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IR absorption spectroscopy is a powerful technique to identify and study chemicals or
objects of various kinds in a non-disruptive way. Recently, the demand for high performance
and compact IR spectroscopy systems has been steadily growing due to the advent of Internet of
Things and the burgeoning development of miniaturized sensors. The key challenge lies in realizing
multispectral absorber arrays that are lithographically defined and integrated on the same chip, with
a minimized footprint. This challenge has been tackled in the study of metamaterials absorbers, the
artificial materials composed of an array of subwavelength structures that manipulate electromagnetic
waves to achieve extraordinary light absorption properties. The MIM IR absorbers, in particular, are
characterized by the near-unity absorptance with lithographically tunable peak absorption wavelength
and spectral selectivity in an ultra-thin form factor, suitable for the implementation of miniaturized
spectroscopic IR microsystems. Nevertheless, there has been no accurate analytical model to guide
the design of MIM IR absorbers with ultra-narrow absorption bandwidth and near-unity absorption,
while meeting all the stringent requirements for high-resolution multispectral IR microsystems.

This thesis presents the modeling and characterization of ultra-narrowband MIM IR
absorbers based on the modified circuit model capable of accurately predicting the spectral responses
of MIM IR absorbers. The simultaneous excitation of electric and magnetic resonances in the
MIM IR absorbers is modeled via the addition of coupling capacitance to the existing RLC circuit
branch, resulting in the accurate description of the effective surface impedance. The model is
experimentally validated in the mid-wavelength IR spectral range (A = 3 ~ 7um) and exploited for
the first demonstration of a narrowband MIM IR absorber that exhibits performance approaching the
predicted physical limits: full-width at half-maximum =3 % and near-unity absorption (1 > 99.7%)
at 5.83 pm wavelength, while independent of incident angle and polarization of the impinging IR

viii



radiation. Furthermore, the two novel plasmonically-enhanced IR microsystems, enabled by the
high performance MIM IR absorbers, are also presented: multispectral resonant IR detectors and
zero-power micromechanical photoswitches. The optimized ultra-narrowband MIM IR absorbers
are proven to be the ideal candidates for the implementation of such new class of multispectral
IR microsystems with the unprecedented performance beyond what the existing technologies can
achieve.
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Chapter 1

Introduction

Electromagnetic (EM) wave absorbers refer to the materials that convert the incident EM
waves into different forms of energy such as heat or electrical currents. In other words, they suppress
reflection, transmission and scattering of the incident waves while maximizing the absorption within
the absorber by means of high intrinsic loss or proper engineering of optical properties. Depending on
the region of EM spectrum in which the peak spectral absorption band is located, EM absorbers can
be categorized accordingly into different regions of operating wavelengths. The earlier development
of EM absorbers have been mostly focused in the RF regime (3kH z ~ 300G H z), due to the large
demand in the applications such as communications and military defense. THz absorbers operate in a
higher frequency regime (0.3 ~ 37 H z) and are actively employed in the medical applications such
as non-invasive alternative to X-ray imaging as well as in the homeland security applications where
THz waves are used to deect concealed weapons underneath garments. In visible regime, camouflage
technology based on cloaking devices and visible EM absorbers is an exciting research of interests to
many scientists.

This thesis mainly focuses on the applications and the current state of technologies op-
erating in the IR regime. IR radiation (0.3 ~ 4007 H z) absorbers have a very broad application
field including thermal imaging, chemical spectroscopy, and energy harvesting. Due to the wide
spectrum of IR regime, design of an IR absorber is very application-specific depending on the spectral
region of operation. In this thesis, specific kinds of IR absorbers known as metal-insulator-metal IR
absorbers are discussed in depth. The proposed absorbers are capable of absorbing MWIR waves
with a very high spectral resolution and near-unity absorption. The applications of minaturized
IR spectroscopy and zero-power micromechanical IR digitzers enabled by the unique absorption

properties of MIM IR absorbers are also presented. In Chapter|[I] introduction and background of
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metamaterial infrared absorbers are presented. Next, design and optimization of MIM metamaterial
IR absorbers are presented in Chapter 2] In Chapter 3] the two novel IR microsystems with integrated
MIM IR absorbers are presented: multispectral resonant IR detectors and zero-power IR digitizers
based on micromechanical photoswitches. Lastly in Chapter 4] conclusions and discussions of the

impact and outlook of the proposed devices are presented.

1.1 Infrared Absorbers

IR absorbers can be categorized into different types based on their working wavelengths,
bandwidths, or absorption physics. The brand spectrum of wavelengths in IR regime is subdivided
into several regions and a variety of application exists in each spectrum range. The SWIR regime
(A = 0.8 — 1.5um) is closest to the visible spectrum and therefore has the shortest IR wavelengths.
Free space optical communications take advantage of the near infrared waves, due to the low
attenuation in waveguides such as fiber optics. Energy harvesting is also a widely-explored application
which captures the available EM energy such as from the sunlight, whose peak emission is in the
NIR SWIIR regime, to generate useful electrical energy. The MWIR (A ~ 2 — 8um) and LWIR
(A = 8 — 20pm) are widely exploited for gas spectroscopy and thermal imaging. The MWIR and
LWIR regions are also known as the chemical fingerprint regions where chemical IR spectroscopy
take advatange of the strong absorption and emission peaks due to the molecular level rotational and
vibrational resonance modes of various chemicals. Thermal imaging exploits the EM radiation from
warm objects whose peak EM emission is located in LWIR regime.

