57 pW/
√
Hz which is more than 7 times smaller than previously reported[28]. The

overall device noise is thus dominated by the mechanical vibration of the device. However,

the experimental result[28] and ambient condition suggest high system level noise coming

from the air flow chamber that is used to keep the device free from dirt particles, optical

table vibrations, and other microphonic sources. In the practical setting, the detector would

be implemented in a vacuum sealed environment eliminating or reducing the possibility of

contribution from different external noise sources.

4.6 Graphene’s Effect on Thermal Relaxation Time

Graphene has a very large thermal conductivity [63] of over 5000 Wm−1K−1. Specially,

the suspended graphene shows almost one order higher[68] thermal conductivity than the

supported graphene. The large thermal conductivity allows graphene to quickly conduct

heat from one position to another. So, graphene can work as a heat-spreader[69] that can

enhance the extraction of heat out from the plasmonic hotspots. Thus, having a graphene

layer on top of the fishbone nanowires proves to be even more useful since this quicker

extraction of heat causes faster thermal relaxation. Absorbing the free-space radiation, the

fishbone nanowires deform due to temperature gradient created along it. The heat dissipation

mechanism is mostly conductive. The mechanical relaxation of nanowires upon the removal

of the incident free-space radiation depends on how fast the heat can be dissipated. So,

graphene allows the faster device operation when there is any time-varying radiation. The

time-dependent study for nanowires of 50 nm thickness (for gold-nickel bimetallic nanowire,
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we consider 30 nm gold above 20 nm nickel) is shown in Figure 4.6. Comparing Figure

4.6(b) to (a), we observe a faster thermal oscillation resulting from a substantial reduction

in the rising and falling time constants when graphene is incorporated in the nanowires.

For gold and silver nanowires, thermal buildup from the absorptance enhancement (Figure

4.3(a) and (b)) by graphene dominates the thermal escape from the heat spreading property

of graphene. The opposite happens for nickel and gold-nickel nanowires as they do not see

significant enhancement in absorptance (Figure 4.3(c) and (d)). In Figure 4.6(c) and (d), we

set the nanowire at an arbitrary but anticipated temperature gradient as an initial condition

and then observe how the temperature profile along the beam varies with time. We clearly

observe that for a given temperature gradient, the device coated with graphene cools down

much faster than the one without, allowing faster operation of the detector.

To calculate the thermal time constant, we assume the convective and radiative heat transfer

effects to be negligible in this system as their thermal resistances are more than 4 orders of

magnitude higher than the thermal conduction resistance. For all nanowires considered in

the analysis, the thermal time constants deduced separately from simulation and analytical

calculation are observed to be in agreement. As an example, we report the thermal time

constants of the gold-nickel nanowire with and without graphene calculated analytically and

from simulation-obtained Figure 4.6(a) and (b). Our finite-element simulations show that

the temperature distribution of the gold-nickel fishbone structure varies with a thermal time

constant of 0.42 µs for rising edge and 0.45 µs for falling edge. Total temporal width in this

case is 0.87 µs. If graphene is incorporated, the time constant becomes 0.13 µs for rising

edge and 0.15 µs for falling edge which is three times less than the case without graphene.

In this case, the total temporal width is 0.28 µs. Therefore, coating graphene sheet can

boost the device thermal response speed by 3 times. The result from numerical analysis

is shown in 4.6(c) and (d) showing the improvement in thermal dissipation speed. The

conclusion from the numerical study aligns with our analytical results, in which a two-fold

speed enhancement is derived based on the thermal time constant calculation for multilayer
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Figure 4.6: Time-dependent study of the IR detector - (a-b) temperature at the mid-point
of different nanowires (a) without and (b) with graphene coating based on a given radiative
pulse of 4 µs width. The shaded region shows the pulse duration., (c-d) spatial temperature
profile along the Au-Ni beam (c) without and (d) with graphene for a given initial thermal
distribution (0 µs). In both cases, the top view of the beam is placed as an inset, and the
beam’s geometric coordinates are aligned with the x-axis. With graphene, the profile cools
down to a much lower temperature for a given time of 1 µs

.

thin films under periodic heating [70]. Based on thermal circuit analysis,

τ = R× C =
L

kA
ρCpV =

L2

α
(4.2)
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α =

∑
kihi∑
ρiCihi

(4.3)

where R is the thermal resistance, C is the thermal capacitance, and α is the effective

thermal diffusivity. Here, L is assigned to be 6.27 µm (half of the total length due to

symmetry), i is material index (gold, nickel, graphene), ρ is material density, V is volume, h

is thickness, Cp and Ci are specific heat. Gold and nickel have a bulk thermal conductivity

[71] of 318 Wm−1K−1 and 90.7 Wm−1K−1, respectively. To capture more realistic thermal

conductivities [72], we consider all the scattering mechanisms (thickness, boundary, and

grain size) that result in kAu = 170 Wm−1K−1 and kNi = 60 Wm−1K−1. The calculated

diffusivities are 4×10−5 m2s−1 and 7.3×10−5 m2s−1 without and with graphene respectively

resulting in 1 µs and 0.5 µs of time constant. The small difference between numerical and

analytical calculation can be attributed to the fact that, in analytical calculation the change

in cross-section along the beam is not taken into account. For the time-dependent thermal

analysis, the ambient temperature is considered to be 20◦C or 293.15 K. The higher thermal

conductivity of graphene limits the maximum temperature build-up. However, graphene-

enhanced absorptance and the large contrast between the thermal expansion coefficients of

graphene (−8× 10−6 K−1) and the candidate metals (13− 18× 10−6 K−1) allows for a large

deflection in the graphene-coated nanowire resulting in higher sensitivity of the detector.

4.7 Mechanical Deflection Increment

As graphene has negative thermal expansion coefficient, coating graphene over metals will

result in downward deflection of the nanowire beam when it absorbs radiation. So, suspension

should be created far enough from the top facet of the waveguide in order to avoid collision.
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We also numerically calculate the maximum von Mises stress of 40-130 MPa which is within

the yield point of the materials in consideration. Therefore, we do not expect any significant

plastic deformation of the nanowires. Figure 4.7(a) and (b) show the beam deformation

for graphene on 50 nm thick gold (max. 120 nm downward) and 50 nm gold-nickel (max.

20 nm upward) nanowires respectively when the incident radiation of 68 µW/µm2 intensity

is at a wavelength that gives maximum absorptance. We see a six-fold beam deflection in

graphene-coated beam that translates to increased sensitivity of the IR radiation detection.

Figure 4.7: Nanowire deformation (nm) (a) with and (b) without graphene.

The higher defection causes larger modulation of the light through the waveguide. This re-

sults in higher sensitivity and modulation index of the detector, which enhances the detection

sensitivity of the device.

4.8 Chapter Summary

The graphene-coated nanostructure is shown to be beneficial in manifold perspectives in-

cluding the easy integration, enhanced sensitivity, and room temperature operation. For

the IR detector we propose, we observe significant improvement in sensitivity in the form of

absorptance increment, as well as in speed in the form of low thermal resistance heat dissi-

pation path. We numerically and analytically calculated and compared the absorptance for
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graphene-metal nanowires and their time-constants of the thermal oscillation. In addition to

its benefits, graphene is inexpensive and easy to fabricate. Besides graphene, other carbon-

based materials like carbon nanotube (CNT) may also be considered for integration with

metallic plasmonic nanostructures. Even polymers like PMMA, PDMS, SU-8 can be formed

as a suspended nanowire system by methods like electrospinning over a trench waveguide to

couple with external forces like acoustic wave or vibration which can be optically detected

by the waveguide-nanowire interaction facilitating compact and efficient on-chip detection

system.
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Chapter 5

Bolometric Infrared Radiation

Detector

5.1 Design

Proposed design has three main components: radiation absorber, V O2 nanobeam, support

structure with thermal isolation. Radiation absorber is the key component that determines

the absorption efficiency, and it consists of single to multiple unit cells of plasmonic absorber.

V O2 nanobeam integrated with the plasmonic absorber functions as the transducing or

sensing material. The support structure allows the suspension of the detector pixel and allow

thermal isolation. The schematic of a single pixel with 9 absorber unit cells are depicted in

Fig. 5.1(a). The unit cell schematic and cross-section including the dimensions are presented

in Fig. 5.1(b). The number of unit cells present in a single pixel of the proposed infrared

detector is scalable and depends on the absorbed power required for sufficient thermal buildup

which, in turn, depends on the thermal isolation of the pixels. For our design, we have

chosen the bolometer pixel with 3 × 3 unit cells as a balance of improvement between
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thermal resolution and spatial resolution. Larger number of unit cells will capture more

radiation power that will result in increased thermal buildup ultimately resulting in a higher

responsivity. However, larger pixel dimension will reduce the spatial resolution and degrade

the thermal bandwidth of the detector. In this report, we only focus on the elements in a

single pixel and select a conventional design for the pixel – suspension, support membrane,

arms, etc. The optimization of the pixel structure, arm, suspension can be furthered to

enhance thermal isolation for a better performance, and smaller pixel footprint.

Figure 5.1: (a) Schematic of a single bolometer pixel showing the support structure, suspen-
sion arms, plasmonic array of 3 × 3-unit cells as selective radiation absorber. The translucent
blue layer is the insulator where the nanobeam is buried. (b) Plasmonic absorber unit cell
with the V O2 nanobeam buried within the insulator of a metal-insulator-metal (MIM) type
absorber and the cross-sectional view of the unit cell with material layer thicknesses. In our
default design, to obtain maximum absorptance at 10 µm wavelength, antenna and ground
layers are chosen to be gold (Au) with tAntenna = 20 nm and tGround = 50 nm. Nanobeam
transducing material is vanadium dioxide (V O2) with tNB = 20 nm and WNB = 100 nm,
insulator layer is magnesium fluoride (MgF2) with tInsulator = 30 nm, and support layer is
silicon nitride (Si3N4) with tSupport = 200 nm. The default disk antenna diameter, D = 2.6
µm and unit cell period, P = 3 µm.

We choose metal-insulator-metal (MIM) type plasmonic absorber to efficiently absorb LWIR

radiation from object. At lower wavelength, it behaves like a near-perfect absorber. Where

most other plasmonic absorbers see significant decrease towards LWIR after scaling, a MIM

type absorber demonstrates highly efficient absorption by a sub-wavelength feature that is
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critical for our application to reduce the pixel dimensions. The transducing V O2 nanobeam

is buried within the insulator. The plasmonic absorption-induced thermal increase locally

affects the V O2 nanobeam. Even though, silicon dioxide can be used as the insulator layer,

it exhibits lossy behavior over 7 µm wavelength. We choose magnesium fluoride as the

insulator for optimal design at LWIR. Finally, in our design, the use of nanobeam instead of

a thin-film [73, 74, 75] benefits the design in two ways. First, the large length to cross-section

ratio amplifies the change in the readout voltage V (T ) = IbiasρNB(T )LNB/ANB producing

high responsivity, where LNB and ANB is the length and cross-sectional area of the V O2

nanobeam, ρNB is the temperature dependent resistivity of high-TCR V O2, Ibias is the bias

current, and 4 is the readout voltage. Second, since the bandwidth of thermal detectors are

mainly determined by thermal mass and thermal conductance, the use of nanobeam instead

of a film achieves a reduced pixel thermal mass thus an increase in the speed or bandwidth.