IR absorbers can be further categorized based upon the physical mechanism of the IR
absorption. Bulk IR absorbers are typically single-stack material IR absorbers that exploit the intrinsic
loss properties. For instance, many dielectric materials exhibit high LWIR absorption due to the lattice
phonon vibrations in LWIR regime (e.g., SiO2, VO,, or SigN4). They are typically characterized
by thickness-dependent absorption properties and broad absorption bandwidth, which are useful
when a large amount of energy needs to be absorbed (e.g., energy harvesting) or the characteristic IR
signature is inherently broadband (e.g., thermal imaging). On the other hand, engineered absorbers,
such as Dallenbach or Salisbury absorber, can be classified as resonant absorbers since they are
designed to resonate at a particular wavelength of interests and enhance absorption significantly in
that specific spectral band [1,2]]. In particular, plasmonic and metamaterial absorbers whose effective
surface impedance is artificially engineerd to match the impedance of free space have been recently

developed thanks to the recent advancement in micro- and nano- fabrication techniques to realize
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sub-wavelength scaled structures. Such IR absorbers typically exhibit nearly perfect absorption
efficiency with narrow absorption bandwidths while maintainig the ultra-compact form factor. The
advancement of such unique plasmonically-enhanced IR absorbers have opened up a new class of

applications and is discussed in detail in the following sections.

1.2 Metamaterials

The field of metamaterials is a research area focusing on developing materials with ex-
traordinary optical characteristics that are not found in nature by tailoring the effective electric and
magnetic response of engineered materials. These materials consist of carefully-designed patterns
that are usually arranged in a periodic manner much smaller than its working wavelength. The
properties of the metamaterials can be tailored precisely to control the impinging electromagnetic
waves in different ways such as steering, redirecting, focusing, absorbing, and reflecting. Such
precise control of EM waves have been demonstrated for EM clocking, perfect absorbers, energy
harvesting, and imaging beyond diffraction limit. Negative refractive index metamaterials, also
known as left-handed metamaterials, is one of the most well-known examples of metamaterials
which take advantage of artificial electric and magnetic resonance (electric permittivity, € < 0,
and magnetic permeability, p < 0, respectively) to realize a negative refractive index [3,4]]. Such
discovery resulted in a new class of applications such as flat lens, invisibility, and beyond-diffraction
imaging. Another type of metamaterials are high impedance surfaces, consisting of layers of metal
and dielectric thin films whose geometric shapes and dimensions are precisely controlled to exhibit
desired properties such as phase shifting and frequency selective responses. [3]]. In particular, when
the effective surface impedance of a high impedance surface matches to the free space impedance,
one can achieve perfect absorption at the specfic wavelength [6]. These metamaterials are commonly
referred to as metamaterial perfect absorbers, and have been demonstrated in a wide electromagnetic

spectrum range from microwaves to optical regime.

1.3 Metamaterial Electromagnetic Absorbers

Electromagnetic perfect absorbers, in particular, have been investigated for a long time, for
various applications including wireless communications, thermal emitters, sensors, photodetectors
and photovoltaic structures. In an electromagnetic absorber, reflected and transmissited power are

minimized, and for most cases, the incident light turns into heat, which could also be further used
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to harvest energy in another energy domain. Unlike other metamaterial-enabled devices where
losses are generally to be avoided, metamaterial absorbers take advantage of such loss, which
mainly arises from a finite resistivity of metal or dielectric loss in the system. The metamaterial
absorbers, if designed properly, can be applied in almost all electromagnetic regime, including radio
frequency (RE) and microwave [7-9], THz [10+14], infrared [15H18]], and visible [19-21]]. Although
many metamaterial-enabled EM absorbers are characterized by near-perfect absorption, there exist
criteria that need to be considered when designing application-specific metamaterial absorbers, such

as bandwidth, angular acceptance, and polarization sensitivity.

1.3.1 Working Frequency Bands

As mentioned above, metamaterial absorbers of diverse kinds have been explored to
achieve high absorption in wide electromagnetic spectrum from RF to visible. One of the differences
when designing metamaterial absorbers at different frequency regimes is the origin of loss that
dominates the absoprtion. For instance, the eariler demonstration of metamaterial absorbers exploits
dielectric loss associated in the split ring resonators and a cut wire separated by a dielectric layer
to achieve 88% absorption at 11.5 GHz [22]. On the other hand, at higher frequency regime,
Ohmic loss from metal layers start to dominate. While the microwave absorbers are mainly used
in RF wireless communication applications [23[], the higher frequency regime in THz, IR, and
visible range can be useful for imaging and sensing applications. Since the size of the metamaterial
structures are largely dependent on the operation wavelengths, the fabrication techniques also
depend on the working spectral range. For instance, standard optical lithography techniques on a
printed circuit board or a wafer-level substate can be used for metamamaterilas in low frequency
regime, as the critical dimension of the standard optical lithography is much smaller in micro and
nanometer scale. However, this prevents the use of conventional photolithography techniques to
fabricate electromagnetic absorbers in higher frequency regime such as IR or visible. Recently, the
advacement of nanofabrication techniques such as electron beam lithography and nano-imprinting
techniques allow for the fabrication of sub-micron scale metamaterial absorbers in IR [[17,24-29]

and visible [30] regimes.

1.3.2 Angle and Polarization Stability

Depending on the applications, angular response and polarization sensitivity are important

characteristics of a metamaterial absorber. Metamaterial absorbers based on de-localized plasmons,
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for instance, can be used for sensing applications and are typically characterized by small accep-
tance angle and polarization dependent absorption. On the other hand, wide acceptance angle and
polarization insensitivity can be used to greatly enhance the absorption efficiency. In fact, both the
acceptance angle and polarization sensitivity of the absorbers play a significant role in maximizing
the total absorption, especially for non-invasive standoff chemical sensing applications, where the
chemical compounds are inherently spread over a wide field of view with arbitrary orientations of

molecular structures, resulting in random incident angles and polarizations.

1.3.3 Bandwidth

The bandwidth requirements for metamaterial absorber are also largely dependent on the
applications. In the fields of photovoltaic devices such as thin film solar cells or thermo-photovoltaic
systems, broadband absorption is preferred and the typical way of implementation to efficiently
harvest available energy [31]]. Solar cells, which take advantage of surrounding electromagnetic
energy that is mostly available in visible spectrum prefer wide-angle polarization independent
electromagnetic absorbers with wide bandwidth spanning as wide spectrum as possible [32]]. On
the other hand, for the applications of multi-spectral imaging or chemical sensing where spectral
contents become of an important information, narrower absorption bandwidths become particularly
important. In fact, many metamaterial absorbers that rely on the electromagnetic resonance inside
the system exhibit narrow absorption bandwidths. The achievement of high absorptance in a narrow
spectral band is particularly important for IR spectroscopy, since multiple chemical species may
exhibit strongly confined spectral emission/absorption bands closely located to each other (e.g.,

Ao = 4.25um, 4.5um, for carbon dioxide and nitrous oxide, respectively).

1.3.4 Device Fabrication and Integration

Although conventional printed circuit board fabrication methods can be used to fabricate
metamaterial absorbers for relatively low frequency such as in RF wireless communication systems,
special techniques are required for shorter wavelength regime, such as THz, infrared, or visible
frequencies. This is due to the inherent scaling of the metamaterial structures proportional to the
wavelengths of operation. In other words, the metamaterial absorbers in higher frequency may
require patterning of sub-micron nanostructures whose critical dimensions are much smaller than
what the conventional photolithography techniques can achieve. Yet, the recent advancement of micro

and nanofabrication techniques including electron-beam lithography and thin film deposition have
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allowed for a reliable and repeatable production of sub-wavelength features. Furthremore, due to the
compatibility with micro and nano fabrication techniques and the inherently small sub-wavelength

form factor guarantee the semaless integration with the existing photonic microsystems.

1.4 Metamaterial Infrared Absorbers

Metamaterial IR absorbers, in particular, have allowed for the miniaturization of the con-
ventional IR-enabled devices thanks to the ultra-thin form factor and compatibility with standard
micro and nano fabrication techniques. Furthermore, the lithographically defined peak absorption
wavelengths and narrow absorption bandwidths are the ideal characteristics for realiznig multispectral
absorber arrays that are monolithically integrated on the same chip. A number of recently proposed
metamaterial IR absorbers exploit strong surface plasmon (SP) resonances at metal-dielectric in-
terfaces to demonstrate distinctively narrow absorption bands suitable for high spectral resolution
spectroscopic applications, while maintaining high absorptance and lithographically tunable spectral
absorption bands in a subwavelength form factor [33439]]. Nevertheless, many of the aforementioned
devices rely on the excitation of de-localized SPs, which are inherently dependent on a fixed accep-
tance angle and dependence on polarization. Such constraints significantly lower total absorption
compared to the bulk material counterpart, making them unable to meet all the stringent requirements
suitable for miniaturized multispectral IR systems. On the otherhand, the localized surface plasmon
absorption allows for 2-dimensional plasmon excitation and the design of four-fold symmetrical
nanostructures, which translate into wider acceptance angle and polarization insensitivity, which
increase absorption efficiency overall. The most common type of metamaterial IR absorbers enabled
by localized plasmons is metal-insulator-metal (MIM)) IR absorbers which can efficiently couple
to the incident IR radiation via strong electric and magnetic resonances inside the cavity. Indeed,
the MIMI IR nanostructured absorbers are characterized by lithographically controlled tunability
of the absorption wavelength and near-unity absorption with litttle contraints on angle or polariza-
tion [[40545]]. In this context, the MIM IR absorbers are the ideal candidates for the implementation
of compact IR spectroscopic microsystems. In this thesis, the design and characterization of MIM IR

absorbers are discussed in detail in Chapter 2] and Chapter 3]



Chapter 2

Design of Metal-Insulator-Metal

Infrared Absorbers

The MIMIIR absorbers have been studied and employed in a variety of applications due
to their unique characteristics of lithographically-controlled absorption wavelengths and near-unity
absorption with little constraints on angle and polarization [46-51]. MIM IR absorbers adopt a similar
structural configuration as the artificial metamaterial with magnetic response reported by Zhang et al.,
in that they both consist of an array of two parallel layers of metallic structures separated by a thin
dielectric gap [52]], which induces the effective electric and magnetic responses that are different from
the bulk-state materials. Differently from [52], one of the metallic layers in MIM IR absorbers is an
un-patterned optically thick continuous plane, which suppresses any transmitted power of incident IR.
MIM IR absorbers achieve the near-unity absorption via a finite loss associated with the 2-D localized
SPs excited in the tri-layer geometry consisting of an array of plasmonic nanostructure and the ground
metal layer separated by a subwavelength thick dielectric spacer (Figure [2.1)). Furthermore, the
strong 2-D plasmon excitation of 4-fold symmetric nanostructures ensure a response with minimal
constraints on the property of incident IR waves (i.e., angle and polarization), while maintaining
spectral selective near-unity absorption [53]]. Surely enough, these characteristics have made these
absorbers the ideal candidates for a new class of plasmonically-enhanced IR sensing microsystems,
such as spectrally selective microbolometers, nano/micro- electromechnical (N/MEMS) resonance
IR sensors, solar cells [46]], refractive index sensors [54-56]], thermal sensors [51},/57,/58]], surface-
enhanced spectroscopy [59]], and optically-actuated micromechanical photoswitches [47,/48].

Nevertheless, there has been no experimental realization of ultra-narrowband MIM IR
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Dielectric spacer
(200 nm SiO,)

Figure 2.1: Schematic of MIM IR absorbers with cross-type nanostructures. The inset shows a
cross-section of the MIM IR absorber highlighting the try-layer material stack.

absorbers specifically tailored for high resolution multispectral IR spectroscopy. In fact, early reports
have shown full-width at half-maximum only as narrow as ~ 15% using MIM IR absorbers
with suitably shaped nanostructures (e.g., square or circularly patches, holes, or crosses), which
fall short from the required spectral resolution for IR spectroscopy [41,/44L[60]. This limitation is
attributed to the absence of analytical tools that capture the physics of the system with respect to the
parameters defined by the constituent materials and geometry.