Additionally, we propose to bias the device temperature at the phase transition point of

V O2 to utilize the high-TCR property of V O2. At transition, the TCR can be as high

as 200 K−1 [39, 40, 76] whereas other commonly used materials has a TCR below 3 K−1

[40]. However, due to hysteresis, the resistance-temperature fluctuation will result in micro-

hysteresis [39, 40, 76], which is deterministic, and can be considered to calibrate the voltage

readout. In following subsections, we will provide the details of individual components in

design and performance point of view.

Sub-wavelength plasmonic features have spurred significant research interest and enabled

novel applications such as radiation detection, spectroscopy, and sensing [28, 77, 7, 78].

Similarly, plasmonic absorbers [73, 74, 7, 79, 80] have the potential to enhance radiation

absorption efficiency of thermal or infrared detectors that we are proposing while maintaining

smaller pixel dimensions. Hence, these absorbers facilitate higher thermal buildup that is

inversely proportional to the material volume and lead to a higher resistivity change of the

transducing material. However, not all plasmonic absorbers are efficient over a wide range of

wavelengths even after scaling the geometry. We choose metal-insulator-metal (MIM) type
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plasmonic structure that exhibits near perfect absorption [7] for short-wave infrared (SWIR),

mid-wave infrared (MWIR) and over 55% absorptance at 10 µm wavelength or at long-wave

infrared (LWIR). The schematic of the absorber in the unit cell is shown in Fig. 5.1(b). In

the proposed MIM absorber, the metal layer is chosen to be gold and the insulator layer is

chosen to be silicon dioxide (SiO2) or magnesium fluoride (MgF2). The top metal layer can

be an array of circular or square patches in general. For optimized absorption at the 10 µm

wavelength, we choose circular patch with a diameter of 2.6 µm which are placed periodically

at a 3 µm pitch. Since SiO2 becomes highly reflective between 8-12 µm (Restrahlen band)

and loses its ideal insulating behavior, it is not usable as an insulator layer for this wavelength

range. However, fluorides of calcium or magnesium offer insulating property over a wider

wavelength range for LWIR applications. The key design parameters for the MIM absorber

are – period (can be finite or infinite, latter for theoretical simplification of calculation and

numerical analysis), top metal layer antenna diameter, insulator or spacer layer thickness

and material (i.e., real and imaginary part of optical index), metal thicknesses at ground

plane and antenna layer. The presence of the V O2 nanobeam, in both - semiconducting

and metallic states, has insignificant contribution to a change in the absorptance profile of

MIM absorber. This is due to nanobeam’s comparatively much smaller dimension than the

wavelength and other features in the absorber. The reported absorption spectrums (obtained

by optical simulation using COMSOL Multiphysics) in Fig. 5.2-5.4 present the effects of each

of the design parameters by neglecting the insignificant variation caused by the presence of

buried V O2 nanobeam.

The resonance wavelength of the plasmonic antenna, or the peak absorption wavelength

can be engineered by tailoring the antenna dimensions. Fig. 5.2 presents the absorption

spectrum for different diameters of the circular gold (Au) antennas. However, depending on

the fabrication process and required deposition temperature of V O2, refractory metals like

tungsten and platinum can also be used particularly for the ground metal plane. We have

also investigated copper (Cu), silver (Ag), tungsten (W ), and platinum (Pt) as the antenna
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Figure 5.2: Effect of duty cycle or diameter variation when the period is 3 µm - (a) the
absorption spectrum for varying antenna diameter showing tunability of peak absorption
wavelength i.e., the range of object temperature, (b) effect of antenna diameter variation on
the peak absorptance, AR (left axis – red) and the resonant wavelength, λR (right axis –
blue).

and ground metal plane. We report the results for gold as it has the most favorable optical

properties at the targeted 10 µm wavelength. Fig. 5.2(b) presents the variations in peak

absorption efficiency, AR and resonance wavelength, λR for different antenna diameters as

can be related with Fig. 5.2(a). The red markers present the value of resonant absorptance

(left y-axis), and the blue markers present the value of resonant wavelength (right y-axis). As

expected, the resonance wavelength is blue shifted with the decreasing antenna diameter [81].

We anticipate higher absorption efficiency at lower wavelengths. The nearly flat absorption

efficiency in Fig. 5.2(b) is mainly due to decreasing fill factor since we kept the period same

at 3 µm for all these calculations.

A thicker top metal patch improves absorption because of stronger plasmonic interaction as

shown in Fig. 5.3. However, it also adds to thermal mass which is unexpected. However, we

see over 55% absorptance for only a 20 nm thick gold layer as the top metal. The effect of the

bottom or ground metal layer thickness is insignificant as reported in [82]. A thin bottom

layer is desired for lower thermal mass, higher bandwidth as well as less heat spreading by
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Figure 5.3: Effect of antenna thickness with unit cell period fixed at 3 µm and antenna
diameter fixed at 2.6 µm – (a) absorptance profile vs wavelength for thickness of the antenna
or top metal layer, (b) absorptance, AR (left axis – red) and wavelength, λR (right axis –
blue) at resonance for a range of antenna thickness.

the metal layer. Better thermal isolation and further reduction of heat spreading can be

obtained with a discontinuous ground metal. However, it adds to the complexity and steps

in the fabrication process. So, we focus to investigate the architecture with a continuous

ground film across all unit cells in a single pixel.

In Fig. 5.4, we present the peak absorptance and related wavelength with respect to varia-

tion in other design parameters - period of absorber unit cell, insulator material properties,

and thickness. The changes in the period of the arrayed structure only impacts the absorp-

tance efficiency, not the peak absorbing wavelength. From Fig. 5.4(a), we observe larger

absorptance for higher fill factor, F = AntennaDiameter
Period

. The peak absorptance shows weak

exponential decrease with the increase of unit cell period.

The thickness and the material properties i.e., the refractive index of the insulator impact

both – the resonant absorption wavelength as well as peak absorptance value. The effect

of the insulator layer thickness is shown in Fig. 5.4(b). Thicker insulator is observed to

allow higher absorptance. However, it adds to thermal mass of the pixel and can potentially

degrade the overall performance of the detector. The relationship between peak absorptance
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Figure 5.4: Peak absorptance, AR (left axis – red) and the wavelength of peak absorptance,
λR (right axis – blue) with respect to (a) period of absorber unit cell, (b) insulator thickness,
and (c) insulator refractive index (RI) keeping all the other design parameters at default
value.

wavelength and spacer refractive index is found to be linear (with slight variation due to

numerical error) as also suggested by [74]. We also present the effect of the refractive index

of the insulator layer material in Fig. 5.4(c) which shows that a lower range of refractive

index allows higher peak absorptance and the resonant wavelength scales linearly with the

insulator RI.

To enhance the responsivity, the device transducing material V O2 nanobeam needs to operate

at the transition point to have the highest TCR or sensitivity to temperature and radiation.

We propose to operate the device at the transition point using a Peltier or thermo-electric

heater to heat V O2 nanobeam to the transition mid-point. Due to hysteresis of the phase

transition in V O2, the resistivity vs temperature will trace micro-hysteresis loops [40] for a

small radiation fluctuation. However, the nature of the micro-hysteresis is expected to be

deterministic as the material does not undergo any irreversible change.

A bolometer pixel is shown in Fig. 5.1(a). We choose a standard suspended pixel shape

with two arms whose implementation can be further optimized which is beyond the scope of

this work. We propose an arrangement of 3 × 3 array of absorber unit cells in a pixel with

the V O2 nanobeam spiral-traced below the absorbers and buried within the insulator layer.

The nanobeam is 20 nm thick and 100 nm wide. This is an optimization between thermal

and spatial resolution as mentioned earlier. The number of unit cell is chosen for sufficient
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radiation absorption to obtain high responsivity at the same time reducing the pixel pitch

compared to state-of- the-art reports [83, 84, 85, 86, 87, 88].

The radiation emitted from the object, after being focused by lenses on the pixels, gets

absorbed by the plasmonic absorber elements in a pixel. Local heating and temperature

buildup occur due to the radiation absorption. The local temperature buildup causes the

local portion of the nanobeam to undergo changes in resistivity depending on the temperature

level. This change in resistivity carries the information of the radiation emitted from the

object. The change is read out from properly biased individual pixels to finally create a

thermal map of the object in focus.

Figure 5.5: (a) Thermal analysis of bolometer showing the temperature map of the bolometer
for a 30 nW of heat flux incidence normal from the top, (b) Transient analysis of the thermal
fluctuation of the detector in response to pulsed heat flux incidence. The thermal time
constants for rising (τR) and falling (τF ) edge are also calculated from this graph. The
average thermal time constant, τth is calculated by averaging the rising and falling edge time
constants.

5.2 Thermal and Mechanical Analysis

Thermal conductance, Gth and heat capacity, Cth are the two key parameters for a bolometer

design and performance. Lower thermal conductance allows larger thermal buildup that

results in higher sensitivity infrared detection. This can be achieved by eliminating the heat
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escape mechanisms. Thus, the ideal limit of performance is the radiative limit. The heat

escape can be reduced by implementing structure that demote heat escape by conductance,

for example, using suspended membrane to reduce vertical heat transfer and using long,

thin and narrow arms to reduce lateral heat transfer, and so on. However, the thermal time

constant of the detector is inversely proportional to the thermal conductance and directly

proportional to the thermal resistance Rth: τth = Cth/Gth = CthRth . Therefore, there is a

trade-off between the detection bandwidth and the heat capacity. The time constant directly

defines the upper limit of the refresh rate in thermal cameras.

To obtain the thermal conductance of the proposed detector pixel, we calculate the amount

of heat flux needed to raise the average temperature of the detector pixel by 1 K. We find the

heat flux to be 30 nW per pixel area, resulting in a thermal conductance, Gth = 3×10−8W/K.

The thermal profile obtained using COMSOL Multiphysics is shown in Fig. 5.5(a). Such

low value of thermal conductance combined with high TCR of the V O2 nanobeam allows

the detection of very low radiation power emitted from the object of interest. This high

sensitivity makes it possible even to distinguish tiny temperature differences or a low NETD

discussed on a later section. The displacement of the pixel in the figure is an exaggerated

representation of the thermal response (in this case, only expansion) of the materials. We

calculate the heat capacity to be 8.02 × 10−11J/K and the corresponding thermal time

constant of 2.67 ms of the detector according to -

Cth =
∑
layers

CiρitiAd (5.1)

where, C indicates heat capacity, ρ is density, t is the thickness, Ad is the area of each

material layer in a pixel. We conduct numerical transient analysis to extract the thermal

time constant of the detector. A square pulsed radiation of 30 nW and 30 ms period is

considered to be incident on the detector pixel and the corresponding temperature buildup
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is calculated numerically. The simulated time response is shown in Fig. 5.5(b). From the

figure, we observe an average thermal time constant of 2.3 ms which is in close agreement

with the previously calculated value. Due to smaller pixel dimension and reduced thermal

mass in our design, the time constant is smaller than recent reports [83, 85, 86, 88]. The

thermal time constant defines the minimum response time or maximum bandwidth of the

detector. The thermal bandwidth of the detector is calculated to be 108 Hz from the thermal

time constant using BW = 1
4τth

[89]. The electrical bandwidth is defined by the integration

time, and the final output bandwidth depends on the frame rate.