Although a recent report by Lochbaum et al. highligths a narrower FHWM (< 5%), such
performance increase was not guided by a generalized analytical design method that directly relates
absorption properties to the characteristic parameters (i.e., geometric dimensions and materials)
of MIM IR absorbers, which is particularly important when designing an absorber with specific
process constraints, such as lithography limits or material compatibility [26}61]. In fact, many
analytical models reported to date fail to investigate absorption, spectral bandwidths, and resonant
wavelengths of the MIM IR absorbers in a concise and accurate form [28/[411/43/[62H65]. In this
chapter, a modified lumped equivalent circuit model for MIM IR absorbers is presented. The proposed
analytical model can be used to investigate absorption, spectral bandwidths, and peak absorption
wavelengths simultaneously in a concise form of spectral absorption response that could dramatically

enhance the design and understanding of MIM IR absorbers.
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2.1 Metal-insulator-metal IR Absorbers for Spectroscopic IR Sensing

The MIM IR absorbers consist of an array of subwavelength nanostructures and a con-
tinuous ground plane separated by a thin dielectric spacer. Although the nanostructures in the
thesis are chosen to be 4-fold symmetric cross-shaped structures for polarization insensitivity and
better field confinement, other arbitrary structures such as square and circular patches have been
demonstrated in the past. The thickness of the continuous ground plane, placed a subwavelength
gap away from the nanostructure array, is set to be optically thick so that the transmitted power is
suppressed while sustaining the plasmonic resonance in the absorber. When the electromagnetic
waves in a specific spectral band impinge on the absorber, the electric dipole resonance is excited
by the array of nanostructures, inducing an antiparallel current in the ground layer via plasmonic

coupling within the subwavelength dielectric gap (Figure 2.2)).

(b)

Figure 2.2: Simulated color maps of MIM IR absorbers with cross-shaped nanostructures. The elec-
tric and magnetic fields of the incident waves are polarized along the x-axis and y-axis, respectively.
(a) The electric field intensity (| E'|) from the top view and (b) the magnetic field intensity (| H|) from
the cross-sectional view of a unit cell at the peak absorption.

The key properties of metamaterial IR absorbers include (1) absorptance, (2) bandwidth,
(3) acceptance angle, and (4) polarization dependence. The absorptance is an important figure of
merit for all IR absorbers and is used as a measure of how efficiently they absorb the delivered IR
power. The MIM IR absorbers, in particular, are commonly referred to as ‘perfect IR absorber’
due to its near-unity absorption characteristic (1 &~ 100%) as many have reported. The absorption
bandwidth of IR is a measure of spectral selectivity around peak absorption wavelength. It is
commonly expressed in terms of the spectral distance between the two points where half of maximum

absorption are located (full-width at half-maximum). Typically, non-resonant bulk absorbers exhibit
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a wide bandwidth and are preferred when maximizing absorbed electromagnetic energy regardless
of the spectral signatures is of the most importance (such as photovoltaics for energy harvesting
applications). MIM IR absorbers, however, rely on the resonance of the electromagnetic waves
in the plasmonic nanostructures and the subwavelength dielectric gap, and exhibit much narrower
spectral bandwidths. Such absorbers with narrow spectral bandwidths are crucial for the applications
where high spectral resolution is required to discriminate EM waves in a specific spectral signature
of interests, such as mult-spectral imaging or spectroscopic sensing applications. The acceptance
angle of the metamaterial absorbers determines the range of incident angles at which the absorber
maintains a relatively high absorption without much degradation in absorptance or shift in peak
absorption wavelength. Certain spectroscopic sensing devices based on surface plasmon resonance
rely on excitation of angle-dependent surface plasmons on a grating surface; and they take advantage
of such dependency on acceptance angle as it also directly relates to the spectral selectivity of the
system. When it comes to other applications such as stand-off chemical detection, energy harvesting,
or absorption spectroscopy, it is crucial to absorb as much of the impinging radiation as possible
from a large solid angle. Furthermore, the sensitivity and efficiency of such systems are affected
not only by the acceptance angle of the absorbers but also from the polarization of incident waves.
Although certain applications such as optical communications may take advantage of polarization
dependent absorption, absorption of incident IR of any arbitraty polarization is preferred to maximize
the overall absorption efficiency. MIM IR absorbers can be designed to be insensitive to both angle
and polarization of the incident waves, making them suitable for the implementation of a new class

of compact, power-efficient, and spectrally selective IR detectors.

2.2 Analytical models

A thorough understanding of physical phenomenon in the MIM IR absorbers is crucial
when designing application specific high performance absorbers. In this context, an accurate analyti-
cal modeling of the MIM IR absorbers is useful since it translates a complex absorption mechanism
into a simpler form for easier analysis and study. In addition, such analytical models can serve as an
accurate optimization design tool without the need of time consuming numerical computation. Un-
fortunately, many analytical models proposed to date fail to provide all the characteristic absorption
properties such as absorption wavelength, absorptance, and absorption bandwidth simultaneously
with deep understanding of comprehensive geometric parameters. Previously proposed models such

as the interference theory, standing wave resonance model, for instance, explain the absorption