Figure 5.6: (a) Von Mises stress map of the detector showing critical regions of stress and
(b) Displacement due to 30 nW of radiation incidence considering the thermal expansion
coefficients of the materials in the bolometric detector.

The bolometer detector needs to be suspended to reduce conductive heat escape to the

substrate and surrounding. We consider a 200 nm thick silicon nitride layer as the support as

this material is commonly used for micro electro-mechanical system (MEMS) structures. The

low thermal conductivity of silicon nitride allows the device to have low thermal conductance

to ultimately obtain a high responsivity. Fig. 5.6 shows the numerical results for expected

stress and displacement of the detector structure. The stress along the detector structure is

below 3 MPa which is 2 to 3 orders lower than reported endurance limit of support nitride

membrane [90, 91]. Hence, the structure will allow cyclic stress developed upon radiation

fluctuations. Also, the displacement for thermal expansion of the materials is below 1 nm.

Thus, the detector is mechanically stable and is expected to withstand periodic expansion
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and compression due to radiation exposure.

5.3 Performance

To assess the performance of the bolometer we look at its responsivity and the noise equiva-

lent power. The responsivity can be determined from equation 3.6 where K = Ibias×RNB ×

TCR, where Ibias is the bias current, which is considered to be 1 µA (to limit the Joule

heating induced temperature change of the detector) through the analysis if not otherwise

mentioned, RNB is the nanobeam resistance, TCR is the temperature coefficient of resistance

of the V O2 nanobeam, ε is the emissivity of absorbing antennas, Rth is the thermal resis-

tance, ω is the angular frequency, τth is the thermal time constant of the detector pixel. The

responsivity of the detector is thus inversely proportional to the nanobeam cross-sectional

area and proportional to the length. Hence, a detector with transducing nanobeams instead

of a film thus facilitates higher responsivity. As an example, a nanobeam incorporated in

our proposed 12 µm × 12 µm detector pixel will allow 270× responsivity compared to a

film with the same thickness as the nanobeam (but different length to cross-sectional ratio)

incorporated in the same pixel. The expected responsivity of the detector vs frequency is

shown in Fig. 5.7(a). At a frequency of 100 Hz, we expect a responsivity of over 700 kV/W.

As stated before, we are biasing the V O2 nanobeam at the transition temperature. The re-

sponsivity is proportional to the TCR of the transducing material which in turn depend on

the device bias temperature. The TCR of V O2 can reduce by two orders of magnitude from

on-transition to off-transition temperature [76]. As a result, the responsivity can degrade by

up to two orders of magnitude if it is biased far from the transition temperature.

The radiative limit of responsivity, which is the theoretical performance limit of the device

is shown in Fig. 5.7(b). Also, the noise equivalent power (NEP ), defined as the signal level

that produces a signal-to-noise ratio (SNR) of 1, is also presented. The NEP calculated
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Figure 5.7: (a) Responsivity with respect to frequency at 341 K temperature (device bias
temperature to be at V O2 transition). We estimate over 700 kV/W of responsivity at 100
Hz. (b) Responsivity (left y-axis, red) and NEP (right y-axis, blue) at 100 Hz along with
their theoretical (radiative) limit with respect to device temperature.

for the proposed detector design is very close to the radiative limit. The gap between the

proposed detector and theoretical limit comes from the difference in radiative-only thermal

conductance and detector thermal conductance.

The detectivity and noise equivalent temperature difference (NETD) are also important

performance metrics for an infrared thermal detector. The detectivity is defined as:

D∗ =

√
(Ad∆f)

NEP
=

KϵRth

√
Ad√

(1 + ω2τ 2th)
(

4kT 2K2Rth

1+ωτ2th
+ 4kTR

)) (5.2)

where Ad is the active detector area. The obtained detectivity for the detector we propose is

shown in Fig. 5.8. It is presented with respect to frequency, bias temperature, and thermal

conductance. From Fig. 5.8(a), it is observed that device temperature has insignificant

impact on the detectivity. This is due to large coefficient, K and large thermal resistance,

Rth as they appear in equation 5. The detectivity with respect to the thermal conductance

is presented in Fig. 5.8(b) as a reference to theoretical limit when Gth reaches its minimum

possible value which is the case when only radiative thermal conductance is considered.
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Thermal conductance in our design of bolometer pixel is 30 nW. As implied in Fig. 5.8(b),

with improved design of the pixel arm, suspension, vacuum, and thermal isolation, detectivity

can be improved further. Detectivity for 30 Hz and 60 Hz frequency is presented as they are

two common refresh-rate currently used for visible wavelength and infrared cameras. The

NETD, on the other hand, is a measure of thermal resolution. It defines the minimum

temperature difference that is distinguishable by the detector and is expresses as [55]

NETD = 4

(
F

#

)2
√

∆f

Ad

[∫ λb

λa

∂M(λ)

∂T
D∗(λ)dλ

]−1

(5.3)

where, F
#
is the aperture F -number, M is radiant exitance, λ is wavelength. For a bandwidth,

∆f of 100 Hz and F
#

of 1, integral wavelength limits of 8 to 10 µm, we obtain an NETD of

3.67 mK which is almost an order lower than the state-of-the-art detectors [83, 84, 85, 87,

88, 92] implemented in a smaller pixel.

Figure 5.8: Detectivity with respect to (a)frequency at Gth = 30 nW at different temperature
level, and (b) thermal conductance of the bolometer at T = 341 K showing the performance
limit in terms of detectivity.

We compare the proposed detector performance with some recent works and state-of-the-

art bolometric uncooled detector. Our design is estimated to have a responsivity of over

700 kV/W at lower frequency which is a significant improvement over the recently reported
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Figure of Merit This Work [83] [84] [85] [86] [87] [88]

D∗
(
cmHz1/2 W−1

)
1.2× 109 5.4× 108 NR NR 1.0× 107 NR 2.2× 108

Rv( V/W) > 7× 105 5× 104 NR NR 1× 104 NR 5× 105

τth( ms) 2.3 5.3 NR 5.9 < 10 NR 4.5
Area (µm× µm) 12× 12 40× 40 17× 17 17× 17 35× 35 35× 35 17× 17

Gth(nW/K) 30 NR NR 40 700 NR 62
NETD (mK) 3.67 NR 35 NR NR 71 NR
NEP (pW) 1 NR NR NR NR NR 100

Table 5.1: Comparison to other recent works (NR = Not Reported)

detectors [83, 84, 85, 87, 88]. The recently demonstrated detector pixel size is 17 µm ×

17 µm [84, 85, 88]. Our design requires the pixel size to be 12 µm × 12 µm while at the

same time providing improved performance in terms of detectivity, responsivity, NETD.

The NEP is estimated to be very close to the theoretical limit. In Table 5.1, we show the

summary of the comparison (NR stands for not reported). It is observed that, our proposed

design shows improvement in every possible angle even where it is very challenging due to

the design dilemma between different parameters.

We acknowledge that the properties of V O2 is dependent on fabrication process especially

temperature, substrate, strain, and geometry [93, 94, 95, 96, 97, 98]. In addition, V O2

nanostructure (nanowire and nanobeam) resistivity along with its relationship with respect

to temperature depends on its geometry and can differ from bulk and thin-film properties

by up to an order of magnitude [93, 94, 95, 97]. The resistivity impacts device responsivity

and noise performance. The final design, particularly the nanobeam geometry needs to be

optimized by taking into consideration the variations in fabrication process. Most studies

[93, 97, 98, 99, 100] on V O2 nanostructures focus on the mechanically transferred V O2

nanowires and nanobeams after being synthesized using vapor transport method. However,

random growth and subsequent transfer of V O2 nanostructure is not suitable for our proposed

design of bolometer pixel as the nanobeam traces integrated with the plasmonic absorbers

need to be physically and electrically continuous and aligned with absorbers and electrical
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contacts. On the other hand, the use of lift-off technique for patterning the nanobeam traces

is not suitable due to high deposition temperature of V O2 films. Therefore, dry etching [101]

of the sputtered V O2 film to pattern the nanobeam is suggested.

5.4 Noise Analysis

As discussed in earlier chapters, the major sources of noise in a bolometer detector are John-

son or resistive noise (Vj), thermal fluctuation noise (Vth), flicker noise (V 1
f
), and background

noise (Vb). Johnson noise can be estimated from equation 3.9 where R can be approxi-

mated to be the nanobeam resistance considering the insulator layer to have much higher

resistance, and ∆f is the bandwidth. The major component of the resistance is the V O2

nanobeam itself. By biasing the device at the transition temperature of V O2, the resistivity

of the nanobeam V O2 can be reduced by two orders of magnitude compared to its room-

temperature semiconductor phase resistivity. This results in decrease of the Johnson noise

and ultimately compensate for the noise development due to increased device temperature.

Thus, the overall Johnson noise depends on the bandwidth, operating temperature, and the

resistance of the device.

The second noise source or thermal fluctuation noise can be found using equation 3.10. For

the proposed design parameters, we observe this noise to be in the level of tens of micro-volts

for a given device temperature of 341 K and at a frequency of 100 Hz.

The third type of noise or background noise is calculated using equation 3.11 to be in the

order of 10−11 V over the frequency and bias temperature range of interest, this type of noise

has insignificant contribution to the overall noise and thus can be neglected for the proposed

detector.

All the noise components and their trend with respect to frequency and device temperature
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Figure 5.9: All noise sources with respect to (a) frequency at bolometer temperature of 341
K and (b) bolometer temperature at a frequency of 100 Hz.

is presented in Fig. 5.9. Putting all the different noises together, thermal fluctuation noise

is observed to be dominant. However, since the flicker noise is highly process and material

dependent, we ignore its contribution [55]. Based on actual device fabrication parameters

this type of noise should be added for completeness.

5.5 Chapter Summary

In this chapter, we discuss a novel LWIR detector architecture with plasmonic absorber and

V O2 nanobeam integrated. The plasmonic absorber allows efficient and selective radiation

detection from the radiating object. The design of the absorber can be scaled to tune

the wavelength or temperature band of interest. Additionally, the sub-wavelength plasmonic

features allow the detection of wavelength by a detector with a much smaller form factor. The

use of V O2 nanobeam, instead of a simple V O2 film, amplifies the slope of the temperature

dependent resistance due to the large ratio between length to cross-sectional area of the

nanobeam allowing high responsivity. The proposed design and estimated performance are

desired for mission critical applications where high sensitivity, high bandwidth, and noise
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immunity come as strict requirements such as thermal and medical imaging, night vision,

detection and tracking, etc. We present the numerical analysis, noise analysis, and figure

of merits of the proposed detector design. The structural, thermal and transient analysis of

the bolometer are discussed. Whereas conventional approach trades off performance with

active detector area; we observe significantly improved detectivity, NETD, responsivity for

a detector of smaller form-factor. The design allows improvement in spatial resolution as

well as thermal responsivity. We obtain a responsivity of over 700 kV/W at 100 Hz for only

a 12 µm × 12 µm pixel size. The noise equivalent temperature difference for the proposed

design is calculated to be as low as 3.67 mK, almost an order lower than detectors reported

with larger pixel dimension.
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Chapter 6

Bolometric Terahertz Radiation

Detector

6.1 Design

The proposed THz bolometric sensor consists of a 2D arrangement of many bolometer pixels

depending on the expected active area of the sensor, the specification of lenses, and the

target field of view. One such bolometric pixel containing MIM absorbers and transducer

V O2 beams is shown in Fig. 6.1(a). The three-dimensional schematic shows how the pixel is

suspended with four anchored connections to the substrate to allow proper thermal isolation

and structural support. In addition, the entire detector is considered in a vacuum packaging

to reduce heat flow by convection. Fig. 6.1(b) shows the top-view of a single pixel, and

Fig. 6.1(c) illustrates the cross-sectional schematic, dimensions as well as material selections

used in a pixel. The active detector area of each pixel is suspended and supported by the

silicon nitride layer with four arms only making contact to the substrate at the pads (four

rectangular features connecting the arms) that work as support anchors as well as readout
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access points. Such suspended structure can be achieved by etching the sacrificial layer

underneath. By creating suspension, the active area of the detector is thus ensured to have

reduced direct thermal contact with the substrate to promote thermal isolation and thus

detector sensitivity.

Figure 6.1: (a) Three-dimensional schematic of the proposed THz bolometer pixel, (b)
Top-view schematic (not to scale) of proposed THz bolometric sensor (single pixel). The
four gold (Au) patches along with the insulator and metal layer underneath construct the
Metal–Insulator-Metal (MIM) absorber. The transducer has four arms (named N , W , S,
and E for future references) positioned along the gaps of metal patches and connected to
four terminal pads for electronic readout, (c) cross-sectional view (not to scale) and material
selection for the default design. The default film thicknesses are chosen as tM = 0.5 µm, tD
= 1.5 µm, tG = 1 µm, tS = 0.3 µm, and the side of square patches, l = 40 µm, gap, g= 2
µm, (d) electric field profile of absorber unit cell at resonance showing concentrated field at
the sides of the gold patches; arrows point to the direction of the electric displacement field
vector; |Emax| is the magnitude of maximum electric field, (e) magnetic field distribution
showing generation of strong magnetic field at the center of the absorber cell at resonance in
accordance with the contra-directional electric displacement fields along the top gold patch
and the tungsten ground plane; arrows represent the displacement field vector; |Hmax| is the
magnitude of maximum magnetic field, (f) calculated absorptance profile showing resonant
absorption at 1.7 THz achieved by the absorber with default design parameters.

A two-dimensional array of metal square patches (in the illustrated design it is chosen to
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be gold) of length l are placed diagonally to construct the top metal layer of the 2D MIM

absorber which, in our design, is shown to selectively absorb narrow band radiation around

1.7 THz. We choose four unit cells of absorber in a pixel to keep balance between the total

absorbed power (scales in proportion to pixel size) and the pixel density. The ground layer

of the MIM absorber is a thin metal film, preferably a refractory metal such as tungsten

(W ) or tantalum (Ta) that are highly resistant to heat in order to withstand the high

deposition temperature of subsequent V O2 layer. We investigate multiple suitable materials

for bolometer application. In the design discussed here, we choose tungsten (W ) as the

ground layer. The insulator layer can be a lossless dielectric material at the wavelength

range of interest such as silicon dioxide and polyimide near 1.7 THz. The transducer four

arms in our design can be deposited on the insulator layer (Fig. 6.1(c) or buried within (this

variant is not shown here, offers better protection from ambient condition with decreased

sensitivity). The arms connect to four terminal pads and can be probed individually by gated

readout. They are named (N ,W , S, and E) based on their location for future references. The

use of transducer beam allows the measurement of localized field confinement and subsequent

heating which is polarization dependent thus indicating polarization of the incident radiation.

We use three-dimensional (3D) finite-element method (FEM) by COMSOL Multiphysics to

calculate the absorption profile of the MIM resonant absorber. In such absorbers, local-

ized surface plasmon polaritons (LSPPs) are generated to achieve high absorption efficiency

by a small footprint absorber area. Fig. 6.1(d), (e) illustrates the electric and magnetic

field distributions of an absorber unit cell at resonance upon normal incidence of a plane

wave with Ex polarization. The electromagnetic fields are calculated by 3D FEM on COM-

SOL Multiphysics platform. Fig. 6.1(d) shows strong electric dipole resonance from charge

accumulations at the sides of gold patches which couple to their image charges in the tung-

sten ground plane. The contra-directional electric displacement vectors represented by the

arrows in both figures along the gold patch and the tungsten film generate a significant

magnetic response denoted by the surface colormap in Fig. 6.1(e). The strong absorp-
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tion is thus induced by the excitation of localized magnetic and electric dipole resonances.

Such phenomenon adds to the design flexibility based on geometric parameters rather than

the material properties. In the design of MIM absorber with periodic 2D metal patches, the

patches can be squares, circles, or crosses, etc. Each patch acts as a single isolated resonator,

where the resonance is supported by the unit cell MIM absorber structure. The periodicity

or array structure has less impact on the absorption profile. Therefore, we can use small

number of unit cells to keep the pixel footprint as small as possible. In the demonstrated

design, the 2D arrangement of 2 by 2 (or quad) unit cells is used to construct the absorber

in a single pixel. We can utilize commonly used metals such as, gold (Au), aluminum (Al),

silver (Ag) to generate surface plasmon polaritons (SPPs). The insulator layer between the

two metal layers needs to be lossless in the frequency band of interest. As such, polyimide or

silicon dioxide can be used. Fig. 6.1(f) illustrates the absorption profile we obtain by using

l = 40 µm square gold patches and silicon dioxide as dielectric. Theoretical analysis provided

here uses previously reported frequency dependent material properties given for gold [102],

polyimide [103], silica [104], and V O2 [105]. A resonant absorption by the MIM absorber

with over 85% efficiency is observed to take place at a frequency of 1.7 THz. The design

can be modified to resonantly absorb radiation at other THz frequency ranges by choosing

appropriate materials or by tuning the design parameters such as geometry and dimension

(patch length, thickness, etc.). Broadband or multiband absorbers can also be implemented

by engineering the patch absorber shapes.

Fig. 6.2 shows the electromagnetic study to obtain optimized bolometer absorber design

parameters. The study is conducted by solving Maxwell’s equation using finite element

method in COMSOL Multiphysics tool. In Fig. 6.2(a), (b), the variation of metal patch

length, l is studied and presented. In 6.2(a), the period is varied with the length as p =

l
√
2 + g, where g is the gap between patches. A small gap is desired to achieve a high

fill-factor absorber (thus, high-efficiency absorption) and to ensure that the V O2 beams are

placed in proximity to the patches (thus, high-sensitivity readout). However, in our design,
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we choose g = 2µm to provide ease of fabrication and to avoid coupling between neighboring

patch antennas which may cause a significant shift in the resonance frequency. In 6.2(b),

the length, l is varied while keeping the period constant as p = lmax

√
2 + g, where lmax

is 50µm for this analysis. The length of the metal patch is observed to be predominantly

controlling the frequency or wavelength of the resonance peak, which is expected, as resonant

wavelength, λR ∝ l [106]. Fig. 6.2(c), (d) shows the absorption profiles as the metal patch

thickness, tM and dielectric thickness, tD of the MIM structure is varied. We observe that

the absorption by bolometer active area is higher for higher values of thicknesses within the

considered range that is deemed practical. As such, it may seem desirable to choose thicker

materials stacks for the bolometer device for better sensitivity. However, there is a trade-

off between material thickness and bolometer bandwidth. A thicker material stack costs in

terms of sensor speed or bandwidth as it leads to larger heat capacity and higher thermal

time constant. Overall, these results from our analyses thus suggest a shift in strength and

wavelength of resonance for a change in MIM absorber layer thicknesses and/or patch length

which causes shift in magnetic and electric dipole resonance at radiation incidence. The

design is thus highly flexible and scalable.

Each pixel absorbs incident radiation and converts absorbed energy to heat. At transient, the

heat is localized based on the plasmonic field enhancement, and the localized temperature

variation affects the resistivity of local transducer beam. The steady-state heat is distributed

over the entire pixel causing the rise in its temperature profile. High-TCR V O2 beams [107,

108] biased at transition are integrated in the pixel to electronically sense this temperature

variation with highest possible sensitivity. Biasing the phase-changing beams near their

transition temperature (68◦C) ensures the device operation near the highest-TCR point.

The temperature biasing can be done by setting the device at the transition temperature by

thermo-electric or Peltier heater. As an alternative, engineered V O2 [109, 110, 111, 112] with

lower transition temperature closer to room temperature can also be used to circumvent the

necessity of thermal biasing. The use of micro/nano-transducer beams enables higher readout
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Figure 6.2: Electromagnetic study of bolometer absorber design parameters to achieve high
radiation absorption efficiency. Absorptance profile—(a) for varying patch length, l . In this
case the period, p = l

√
2 + g , where g is the gap between patches with a default value of

2 µm, (b) again for varying patch length l . In this case the period, p = lmax

√
2 + g, where

lmax is 50 µm and g is 2 µm by default, (c) for varying metal patch thicknesses, tM . for
default design 0.5 µm is selected as a trade-off between bandwidth and sensitivity, (d) for
varying dielectric thickness, tD. In the default proposed design, tD of 1.5 µm is selected for
the same reason

resistance variation and sensitivity due to increased length to cross-sectional ratio [107, 108].

Overall, the integration of plasmonic absorbers and transducer beams in the bolometer pixel

allows significant design flexibility and scalability while improving the responsivity and pixel

density.

65



6.2 Thermal and Mechanical Analysis

The proposed THz bolometer consists of suspended structures or pixels to allow better ther-

mal isolation and increased sensitivity. The suspended design helps to reduce the thermal

conductance and increase thermal resistance and isolation allowing the desired heat buildup

for sensing the temperature induced variation in resistance. The suspended structure also

necessitates mechanical stability under periodic radiation incidence over a long time. Pre-

viously, we have studied the interplay between mechanical design and thermal performance

of bolometers and plasmonic sensors for IR detection [107, 108, 113, 114, 115]. However,

the shift in target wavelength and frequency of operation to THz regime renders a shift in

the design parameters such as device geometry. As such, thermal, mechanical, and thermo-

mechanical properties are expected to change, and a careful study should be performed for

new frequencies. Therefore, it is essential to study the thermal and mechanical properties of

the suspended structure for THz domain, which we cover in this section.