10
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via multiple reflections in the dielectric spacer and calculate the absorption induced by dielectric
loss; however, the model does not give insights to the geometric configurations of the plasmonic
nanostructures or the electric dipole resonance between them [[62},66,67|]. On the other hand, the
electrical circuit analogy attempts to interpret the plasmonic absorption as RLC resonance inside the
system and the associated loss (Ohmic and dielectric losses). This is a powerful technique in that
accurate modeling of the effective surface impedance via equivalent resonance circuit can be used in
the transmission line theory to compute the absorption spectral response, allowing for the analysis
of all absorption characteristics simultaneously. In this section, a new lumped equivalent circuit
model is presented that is capable of accurately predicting the effective impedance and the spectral
absorption response of the MIM IR absorbers via simple impedance matching theory. Sakurai et al.
first proposed an RLC equivalent circuit model to describe the magnetic response of the MIM IR
absorbers [63/64]. It provides a helpful understanding of the MIM IR absorber, such as the location
of peak absorption wavelengths. The single RLC resonance branch, consisting of lumped circuit
elements as functions of width, length, and dielectric spacing, is capable of predicting the peak
wavelength of an arbitrary MIM IR absorber. Nevertheless, the model lacks capability to generate
spectral response of absorption in which one can analyze the peak wavelength, absorptance, and
bandwidth of a given MIM IR absorber simultaneously. I attribute this shortcoming to the absence of
the off-resonance reactance from capacitive coupling between neighboring unit cells. The modified
circuit model proposed here models the additional reactance and provides accurate description of
the effective impedance of the absorbers. It can be further utilized in the transmission line and its
impedance matching theory to predict the condition for critical coupling and conjugate impedance
matching that leads to a strong absorption. To validate the lumped equivalent model and design

optimization, the results are directly compared with the experimental results in Chapter 3]

2.3 Equivalent Circuit Model

The modified lumped equivalent circuit (Figure [2.3)) consists of the periodic capacitance
(C'p) in series with an additional RLC circuit branch which models the magnetic dipole resonance.
While C'p contributes to the electric dipole resonance and the out-of-resonance impedance level,
the near-field coupling of localized plasmons and current loop are described in the magnetic dipole
branch. C'p originates from the capacitive coupling between neighboring cross-shaped nanostructures,
and is approximated by the capacitance between two neighboring wires [68]]. The magnetic

dipole branch consists of a pair of mutual and kinetic inductance (L,, and L) and gap capacitances
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CHAPTER 2. DESIGN OF METAL-INSULATOR-METAL INFRARED ABSORBERS

Figure 2.3: The lumped equivalent circuit model for MIM IR absorbers. (a) Cross-sectional view
of the MIM IR absorber with lumped equivalent circuit model. (b) Transmission-line model of the
MIM IR absorber.

(C) as well as the resistances of two metallic layers (). In this thesis, gold is used for both top
nanostructures and the ground plane. L, and C,, take the forms of (2.2) and (2.3)), respectively,
where £o(~ 8.854 x 10712F/m) and po(= 47 x 107 H/m) are permittivity and permeability of
free space and ¢, is the relative permittivity of silicon dioxide . Note that ¢(= 0.4 ~ 0.5) is a
constant appropriately chosen to take the fringe effect of the capacitance and non-uniform electric
field distribution into consideration (Figure 2.3.2) [[63,/64]. The values of the effective lumped
elements, determined using quasi-static considerations, are

a

Cp = meo (2.1)
2(A—b 2(A—b)\ 2
1 tozb
L, =~ 22
2#0 a (2.2)
b a
Cm = CEoé’ozéE (23)

The above quasi-static expressions for the lumped elements assume waves impinging at
normal incidence. Nevertheless, they can be expressed for an oblique incident angle by replacing

the geometric dimensions (A — b and %,,) with effective parameters (Section @) R and Lj in
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CHAPTER 2. DESIGN OF METAL-INSULATOR-METAL INFRARED ABSORBERS

the magnetic dipole branch arise from the real and imaginary part of impedance of the gold layers,
respectively. Represented as an inductor in lumped circuit analogy, kinetic inductance of the gold
layers models the phase delay in high frequency current flow, induced by the finite inertia of charge
carriers in a conductive material (i.e., Au). This phenomenon is effectively described in the Drude
conductivity model (2.4) as a function of DC conductivity (cp¢), angular frequency (w), and

relaxation time (7).

o
@) =14 (24)

In the Drude model, conductivity of a metal at high frequency regime is described as
frequency dependent complex values, in which the real and imaginary parts contribute to the resistive
and inductive components, respectively. That is, the impedance of the gold cross-type nanostructures
is divided into two parts (real and imaginary parts) to form R, and Ly, . as lumped circuit elements

as shown below (2.3).

Z = =
T aday oay(w)  aday

/ / .
vl b (1;}% g(:i;iﬂ = Re+ jwL, 2.5)

The kinetic inductance of a conductive material can be derived in an alternative way, by
equating its kinetic energy (Eginetic = %ME) and magnetic energy (Epagnetic = %Lkl 2). Here,
M is the total mass of the charges and v is their velocity. The kinetic energy of gold cross-type
nanostructures, therefore, can be expressed explicitly in terms of the geometric dimensions (a, b, d 44,),

electron mass (m.), density (n), and charge (e) (2.6). Note that w,, denotes the plasma frequency of

gold and is written as w), = 4/ nﬁfzo Following the methods discussed above, one can express Ly, .
and R, of the cross-type absorbers as shown in (2.8]) and (2.9).

1 1 I 21/ 0 1
Elinetic = =Muv? = = ad) [ ———— ) == — ) I? 2.6
kinetic = 500 2 (mena Au ) <a5Aubne) 2 (aéAu wg»so) 2.6)
1
Ernagnetic = iLk,CIQ (27)
v 1
Lie=————5— (2.8)
ad Ay WyED
b1
R, = < (2.9)
a(sAu 0 Au

Note that o’ is the effective length of the cross nanostructures (b’ = ¢’ x b), which is

smaller than the designed length due to the uneven current distribution as shown in Figure[2.4] The
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correction factor ¢’ is approximated to be ¢ = 1 — ¢, which is related to the non-uniform electric
field distribution. Ry and Ly, , for the continuous ground plane can be derived in the same manner
(2.10) and 2.11). However, the current distribution in the ground plane is different than that of the
cross-shaped nanostructure, so we approximate the effective width (a’) to be approximately half the
length (a’ = 0.5 x b) of a cross-shaped nanostructure for calculations of R, and Ly, 4. The plasma
frequency (w, ~ 27 x 2.183 X 1015rad/s) and relaxation time (74, ~ 12.4 x 10~ 1%5s) of gold
are obtained from Rakic, A. D. et al. and are used to calculate the penetration depth (6 4,,) and DC
conductivity (o 4,,) as described in (2.12)) and (2.13)), where A and « are the wavelength in free space
and the extinction coefficient of gold, respectively [73H75]].