Figure 6.3: Thermal and mechanical study of the proposed THz bolometer pixel under
suspension. (a) ∆T = T − To(K), where To is the ambient temperature, when radiation
at peak absorption frequency of 16 µW power is incident on the pixel. The steady state
average temperature rise of 1 K on the pixel indicates that the thermal conductance of the
bolometer design is 16 µW . (b) Displacement (nm) of the bolometer pixel due to mechanical
suspension and thermal stress, showing a maximum displacement of about 2 nm. (c) von
Mises stress (MPa) profile of the bolometer pixel showing a maximum stress of about 8 MPa
near the arms of the suspended structure.

A bolometer performance metrics depend on the value of thermal conductance, Gth, which is

defined as the incident heat power that is required to increase the steady-state temperature
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of a structure by 1 K. We calculate the amount of required incident radiation that raises the

temperature of the device active area by 1 K asGth = 16 µW/pixel. Fig. 6.3(a) illustrates the

expected temperature change profile ( ∆T = T − To, where To is the ambient temperature)

at the steady state following a 16 µW/pixel incident radiation at the absorber resonant

frequency. The mechanical displacement profile of the suspended structure corresponding

to 1 K temperature change is shown in Fig. 6.3(b). We observe a maximum displacement

of 2 nm due to thermal stress upon radiation incidence. Fig. 6.3(c) shows von Mises stress

profile in MPa. A maximum stress of 8 MPa is observed on the bolometer arms. This is

much smaller than the limit of 44–470 MPa that silicon nitride can endure over many cycles

as a support layer [116, 117]. This stress limit determines the maximum incident power that

each pixel can withstand over multiple cycles. The high-TCR V O2 beams allow the detection

of even a tiny fraction of 1 K temperature variation. This reflects in high responsivity which

is discussed in later section.

Figure 6.4: Thermal time (t) response of the bolometer pixel upon periodic radiation in-
cidence of 50 ms period and 40% duty cycle. Red dotted line shows the 1.7 THz incident
radiation power Prad (right y-axis) pulsating between 0 and 16 µW , which is the power re-
quired to increase device temperature by 1 K. Blue solid line shows the average temperature
rise of the device (left y-axis) along the location of the four arms upon pulsed radiation inci-
dence, ∆T = T − To(K), where To is the ambient temperature. From the transient analysis,
the rise time, τR and fall time, τF are calculated to be 10.9 ms and 13.4 ms, respectively.
The average thermal time constant is calculated as τth = (τR + τF )/2 = 12.15ms.
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The speed of operation or bandwidth of the bolometer is determined by the device thermal

time constant. It is obtained by conducting transient analysis by applying a pulsed heat

source. A 16µW 1.7 THz rectangular pulsed radiation of 50 ms period with a pulse duration

of 20 ms is modeled to be incident upon the bolometer structure. The average temperature

rise is calculated by Multiphysics analyses and plotted in Fig. 6.4. We calculate the rise

and fall times by taking the time difference between 90% and 10% of the final temperature

difference at the rising and falling edges, respectively. We obtain the rise time, τR = 10.9

ms, and the fall time, τF = 13.4 ms. Hence, the thermal time constant, τth = 12.15 ms is

calculated by taking the average of the rising- and falling-edge time constants.

6.3 Polarization Detection

Figure 6.5: (a) Field distribution for Ex (same axis as Fig. 6.1(b)) showing field enhancement
at horizontal tips of the square patches (b) field distribution for Ey showing field enhance-
ment at the vertical tips (c) calculated average field enhancement along the gap between
tips with respect to polarization angle (x-axis, θ = 0◦ and y-axis, θ = 90◦) at the horizon-
tal (blue—transducer beam arm location N and S as in Fig. 6.1(b)) and at the vertical
(green—transducer beam arm location E and W as in Fig. 6.1(b)) tips of the top layer
patches

Along with the detection of THz radiation intensity, the knowledge of its polarization can

often be essential for interpreting the results and measurements particularly in THz spec-

troscopy and imaging [118, 119]. With the proposed implementation of plasmonic absorber
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cells and transducer beams, polarization of the incident radiation can be determined without

additional components or complexity in the system. The transient heating due to incident

radiation is localized at specific patch gaps based on polarization and can lead to different

thermal energy development at different transducer arms. To highlight polarization sensitiv-

ity, the field distributions in a pixel for incident Ex and Ey polarizations are shown in Fig.

6.5(a), (b). We acknowledge that, at steady state, the temperature rise due to radiation ab-

sorption and localized field will be distributed across the entire pixel. However, the transient

localized field and temperature rise will contribute to the readout signal across a particular

arm. This transient duration depends on the thermal time constant of the pixel which in

turn depends on device geometry and material properties like heat capacity and thermal

conductivity. Hence, a transient probe can enable the polarization detection of the incident

radiation. As observed from Fig. 6.5(a), Ex polarization causes transient local heating near

arms N and S. Arms E and W do not experience the local heat buildup thus far. Therefore,

the readout signal along N -S will manifest stronger modulation compared to E-W . When

the temperature gets distributed across the entire pixel by means of conduction, the readout

along E-W will be similar to N -S. Similarly, Ey polarization causes greater change in read-

out signal along E-W compared to N -S. Hence, the instantaneous reading across N -S or

E-W electrodes reveal the polarization state of the incident beam. Fig. 6.5(c) demonstrates

the average field enhancements along the gap between the tips of adjacent square patches

for a polarization angle between 0◦ and 90◦. We observe that the average field enhancement

along the gap can reach up to 35 and declines to 0 for a polarization orthogonal to the gap

line. Any arbitrary polarization angle, θ between 0◦ and 90◦ can be estimated by

θ = tan−1

(
F · E·E,W

F · E·N,S

)
(6.1)

where, F.E.E,W is the average field enhancement along E and W arms, and F.E.N,S is

the average field enhancement along N and S arms. The readout signals across the arms
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depend on local temperatures which in turn depend on field enhancement. Consequently, by

measuring the relative strength of transient readout signals across E-W and N -S arms, we

can estimate the polarization angle.

6.4 Performance

The performance of a bolometer is evaluated based on its responsivity (Rv), noise equivalent

power (NEP ), and detectivity (D∗). The responsivity, Rv is an important performance

metric that is defined by the generated current or voltage for a 1 W incident radiation, and

it can be expressed as equation 3.6.

Figure 6.6: (a) Responsivity of the proposed design of THz bolometer over a range of fre-
quency from 1 Hz to 1 kHz at a device temperature of 341 K, and (b) Responsivity (red,
left y-axis) and NEP (blue, right y-axis) with respect to device temperature at 1 Hz. The
radiative performance limit is shown as well with broken lines

Ibias is the bias current, which has a default value of 1µA for all calculations. This value of

current is practical and is chosen to limit the Joule heating induced temperature change in the

detector as well as to keep the power requirement as low as possible while producing readout

voltage signals above the noise level. Through-out the analysis, RV O2 = ρV O2

lbeam
Abeam

, is the

resistance of V O2 beam, where ρV O2 is the resistivity of V O2 material strongly dependent on
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temperature, lbeam and Abeam are the length and cross-sectional area of the V O2 beam along

readout path with values of 125 µm and 0.15 µm × 1.8 µm, respectively. Such dimensions

of the beam are chosen to limit resistive noise (∝ RV O2) while enhancing responsivity. As

apparent from Eq. 3.6, the responsivity of the detector is proportional to the beam length,

lbeam and inversely proportional to the beam cross-sectional area, Abeam. The resistivity

at the transition temperature (68◦C) is considered to be 10−2 Ω.cm for calculation [120].

TCR is the temperature coefficient of resistance of the transducing V O2 beam which is

temperature-dependent and has a value of 200K−1 at phase transition [121, 122, 123, 124],

ε is the emissivity of absorbing antennas which is same as the absorptance calculated earlier

which at resonance has a maximum value of 0.87, Rth = 1
Gth

is the thermal resistance, ω is

the angular frequency of the radiation, τth is the thermal time constant of the detector pixel.

Thus, using transducing beams instead of a film in a bolometer detector results in higher

responsivity detection. Fig. 6.6(a) shows the responsivity of the proposed design for THz

bolometer at 341 K (V O2 transition-edge thermal bias) over the frequency ranging from 1

Hz to 1 kHz. The cutoff frequency that defines the bandwidth of the detector is observed to

be about 20 Hz. The bandwidth can also be related to the thermal time constant, BW =

20.58 Hz. The responsivity at 1 Hz with respect to device temperature is shown in Fig.

6.6(b)—red, solid line. Its value decreases with temperature although it is observed to be

flat in a log-scale for the range of temperatures shown. Due to the selected large length to

area ratio of the V O2 beams, the low-frequency responsivity is estimated to be over 5000

V/W .

NEP of the proposed bolometer can be estimated using equation 3.7. A is active area

which is 2l
√
2 + g by 2l

√
2 + g, where l is the side of square patches (default value 40 µm)

and g (default value 2 µm) is the gap between the patch tips, T = 341 K. Fig. 6.6(b)

shows the NEP over a range of practical device operating temperatures. The estimated

NEP is 10−12pW over the temperature ranging from 290 to 360 K at 1 Hz frequency.

This value of NEP is competitive with other THz bolometers reported in recent years
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[125, 126, 127, 128, 129, 130]. As expected, the NEP increases with temperature due to the

increased resistive noise contribution at higher temperature and decreased responsivity.

NEP =
∆Pth

κ
=

√
4kT 2Gth

σ
(6.2)

The radiative limit is the theoretical performance limit of the device when the device operates

in a perfect vacuum system with only the radiative heat transfer mechanism present. The

conductive and convective heat transfer is considered insignificant in this definition. The

radiative limit responsivity and NEP are shown in Fig. 6.6(b)—red and blue broken lines,

respectively. The radiative or theoretical limit of NEP is achieved when Gth approaches

Gth = 4AεσT 3 [58]. The proposed detector is observed to have an NEP close to the

radiative limit. However, the responsivity limit is in the order of 106, which is much higher

than the value we report. The proposed design can be modified, for example, by utilizing

narrower and longer suspension arms, thus increasing bolometer thermal isolation, to achieve

a performance closer to radiative or theoretical limit in terms of sensitivity i.e., responsivity

and NEP. However, the trade-off between sensitivity and frequency response is needed to be

considered.

The calculated detectivity for the proposed design is calculated using Eq. 3.8 and is shown in

Fig. 6.7. We present the detectivity of our THz bolometer with respect to frequency, device

temperature, and thermal conductance. Our design achieves a low-frequency detectivity over

4× 108 cm.Hz1/2.W−1 Fig. 6.7(a) shows slight temperature dependency on the detectivity

as higher operating temperature reduces sensitivity. A large coefficient, K and large thermal

resistance, Rth contribute to large detectivity. The detectivity with respect to the device

temperature is presented in Fig. 6.7(b) for different discrete frequency of operation showing

a down trend with increasing device temperature. D∗ is also calculated for a range of

thermal conductance at discrete frequency and temperature values and shown in Fig. 6.7(c),
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Figure 6.7: Detectivity with respect to frequency, device temperature, and thermal con-
ductance. (a) Over the frequency range from 1 Hz to 1 kHz for three different device
temperatures, (b) over the device temperature range from 100 K to 1000 K for four different
frequencies of operation, (c) over theoretical thermal conductance range from 10−7 W/K to
10−4 W/K for different frequency, and (d) different device temperature

(d), respectively. The graphs indicate the required Gth that is needed to achieve a certain

D∗ as a reference for device optimization. Design parameters, materials, and geometry of

the bolometer can be modified to reach different levels of thermal conductance Gth and thus

different levels of D∗. For example, a thermo-mechanical design with narrower and longer

legs to reduce the thermal conductance Gth to 10−7 W.K−1 could enhance D∗ to up to 1010

cm.Hz1/2.W−1 at a frequency of 30 Hz.
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6.5 Noise Analysis

Fig. 6.8 shows all three noises as a function of frequency when the device is at 341 K

temperature and as a function of device temperature when the frequency is fixed at 100

Hz. As seen from Eq. 3.9, the overall Johnson noise depends on the bandwidth, operating

temperature, and the resistance of the device. The Johnson noise is resistive and increases

with device temperature and equivalent readout resistance. We define the equivalent readout

resistance as the resistance appearing between terminals where bias current is applied, and

voltage signal is read across. The main contributing resistance is the resistance of the V O2

beam resulting in an equivalent resistance very close to RV O2 . Below transition temperature,

a V O2 beam is highly insulating and will result in a very large resistance value and thus a very

large resistive noise. To mitigate this noise and at the same time achieve greater sensitivity

with high TCR, we propose to set the device temperature at the transition temperature of

V O2. The resistivity of the V O2 beam can thus be reduced by two orders of magnitude

compared to its room-temperature semiconductor phase resistivity. Besides providing a

high-TCR transducer, transition-edge biasing results in decrease of the Johnson noise and

ultimately compensate for the noise development due to increased device temperature. Fig.

6.8(a) shows how the Johnson noise is a white noise and flat with respect to the frequency,

and Fig. 6.8(b) shows how it increases with temperature.

Any temperature fluctuation on the detector generates thermal fluctuation noise. It is pro-

portional to the thermal resistance and to the square of temperature. This is one reason to

keep the thermal resistance in check. The temperature fluctuation contributes to fluctuation

in readout voltage, Vth which is expressed in Eq. 3.10. We observe the frequency dependence

of thermal fluctuation noise from Fig. 6.8(a). Its relation to temperature is represented by

Fig. 6.8(b) and it shows expected trend with respect to temperature.

The third type of noise is the background noise, Vb which is caused by radiative heat exchange
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Figure 6.8: All noise sources with respect to (a) frequency at bolometer temperature of 341
K and (b) bolometer temperature at a frequency of 100 Hz.

between the detector and ambient. It is related to the bolometer parameters by Eq. 3.11.

Being in the order of 10−13 V over the frequency and bias temperature range of interest, this

type of noise has insignificant contribution to the overall noise and thus can be neglected

for the proposed detector. Putting all the different noises together, thermal fluctuation and

Johnson noise are observed to be dominant and of the same order (sub 1 µV ).

6.6 Chapter Summary

In summary, we report a novel THz sensor with the capability to detect incident radiation

along with its polarization at 1.7 THz frequency. The sensor incorporates polarization-

sensitive plasmonic absorber and phase-changing V O2 transducer beams. Our design is

estimated to achieve a responsivity over 5000 V/W, an NEP below 12 pW, and detectivity

over 108 cm.Hz1/2.W−1 The design can be easily tuned to accommodate absorption of dif-

ferent bands within the THz spectrum as well as multi-band detection. Our proposed device

can be utilized in THz imaging and sensing applications that requires inexpensive uncooled

detection with high sensitivity.
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Chapter 7

Proof-of-concept Prototype

A proof-of-concept device fabrication and characterization is planned and executed to gauge

the practicality of the proposed integration of plasmonic absorbers and rectangular V O2

beams. The layout of the proof-of-concept device along with the two main characterization

components is shown in Fig. 7.1.

Figure 7.1: Layout of the proof-of-concept device

The green square blocks represent the pads required for electronic probing. The pads separate
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two regions - inner and outer. The inner region has vertical layers as presented in 5.1. The

stack-up (from bottom to top) of material layers in the inner region is Si/ SiO2/ Si3N4/

W /SiO2 /V O2 (only present in the beam patterns) /SiO2/Au (patch shapes - circular or

square). SiO2 is used instead of suspension due to its thermal insulating property and for

ease of fabrication for the proof-of-concept device. The outer region does not have the top

two layers - SiO2 burial layer and top gold patches. The inner region surrounded by the pads

are about 3 mm × 3 mm. Such dimension is chosen to allow spectroscopic measurement

of the plasmonic absorber design. This is because the Cary-7000 Universal Measurement

Spectrophotometer (UV-Vis-IR) which is used for the spectroscopic characterization has a

rectangular beam of about 1 mm × 3 mm dimension. In Fig. 7.1, the gold patches are

exaggerated in shape and understated in numbers for visualization purpose. The diameters

of the fabricated gold patches and gaps between adjacent patches range from 1.6 µm to 5

µm. Each proof-of-concept device is about 5 mm. As such, we use diced square samples of

3 cm sides consisting of 9 devices with different patch shapes and diameters (1.6 µm to 5

µm).

The material stack-up in the pads location is Si/SiO2/Si3N4/W/SiO2/V O2(only present

in the beam patterns)/Au. The pad dimensions are kept large enough (1 mm × 1 mm) to

comfortably allow the placement of probe tips or wire bonds. The pads basically act like

electronic terminals for the temperature sensitive resistors (V O2 beams) in between. V O2

beams of different sizes and aspect ratios are included in the pattern to be studied. V O2

beams are included both in the inner and outer region. The inner beams are integrated

with the plasmonic absorbers whereas, the outer beams are not integrated with plasmonic

absorbers. The comparative study between inner and outer V O2 beams aims to reflect the

effect of plasmonic absorbers. The width of the V O2 beams to be fabricated ranges from

2 µm (close to photo-lithographic limit) to 10 µm. The length ranges from 50 µm to 1.1

mm. Most beams are laid out in a winding or serpentine path. Two outer beams are kept

straight to easily calibrate each sample after fabrication. The legs of the beams (where the
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beams connect to terminal pads) are made wider to avoid high impedance zones or breaks

in connection after lithography and etching.

A 300 nm thin stoichiometric Si3N4 film is first deposited on a Si (585 µm)/SiO2 (4 µm)

substrate by low pressure chemical vapor deposition (LPCVD). Then a 50 nm tungsten

(W ) and a 50 nm SiO2 film is deposited respectively by sputtering (Denton Discovery 550).

V O2 film of 50 nm thickness is then deposited by PLD method. Sputtering process for

V O2 deposition and sputtered V O2 films are also studied and characterized. However, this

method was not used for the proof-of-concept device fabrication due to extensive calibration

requirement and poor repeatability in our case. After the deposition of V O2 film, it is etched

using lithography steps to produce V O2 pads and beams of different sizes. The second layer

of 50 nm SiO2 is then sputtered and lifted-off to bury the V O2 beams in the inner region

where top metal patches are designated to be deposited and patterned. This is important to

avoid unintended electrical shorting of V O2 beams by the metallic structures. Also, the V O2

pad regions are exposed after the lift-off so that the metal pads can be deposited directly

on the V O2 pads for proper electronic probing with low contact impedance. Finally, the

100 nm thick gold pads (aligned with the V O2 pads) and circular patches (as the top metal

layer of the plasmonic absorbers) are created by lift-off technique after e-beam deposition

(CHA Solution electron beam evaporator). The pads are 1 mm × 1 mm to easily allow

electronic probing via wirebonding or directed contact with probe-tips. The summary of the

fabrication steps is shown in Fig. 7.2.

Similar lithographic steps are carried out to pattern V O2 beams, pads, SiO2 top layer, Au

patches and pads. The AZ 5214E resist is used for all lithography steps as both negative and

positive photoresist depending on the mask layout and patterning method (i.e., lift-off or

etching). Before the resist coating, the sample is cleaned using acentone, IPA, and DI water.

Then the sample is baked at 100◦C for 2 mins to remove water molecules from the sample.

After the dehydration bake, the sample is kept in a hexamethyldisilazane or HMDS chamber
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Figure 7.2: Fabrication steps summary for the proof-of-concept device (material layer thick-
ness and lateral dimensions are not to scale). (a) LPCVD Si3N4 deposition on Si/SiO2

substrate, (b) Sputtering tungsten, (c) Sputtering SiO2, (d) Deposition and etching of pat-
terned V O2, (e) Sputtering of the second SiO2 to cover V O2 beams where needed, (f) Gold
e-beam deposition and lift-off to create plasmonic absorber patches and pads.

for 5 mins. HMDS acts as a photoresist adhesion promoter and is commonly used before

the application of the photoresist making the resist-coating process easier and uniform. The

AZ 5214E resist is then spun-coated on the sample with a 4500 rpm spin rate for 30 seconds

giving a uniform resist profile of 1.6 µm (checked by Nanospec). The sample is soft-baked

at 100 ◦C for 50 seconds to prepare it for UV exposure. Karl Suss MA6 contact aligner

is used for mask-sample alignment and UV exposure (365 nm wavelength). The first UV

exposure time is adjusted to 5 - 7 seconds for different steps of the lithography. To use

the photoresist as a negative resist, the sample is undergone two additional steps - reversal

baking the sample at 120◦C for 45 seconds and flood exposure for 30 seconds. The exposed

and cross-linked resist is developed in AZ 300 MIF for 70 seconds making the sample ready

for etching or deposition and lift-off. Long acetone soak and ultrasonic acetone bath are

used for resist removal (lift-off) after etching (deposition). Designated and stronger resist

strippers like AZ 300T, NMP (N-Methylpyrrolidone) etc. are avoided as they tend to corrode

metal films and V O2. The optical microscopic images of V O2 films and nanobeams after
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photoresist stripping process with AZ 300K are shown in 7.3. Corrosion is observed in the

features. The extent of corrosion depends on the time of the process.

Figure 7.3: Damage of V O2 films and nanobeams after using AZ 300K resist stripper. The
optical microscopy shows clear corrosion in V O2 features when strong resist strippers are
used.

7.1 X-ray Diffraction

X-Ray Diffraction or XRD is a widely used technique to study the crystallographic structure

of a material. It is done by measuring the diffraction pattern produced when a beam of

x-rays is directed onto the sample. The diffraction pattern resulting from the interaction

of the x-ray beam with the sample carries information regarding the crystal structure of

the materials. As such, the pattern can be analyzed to determine the crystal structure and

orientation of single and polycrystalline materials as well as powders. It is a non-destructive

technique, meaning that the sample is not altered or damaged during the measurement. It is
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a common technique for the characterization of a wide range of materials used in materials

science, geology, chemistry, and other fields. There are a few variants of XRD, for example,

HTXRD and GIXRD, which are used in this work.

HTXRD stands for High-Temperature X-Ray Diffraction. It is used to study the crystal

structure of materials at high temperatures. Some materials undergo a change in their phase

or crystal structure at elevated temperature. HTXRD is often used to study the phase

transformations that occur in materials as they are heated or cooled, and to determine the

thermal stability of materials.