D S EEE—

b'=c"Xb=(1—-c)xb

Figure 2.4: The effective geometric dimensions for the narrowband MIM IR absorbers. (a) The
color map of the current density and (b) electric field distribution from cross-sectional view. (c) The
color map of the current density in the continuous ground plane. The top nanostructure is outlined
as dashed lines for reference. The double arrows indicate the effective dimensions used for lumped
circuit elements.

b 1
Lp,=—— 2.10
b9 = 05004y 202 (10)
b 1
= 2.11
9 0.5b8 4, T Aw ( )
0Au = L (2.12)
2K
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O Au = EQWHTAY (2.13)

It is worth noting that all lumped circuit elements are expressed in terms of geometric
variables (a, b, t 4,andA) and material properties (€., wp, andra,,), which can guide the design and
optimization of the absorbers. Finally, based on a conventional transmission-line model to describe
the interaction with the impinging wave, we can calculate the absorptance (A) as A = 1R;,, where
Rin(= Tinl? = |(Zeross — 20) / (Zeross + Zo)|?) is the reflectance and Zo(= \/m ~ 37712) is the
impedance of free space. When the value of Z,.,s is close to the free space impedance (Z¢ross = Zp),
R;,, approaches zero, leading to near-unity absorption.

When designing the narrowband infrared absorbers for spectroscopy applications, the
capability to tune the peak frequency is an important property. In this section, we take advantage of
the modified circuit model to estimate the peak absorption frequency ( fpeak) in terms of the circuit
parameters. Note that the total impedance, Zcross = Reross(w) + J Xeross(w), 18 @ complex number
(Reross(w)and Xross(w) are the real and imaginary parts of Zgoss(w), respectively) and therefore
solutions do not necessarily exist when solving for Zeoss(w) = Zg =~ 377 + j0Q. Instead, we
equate the imaginary part of the total impedance to zero, i.e. X¢ross(w) = 0, to estimate the resonant
frequency. The total impedance of the cross-type absorbers can be written as below in Laplace
domain (s = jw), where Z. and Z,, are the impedance of electric and magnetic dipole branches,
respectively - (2.16). Note that inductances for the gold nanostructures (L, = Ly + Ly,) and
the continuous ground (Ly = Ly 4 + Ly, plane are combined in the equations for simplicity. The

real and imaginary parts of impedance of a cross-type absorber are plotted in Figure

Zcross<3> = Ze +Zm (214)
1
here Z.(s) = 2.15
where Z,(s) O (2.15)
3 mLCL 2 m LC L C m+tc 2LC 2 C
Zm(s):sc g +5°Cm (LeRg + LyRe) + 5 (CpuReRy + 2Lc) + 2R (2.16)

2+ 82Cp (Le + Ly) + sCp (Re + Ry)

To estimate the peak frequency, one can solve for speak = jwWpeak = J27 fpeak at which the
imaginary part of Zgss(w) equal to zero. The estimated peak frequency can be expressed in terms
of circuit parameters as below (2.17). The corresponding absorption spectrum is calculated using
transmission line theory (A = 1 — Rip = 1 — [Tin|? = 1 — [(Zeross — 20)/(Zeross + Zo)|? ) and
shown in Figure [2.5|for comparison. Note that with the right level of loss to support critical coupling

and conjugate matching, near unity absorption is achieved at the designed spectral band.
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Figure 2.5: The real (Ross) and imaginary (Xcross) parts of the circuit impedance (Zoss) and the
absorptance of a cross-type metamaterial infrared absorber. The peak absorption frequency of the
absorber is approximately equal to the resonance of the RLC equivalent circuit, i.e. Xcyoss| = Fpear N
0Q2 and R cross — |f:fpeak% 37742
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1 1 1 1

Uy . S . — 2.17
Toeak = o Cw (Le+ Ly) ~ 27\ Con (Li + L) @.17)

Although it is not feasible to obtain exact closed-form solutions in terms of circuit pa-
rameters for the FWHM using transmission-line theory, one can estimate FWHM by evaluating the
quality factor (Q) of the circuit (Q o< ReqCeq/Leq, Where Req, Ceq, and Leq are equivalent resistance,
capacitance, and inductance of the circuit, respectively). As shown in (2.18)) and (2.19), FWHM and
fpeak (derived in (2.17)) can be further simplified and expressed in terms of geometric and material

parameters of the cross-type absorbers.

Cp a

FWHM « R x
Ly, + Ly, TAu ln(A)

(2.18)

Crm (L + L)~ b

(2.18) indicates that one can achieve narrow FWHM by maximizing A while reducing the

[ peak X (2.19)

width (a). However, the upper limit of A is set by the wavelength of operation (i.e.,A < Apax =
Apeak/ (1 + sin@), where 0 < 6§ < 90°is the angle of incidence), for A exceeding the limit will
result in diffraction and the lumped equivalent circuit model is no longer valid [3,(76479]. Note
that this limit is more stringent (smaller Ap,x) at oblique incidence (# > 0), making the device
more susceptible to diffraction. Therefore, to ensure strong absorption over a wide acceptance angle,
we choose 6 = 30° for the upper limit of A (e.g., Apmax = 4 pm for Apeak = 6pm). Figure
shows that an absorber with a wider A reaching its limit of 4pm results in a significant improvement,
with up to 20% in selectivity. Furthermore, it implies that one can decrease FWHM by reducing a
(i.e., larger b/a), up to the point when the absorption starts to decrease due to impedance mismatch
(Zeross >> Zp with smaller a), which sets the limit of scaling for a. In other words, when designing
an optimized MIM IR absorber with a high spectral selectivity, both FWHM and absorption must be
considered simultaneously. Since fpeax can be independently tuned by b, there exists a set of A and a
at a given fpeax Which guarantees a narrow FWHM and a near-unity absorption. Indeed, the MIM IR
absorber with a larger periodicity (A = 4.0um) and a narrower width (a = 200nm) demonstrates
a significantly better spectral selectivity than the one with a smaller periodicity (A = 2.5um) and
a wider width (¢ = 1700nm) (Figure [2.6). I attribute this performance improvement based on
geometric optimization to the minimization of cross-talk (due to the excessive capacitive coupling)
between neighboring nanostructures (i.e. large A) and high length-to-width ratio (b/a) for strong