Another special variant of XRD is GIXRD, which stands for Grazing Incidence X-Ray

Diffraction. It is particularly useful in the study of structure and composition of thin films

and surfaces. In normal XRD, samples with single or multiple thin films generate diffraction

patterns for multiple materials, making the analysis and identification difficult. In GIXRD,

to avoid mutiple patterns obscuring each other, a beam of x-rays is directed onto the surface

of a sample at a low angle of incidence, typically less than 2◦. The small incident angle limits

the beam penetration into the bulk material (or other films underneath) as well as optimize

the intensity to enhance the sensitivity to the surface region of the sample. It allows the

detection of changes in the crystal structure and composition that may occur at or near

the surface by reducing overlapping peaks from different depths of sample. It is often used

to study thin films, coatings, and other materials with complex surface structures, such as

nanoparticles or layered materials.

7.2 V O2 Film Deposition

The deposition of V O2 thin films on substrates for device applications is crucial, but it is

challenging to achieve uniform films with high purity and crystallinity. Techniques such
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as sputtering [45, 131, 132, 133, 46], pulsed laser deposition (PLD) [134, 135, 136, 137,

138], and chemical vapor deposition (CVD) [139, 140] are commonly used, but they require

precise control over deposition parameters to avoid defects and impurities [141, 49]. The

phase transition properties such as the change in the magnitude of resistivity and the width

of hysteretic transition are the indicators of film quality which depend on stoichiometry

and crystalline structure [141, 49, 142, 143]. Many research efforts have aimed to reduce

the transition temperature, including ion-assisted reactive evaporation followed by thermal

annealing and relaxing tensile stress by ion bombardment. However, these methods can lead

to some degradation of the desired electrical and optical properties.

The deposition of a pure V O2 film is challenging due to the close co-existence of multiple

oxides of vanadium. As such, the deposition process needs to be tightly controlled. We

carried out two different deposition techniques - RF magnetron sputtering [144, 145] and PLD

[134, 146, 147, 148], however the latter was used for final proof-of-concept device fabrication

due to better repeatability. In both techniques, the substrate temperature and the partial

pressure of oxygen (O2) needs to be controlled. Both deposition techniques require high

substrate temperature over 400◦C. Since, V O2 material layer, in our proposed design, is

integrated with the metal-insulator-metal type absorber, the choice of materials deposited

before V O2 is crucial. Common plasmonic metal films such as gold and their patterned

structures can be irreversibly damaged at high temperature [149, 150]. As such, refractory

metals [149] are chosen as the ground metal layer of the plasmonic metal-insulator-metal

absorber that are deposited before V O2 deposition.

7.2.1 Sputtered V O2 Film

The sputtered V O2 film was achieved by sputtering a 2-inch vanadium (V ) target in a AJA

ATC 2200-V sputter machine on different substrates such as Si, Si3N4, and SiO2. In O2
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Figure 7.4: XRD profile of sputtered V O2 film on Si, Si3N4, and SiO2 substrate. The peak
positions of the reference material with the best match are also shown.

partial pressure of 0.4 mT and substrate temperature of 500◦C resulted in high-quality V O2

films on all three substrates. Higher O2 partial pressure resulted in V2O5 films whereas lower

O2 partial pressure resulted in V2O3 for substrate temperature between 400◦C to 600◦C

conforming with previously reported trend [46].

The XRD analyses of V O2 films on all three substrates are conducted in Rigaku Smart-

lab XRD tool and presented in Fig. 7.4. The reference material from software database

with the best matching diffraction pattern is presented for identifying the V O2 and its crys-

tallographic orientation. Additionally, temperature-dependent or high-temperature x-ray

diffraction (HTXRD) analysis is carried out on the deposited film to confirm the stoichio-

metric V O2 film and its phase transition property. The Anton Paar DHS domed hot stage

was used to conduct the temperature-dependent study. The diffraction data are collected

10 mins after the temperature of the stage stabilizes to ensure even and correct tempera-

ture distribution in the sample, particularly the top V O2 film. The temperature-dependent

diffraction profile is shown in Fig. 7.5 showing the temperature ramp up and ramp down

cycle. Here, the main diffraction peak corresponding to V O2 is focused for better visu-

alization. The inset demonstrates the peak diffraction angle with respect to temperature
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showing the hysteresis of V O2 phase transition. The dominant peak angle of diffraction

profile changes from 27.90◦ to 27.77◦ as the sputtered film undergoes the transition from

insulating to conducting phase upon temperature increase. The diffraction angle along with

its shift with temperature corresponds to earlier reported work on the study of V O2 phase

transition [151].

Figure 7.5: Temperature-dependent XRD profile of sputtered V O2 film on Si substrate show-
ing monoclinic to rutile crystallographic phase transition of V O2 near 60◦C. Y-axis offsets
are used to show the XRD profile at different temperatures. Inset shows the diffraction peak
angle with respect to temperature confirming the phase transition and hysteresis behavior
of V O2. The transition width is observed to be approximately 5◦C.

7.2.2 PLD V O2 Film

For the proof-of-concept device, a 50-nm thick film of V O2 is deposited using PLD. The V O2

layer is deposited on a substrate with pre-existing 300-nm thick dielectric support layer of

Si3N4, 50-nm thick ground plane metal layer (tungsten, W ) of MIM absorber, and a 50-nm

insulator layer made of SiO2, respectively from bottom to top.
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The background pressure of the PLD chamber was 3 x 10−7 Torr. The deposition of V O2

was carried out at 500 ◦C by ablating V2O5 ceramic target with 248 nm pulsed laser. The

laser frequency and energy fluence were 2 Hz and 1.5 J/cm2, respectively. The target and

sample were constantly rotated during the growth to ensure film uniformity. Oxygen partial

pressure of 10 mTorr was maintained during and after growth of film until the temperature

was cooled down to 100◦C at a rate of 10◦C/min.

Because of the multiple thin material layers in the sample, normal XRD gives strong signa-

tures from multiple materials making it challenging to distinguish and identify the diffraction

peak of the PLD V O2 film. To avoid, or at least reduce the diffraction signatures collected

from materials underneath the V O2 film, grazing incidence XRD (GIXRD) is used. The

GIXRD profile is shown in Fig. 7.6.

Figure 7.6: GIXRD profile of PLD V O2 film on substrate with multiple pre-existing layers
for proof-of-concept device fabrication. Reference material peaks are shown for identification
of different peaks. Multiple diffraction peaks corresponding to inner thin films are observed
even with a very small incidence angle of < 2◦.

Even with low angle of incidence (< 2◦), diffracted peaks from multiple material layers are

observed. The peaks are observed to be relevant to the existing material layers. A strong peak

near 28◦ corresponds to the V O2 film. However, temperature-dependent study is required to
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confirm the V O2 film, which is presented in Fig. 7.7. It shows a hysteretic phase transition

of V O2 confirming the film composition from PLD deposition. The diffraction peak angle

corresponding to V O2 film shifts from 28.08◦ to 27.94◦ and a broad hysteresis is observed.

Figure 7.7: (a) Temperature-dependent GIXRD over thermal ramp-up and ramp-down cycle
from 40◦C to 80◦C. Y-axis offsets are used to show the XRD profile at different temperatures.
A clear shift in diffraction peak of V O2 is seen which corresponds to its phase transition prop-
erty from monoclinic (semiconductor) to rutile (metallic) phase and hysteretically back to
monoclinic phase (b) Colorplot showing the peak shift with temperature cycle, (c) diffraction
peak angle with respect to temperature showing the hysteresis.

7.3 V O2 Etching

For patterning V O2 structures using lithography, lift-off is not suitable due to very high

deposition temperature (> 400◦C) of V O2 as the resist material will be damaged at high

temperature. As such, it is more feasible to dry etch after V O2 film deposition to create

structured V O2. Many dry etching processes use O2 chemistry. However, V O2 tend to get

oxidized very easily [49], and even more so at elevated temperature. Consequently, it is very

important to avoid O2 chemistry during subsequent steps after V O2 deposition to de-risk

oxidization of V O2 to upper oxides such as V2O5. Since V O2 film is deposited over SiO2

film, it is important to choose an etching process that has high selectivity between the etch

rates of V O2 and SiO2 [101]. Based on such limitations, we choose inductively coupled

plasma (ICP, PlasmaTherm SLR 770) etching of V O2 film with Ar/Cl2 chemistry. Total

gas pressure of 12 mTorr with an input ICP power of 600 W and bias power of 50 W was
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used. The total gas flow rate was kept at 40 sccm with a 60% Cl2 and 40% Ar (24 sccm Cl2

and 16 sccm Ar). The estimated V O2 etch rate was found to be approximately 64 nm/min,

similar to the reported etch rate in a previous work [101].

Figure 7.8: (a) Surface profiler measurement on an ICP etched (1 min) V O2 sample show-
ing etch height profile over a 200 µm horizontal distance, (b) surface profile over the V O2

serpentine beam, (c) two V O2 serpentine beams after dry etching.

Fig. 7.8(a) shows the etching height profile for a 1 min etching time with the above-mentioned

parameters. A surface profiler (Veeco Dektak 150) was used for such measurement. The

depth of etching is measured to be about 640 Å or 64 nm. The surface profile along the V O2

serpentine beam is shown in Fig. 7.8(b). The stylus tip (radius 12.5 µm) of surface profiler is

much wider than V O2 beam spacing (2-10 µm) which leads to erroneous depth profile mea-

surement. However, the profile is still indicative of the surface height after etching process.

Fig. 7.8(c) shows two more V O2 beam structures after the dry etching demonstrating V O2

beams with different lengths and widths.

7.4 Final Device

Some microscopic images of the final proof-of-concept device are shown in Fig. 7.9. The

bright colored shapes indicate the gold layer of 100 nm thickness which includes large gold

pads of 1 mm sides and circular top layer patches of different diameters ranging from 1.6
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µm to 5 µm. The outline of the second SiO2 layer is visible along the inner edges of the

gold pads. The mask is designed in such a way so that the second SiO2 layer overlaps a

small portion of the pads to avoid unintended shorts along the serpentine beams due to mask

alignment errors. The V O2 beams underneath the gold patches and second SiO2 layer are

visible (bluish tone) confirming the creation of buried V O2 beams within the MIM absorbers.

Figure 7.9: Microscopic images of final fabricated proof-of concept device showing top gold
patches (circular shapes), gold pads, V O2 beams underneath the plasmonic absorber patches,
exposed V O2 beams, etc.

7.5 Spectroscopy of Plasmonic Absorber

This section presents the spectroscopic absorption profile of the plasmonic absorbers with

circular patches in the proof-of-concept device which follows a similar design as proposed in

chapter 5. The absorption profile is experimentally measured by Cary-7000 Universal Mea-

surement Spectrophotometer. Sample absorbers with three different sizes of metal patches

were fabricated to measure the absorption profile up to the maximum wavelength of the

measuring tool (2.5 µm). The numerically calculated results obtained from COMSOL Mul-
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tiphysics (3D FEM) are also appended for comparison. The observed discrepancy between

simulated and experimental absorption profile can be attributed to fabrication induced vari-

ations, measurement equipment noise, and baseline correction. Additionally, the negative

absorptance is not practical and a result of baseline correction. The spectroscopic measure-

ment shows the expected plasmonic resonant absorption of a particular range of wavelengths

which is needed for selective and efficient detection of infrared radiation.

Figure 7.10: Absorption profile of the MIM plasmonic absorber in proof-of-concept device
with 3 different sizes - (a) 1.6 µm, (b) 2 µm, (c) 2.4 µm of top metal patches (blue -
experimental, green - simulated).
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7.6 Electronic Probing

Semiconducting V O2 material has a temperature coefficient of resistance (TCR) of about 3

K−1 [40, 76]. Whereas, at phase transition, the TCR is about 200 K−1 [40, 76]. Despite

such pronounced sensitivity and large TCR, most V O2-incorporated sensors and bolometers

are operated outside the transition region. The transition-edge behavior of V O2 still remains

debated, unexplored, and unexploited. In addition, the hysteretic phase transition adds to

the challenges in operating a V O2 device at transition. To exploit the large TCR of V O2

and extract highest-possible sensitivity from the implemented sensor or devices, the device

should be operated near phase transition.

Figure 7.11: (a) Temperature-dependent electronic resistance measurement with a sample on
a hot-plate; inset on the bottom-right shows probes touching the sample film (b) Resistance
vs. temperature at three different locations on the sample (c) Resistance measurement
over multiple temperature cycles near the phase transition point. Micro-hysteresis loops are
observed.

It is important to note here that the transition-edge properties of V O2 is crucial for transition-

edge operations as proposed in this work. Temperature-dependent resistivity measurements

were conducted for electronic characterization using microscopic probes on a proof-of-concept

sample placed in a hot-plate as shown in Fig. 7.11 (a). Resistances at three different locations

of a sample are plotted in Fig. 7.11 (b). The color progression follows the sample sequence

which follows the thermal cycle of the experiment. To evaluate the transition-edge properties,

we measure the electronic resistance of deposited V O2 film over multiple thermal cycles near

the V O2 transition temperature. Result for one example measurement is presented in Fig.
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7.11(c). Multiple micro-hysteresis loops are observed at the transition edge which is expected

[124, 76].

Nanostructures of V O2 hold the potential to further engineer the phase transition behavior.

Many studies have been carried out to investigate the size dependence of the semiconductor-

to-metal transition of V O2 nanobeams [152, 153, 154, 155] fabricated by vapor transport or

vapor deposition method. However, the report on etched V O2 nanobeams is limited. Here,

we present the temperature-dependent electronic resistivity measurement of the buried V O2

beams fabricated on the proof-of-concept device by dry etching. The sample is placed on a

hot plate. Signatone SE-20BCB probe tips of 125 µm were gently placed on the measurement

pads of the sample with the help of a microscope and Signatone S-725 micropositioners. The

probe tips were connected to a digital multimeter to collect the temperature dependent

resistance of the V O2 beams.

Figure 7.12: Resistance with respect to temperature for two different V O2 beams (a) 4 µm
wide, 50 nm thick, 600 µm long and (b) 8 µm wide, 50 nm thick, 1500 µm long

The results from electronic probe measurements presented in Fig. 7.12 thus confirm the

phase-transition and high-TCR of V O2 beams. Narrower beams are observed to have lower

transition temperature but broader transition range. Overall, compared to a V O2 film,

the hysteresis of the phase transition in V O2 beams is observed be narrower, whereas the
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transition happens over a longer range of temperature. Additionally, the magnitude of

resistance variation is observed to change based on the dimension and aspect ratio of length

to width of the beams [93]. Further study on the structured beams of phase transition

materials will be of significant benefit to advance such sensing technologies.

92



Chapter 8

Conclusion

In this work, we have studied the integration of plasmonic absorbers with optical waveg-

uides to achieve enhanced plasmo-thermomechanical all-optical radiation detector. In such

device, the radiation information is plasmonically converted to heat-induced mechanical de-

flection of suspended metallic beams. The deflection drives the change in the insertion loss

of optical waveguides underneath the beams. The incoming radiation information is thus

produced at the output port of the waveguides. As a result, such devices do not need in-

termediate electronic conversion of the radiation signal which makes it possible to achieve a

simpler and efficient integrated photonic chip. Graphene is demonstrated to enhanced the

performance of plasmo-thermomechanical radiation detection by means of its strong plas-

monic absorption property and high thermal conductivity. Plasmonic absorbers are also

studied with phase-transition and high-TCR V O2 beams to achieve microbolometers with

high-sensitivity thermo-electronic detection of radiation. Here, the incident radiation is ef-

ficiently converted into thermal energy by plasmonic absorbers. V O2 beams indicate the

temperature change by producing variation in its resistance which is detected by means of

electronic readout. The detector shows almost 3× pixel density and 5× thermal resolution

at 10 µm LWIR wavelength when compared to recent reports on microbolometers. Such in-
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tegration is further demonstrated to be scalable and applicable for far infrared spectrum or

THz frequencies. A 1.7 THz radiation detector is also presented to be capable of sensing the

intensity as well as polarization of the THz radiation without additional components. The

development of such uncooled and high-sensitive radiation detectors with high pixel density,

and bandwidth remains crucial for various critical applications such as medical imaging,

autonomous driving, and military applications. Future work following the dissertation can

benefit the fields of high-resolution radiation sensing and imaging by incorporating novel

device design integrating nanostructured V O2 beams and plasmonic enhancement.
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[94] Virginie Théry, Alexandre Boulle, Aurelian Crunteanu, Jean-Christophe Orlianges,
Arnaud Beaumont, Richard Mayet, Amine Mennai, F Cosset, A Bessaudou, and Marc
Fabert. Role of thermal strain in the metal-insulator and structural phase transition
of epitaxial VO 2 films. Physical Review B, 93(18):184106–NA, 2016.

[95] Jiang Wei, Zenghui Wang, Wei Chen, and David H Cobden. New aspects of the
metal–insulator transition in single-domain vanadium dioxide nanobeams. Nature nan-
otechnology, 4(7):420–424, 2009.

[96] Haidan Wen, Lu Guo, Eftihia Barnes, June Hyuk Lee, Donald A Walko, Richard D
Schaller, Jarrett A Moyer, Rajiv Misra, Yuelin Li, Eric M Dufresne, et al. Structural
and electronic recovery pathways of a photoexcited ultrathin VO 2 film. Physical
Review B, 88(16):165424–NA, 2013.

[97] Junqiao Wu, Qian Gu, Beth S Guiton, Nathalie P De Leon, Lian Ouyang, and Hongkun
Park. Strain-induced self organization of metal-insulator domains in single-crystalline
VO2 nanobeams. Nano letters, 6(10):2313–2317, 2006.

[98] Chun Cheng, Kai Liu, Bin Xiang, Joonki Suh, and Junqiao Wu. Ultra-long, free-
standing, single-crystalline vanadium dioxide micro/nanowires grown by simple ther-
mal evaporation. Applied Physics Letters, 100(10):103111–NA, 2012.

[99] Beth S Guiton, Qian Gu, Amy L Prieto, Mark S Gudiksen, and Hongkun Park. Single-
crystalline vanadium dioxide nanowires with rectangular cross sections. Journal of the
American Chemical Society, 127(2):498–499, 2004.

[100] Servin Rathi, Jin-Hyung Park, In-yeal Lee, Jeong Min Baik, Kyung Soo Yi, and Gil-Ho
Kim. Unravelling the switching mechanisms in electric field induced insulator–metal
transitions in VO2 nanobeams. Journal of Physics D: Applied Physics, 47(29):295101–
NA, 2014.

[101] Taehoon Lee, Alexander Efremov, Yong-Hyun Ham, Sun Jin Yun, Nam-Ki Min,
Munpyo Hong, and Kwang-Ho Kwon. Etching characteristics and mechanism of vana-
dium dioxide in inductively coupled Cl2/Ar plasma. Journal of Micro/Nanolithography,
MEMS, and MOEMS, 8(2):021110–NA, 2009.
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[130] François Simoens and Jérôme Meilhan. Terahertz real-time imaging uncooled
array based on antenna-and cavity-coupled bolometers. Philosophical Transac-
tions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
372(2012):20130111, 2014.

[131] Marcelo SB de Castro, Carlos L Ferreira, and Roberto R de Avillez. Vanadium oxide
thin films produced by magnetron sputtering from a v2o5 target at room temperature.
Infrared Physics & Technology, 60:103–107, 2013.

[132] EN Fuls, DH Hensler, and AR Ross. Reactively sputtered vanadium dioxide thin films.
Applied Physics Letters, 10(7):199–201, 1967.

[133] RT Kivaisi and M Samiji. Optical and electrical properties of vanadium dioxide films
prepared under optimized rf sputtering conditions. Solar Energy Materials and Solar
Cells, 57(2):141–152, 1999.

[134] DH Kim and Hoi Sing Kwok. Pulsed laser deposition of vo2 thin films. Applied physics
letters, 65(25):3188–3190, 1994.

[135] CV Ramana, RJ Smith, and OM Hussain. Grain size effects on the optical character-
istics of pulsed-laser deposited vanadium oxide thin films. Physica status solidi (a),
199(1):R4–R6, 2003.

[136] CV Ramana, RJ Smith, OM Hussain, and CM Julien. On the growth mechanism of
pulsed-laser deposited vanadium oxide thin films. Materials Science and Engineering:
B, 111(2-3):218–225, 2004.

[137] RT Rajendra Kumar, B Karunagaran, D Mangalaraj, Sa K Narayandass, P Manoravi,
M Joseph, and Vishnu Gopal. Pulsed laser deposited vanadium oxide thin films for
uncooled infrared detectors. Sensors and Actuators A: Physical, 107(1):62–67, 2003.

[138] Syed A Bukhari, Sooraj Kumar, Pawan Kumar, Sarang P Gumfekar, Hyun-Joong
Chung, Thomas Thundat, and Ankur Goswami. The effect of oxygen flow rate on
metal–insulator transition (mit) characteristics of vanadium dioxide (vo2) thin films
by pulsed laser deposition (pld). Applied Surface Science, 529:146995, 2020.

106



[139] Beibei Guo, Dongyun Wan, Ahmad Ishaq, Hongjie Luo, and Yanfeng Gao. Direct
synthesis of high-performance thermal sensitive vo2 (b) thin film by chemical vapor
deposition for using in uncooled infrared detectors. Journal of Alloys and Compounds,
715:129–136, 2017.

[140] T Maruyama and Y Ikuta. Vanadium dioxide thin films prepared by chemical vapour
deposition from vanadium (iii) acetylacetonate. Journal of materials science, 28:5073–
5078, 1993.

[141] Kai Liu, Sangwook Lee, Shan Yang, Olivier Delaire, and Junqiao Wu. Recent pro-
gresses on physics and applications of vanadium dioxide. Materials Today, 21(8):875–
896, 2018.
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