plasmonic coupling and field confinement. In fact, wider absorption bandwidths (FWHM ¢ 20%)
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have been commonly reported based on patch- or circular-type MIM IR absorbers, due to their
relatively narrow A and b/a ratio .
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Figure 2.6: Optimization of MIM IR absorbers for high spectral resolution spectroscopy. (a)
Calculated peak absorptance and FWHM with respect to the width and periodicity. (b) Comparison
of the calculated absorption responses of the two MIM IR absorbers with different width and
periodicity. The insets illustrate the geometric configurations of a unit cell for absorber A and
absorber B. The lateral dimensions of the absorber A (B) are as follows: b = 1900nm(1900nm),
a = 300nm(1700nm) and A = 4.0um(2.5um). (c) Calculated peak absorptance and FWHM with
respect to the width and length. (d) Calculated absorption responses of the lithographically-tuned
MIM IR absorbers with optimized geometric dimensions.

2.4 Effective circuit parameters for oblique incident angles

Although the above absorption calculation based on transmission-line model assumes

that the incident electromagnetic waves impinge at normal incidence (6ty = Ot = 0°), angular
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absorption response can be approximated by using the effective geometric parameters. For an oblique
incident angle, one may assume only the normal component of the incident waves contributes to the
absorption response. Since the normal component of the wave vector (k) with an incident angle
of #;, can be written as k| = kcos6;, we construct the effective geometric parameters for the gap
between neighboring cross-shaped nanostructures (A — b) and the dielectric spacer (tox) for different
polarizations. That is, for TM polarized waves, A — b in Cp is replaced with (A — b)/cosOm;
whereas for TE polarized waves, one can replace t,, with tox/cosfrg in L, and C, as follows.
Note that L,, and C,, for TM polarization (magnetic field is always parallel to the y-axis) and Cp

for TE polarization (electric field is always parallel to x-axis) remain the same as those of normal

incidence (2.20) - (2.22).

CprMm = Teo - (2.20)
In Q(Cot%fM) + <2<C(£‘95M)> -1
tOCL‘
1 ()
Linp = S0 “ aTE 2.21)

a

tOl‘
cosOrp

(2.22)

| o

Cm,TE = CE0€ozx
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Chapter 3

Experimental Results

3.1 Fabrication

In this section, I show the fabrication process for 12 ultranarrow bandwidth MIM IR
absorbers with lithographically-controlled peaks wavelengths on the same substrate. Each MIM
IR absorber consists of an array of cross-type nanostructures in 150 x 150 pm? fabricated on the
same substrate (p-type silicon wafer), with the lateral dimensions (a, b, and A) as the only variables
(Table[3.1). The geometric parameters of each absorber are optimized to exhibit narrowband (FWHM
=~ 3%) absorption. First, the ground plane is formed by electron beam (e-beam) evaporation of
titanium-gold-titanium (10-100-10 nm). The first titanium (Ti) layer is to promote adhesion between
the Si substrate and the gold (Au) ground plane, while the second Ti layer improves adhesion between
the Au ground plane and the subsequent deposition of dielectric spacer. The subwavelength dielectric
spacing is formed by deposition of silicon dioxide (S702) using a PECVD (Plasma Enhanced
Chemical Vapor Deposition) system. Next, lift-off-resist (LOR) and PMMA were spin-coated and e-
beam lithography was performed to expose PMMA and pattern the desired cross-type nanostructures.
It is worth noting that the two-material stack (LOR and PMMA) for patterning the nanostructure is
adopted to prevent sidewall residues during the lift-off process, which may deteriorate the absorption
selectivity (Section [3.2)). After exposing, PMMA is developed using a MIBK:IPA (1:3) solution,
followed by LOR development to form the desired undercuts. Finally, a 10-100 nm Ti-Au layer is
deposited via electron beam evaporation and LOR-PMMA stack was removed by soaking the sample
in photoresist remover at an elevated temperature. The cross-section schematic of the entire device

fabrication process is shown in Figure[3.1]
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Figure 3.1: Cross-section schematics of the device fabrication process. (a) 100 nm gold is evaporated
on a silicon substrate. (b) 200 nm silicon dioxide is deposited using plasma-enhanced chemical
vapor deposition systems. (c) Lift-off-resist (LOR) is spin-coated and baked at 200°C for 5 minutes.
(d) PMMA is spin-coated then exposed using an electron beam writing system. (e) PMMA is first
developed using MIBK:IPA (1:3) solution for 60 seconds; (f) then LOR is etched to create the
desired undercut using diluted TMAH-based developer. (g) 100 nm gold is evaporated. (h) Lift-off
of LOR-PMMA stack to pattern the cross-type nanostructures.

Sample number | Apeak (1m) | Width, a (um) | Length, b (1um) | Periodicity A (1m)
Absorber 1 4.27 150 1.3 3.0
Absorber 2 4.54 150 1.4 3.2
Absorber 3 4.89 200 1.5 34
Absorber 4 5.11 200 1.6 3.6
Absorber 5 5.36 200 1.7 3.6
Absorber 6 5.68 200 1.8 3.8
Absorber 7 5.83 200 1.9 4.0
Absorber 8 6.05 300 2.0 4.0
Absorber 9 6.27 300 2.1 4.0
Absorber 10 6.48 300 2.2 4.0
Absorber 11 6.63 300 2.3 4.0
Absorber 12 6.78 300 2.4 4.0

Table 3.1: Optimized lateral dimensions (a, b, and A) with respect to the measured peak absorption
wavelength (Apeak) of the 12 MIM IR absorbers for high spectral selectivity and absorptance
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3.2 LOR-assisted E-Beam Lithography

The patterning of top plasmonic structures requires different techniques depending on the
size of nanostructures (i.e., the peak absorption wavelengths of interests). In longer wavelength
electromagnetic spectrum (typically in long wave infrared (CWIR]), THz or higher), the size of
nanostructures is in the order of a few or hundreds of yum (5 100 um). For this reasons, conventional
optical photolithography systems based on ultra violet (UV) rays can be used to pattern such
structures. However, if the desired peak wavelengths are shorter than above (MWIR or shorter), the
size of plasmonic structures becomes smaller than the minimum achievable feature size by optical
photolithography due to the fundamental diffraction limit. Instead, electron beam lithography is a
widely-used nano-fabrication technique to realize smaller feature sizes that can not be achieved by
conventional optical lithography, capable of realizing nanometer-scaled resolution lithography (;10
nm) with an extremely high accuracy. For this reason, e-beam lithography is suitable and widely
adopted for patterning the sub-wavelength nanostructure shapes and dimensions in plasmonic and
metamaterial applications. E-beam lithography process to pattern such nanostructures is typically
accompanied by a lift-off or etching process of a thin film layer. Although the ease of characterization
led to the popularity of lift-off process especially in academic research settings, the unwanted residues
resulting from the lift-off process may degrade the performance for certain applications. The sidewall
residue (also known as ‘fencing’) on the nanostructures of MIM IR absorbers, for instance, could
result in increase of scattering of the impinging electromagnetic energy, hence lower absorption and
widening of absorption bandwidth. Therefore, careful characterization of e-beam lithography and
lift-off processes for the nanostructures of MIM IR absorbers is necessary for the application of high
absorption and spectral resolution spectroscopy.

The absorbers in this thesis are fabricated with the bi-layer lift-off process, which drasti-
cally improves the reliability and repeatability of clean fabrication of the top nanostructures. The
commercially available lift-off resist (LOR 3A) was spin-coated underneath the e-beam resist to
assist the lift-off process for clean sidewall minimizing the scattering effect from the edges of gold
nanostructures. It is worth noting that over-developing of lift off resist (LOR]) layer may result in
a collapse of LOR-poly(methyl methacrylate) (PMMA)) stack, especially when the nanostructures
are densely arranged. To avoid such problem, two step fabrication alterations were performed as
detailed in Figure 3.1} (1) increasing baking temperature of and (2) developing with diluted
tetramethylammonium hydroxide (TMAH]))-based developer. First, LOR3A is spin-coated at 4000
rpm and baked on a 200°C hot plate, followed by spin-coating of PMMAI 950K at 5000 rpm and
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baking on a 180°C hot plate. Next, PMMAlis exposed with e-beam and developed in methyl isobutyl
ketone (MIBK):isopropyl alcohol (IPA)) (1:3) solution for 1 minute. The [LOR]layer is etched in
a diluted AZ400K:DI water (1:1) developer for 4 miniutes. Flnally, the Ti-Au is evaporated and
patterned via lift-off in Remover PG heated at 80°C'. It is worth noting that the etch rate of [LOR]
was slowed down to 1nm per second, which enabled a precise control of the undercut for such
densely arranged nanostructures (Figure[3.2). The improved fabrication techniques indeed resulted
in enhancement of absorptivity as well as spectral selectivity. As a comparison, patch-type MIM
IR absorbers were fabricated using the single layer lift-off process (PMMA only) and the bi-layer
lift-off process (LOR-PMMA stack). As shown in Figure[3.3] there is a significant improvement
of LOR-assisted lift-off process, where the clean-fabrication of patch-type nanostructures allow
for consistently high absorptance as well as high spectral selectivity compared to the patch-type

nanostructures with uneven edges and residue from PMMA -only process.

Figure 3.2: Cross sectional SEM image of PMMA-LOR stack. The sub-micron (< 150nm) width
of LOR layer was realized with controlled etch of undercut.

3.3 Characterization

The reflectance spectra of the fabricated devices were measured using a Fourier transform
infrared (FTIR) microscope (Bruker LUMOS FTIR Microscope). A reference measurement of the
reflectance was first performed on the standard gold mirror. The raw reflectance measurements were
then performed on the fabricated devices and normalized to the reference measurement in order to

exclude atmosphere absorption. The size of knife-edge aperture was fixed at ~ 100 x 100.m? for
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Figure 3.3: Measured absorption spectra of the patch-type MIM IR absorbers fabricated with (a) the
single layer lift-off technique and (b) the bi-layer LOR-assisted lift-off technique.

both reference and device measurements. Absorption (A) was calculatedby A =1—-R—T ~ 1—R,
where R is the measured reflectance and 7' is the transmittance. The transmitted power is assumed to
be negligible (1" ~ 0), as the ground layer (100nm Au) of the fabricated absorbers is thicker than the
penetration depth (6 4, = 20nm) at the working IR wavelengths.

3.4 Full wave numerical simulation

In this thesis, the finite integration technique, using the commercial software, Computer
Simulation Technology (CST) Microwave Studio, was utilized to validate angular insensitivity as
well as to study field distributions of the narrowband MIM IR absorbers. A unit cell with the periodic
boundary settings was first constructed to simulate an array of the cross-shaped nanostructures.
The Drude model material parameters for gold are obtained from Raki¢, A. D. et al. and used for
the cross-shaped nanostructures and the continuous ground plane [[74]. The fitting parameters for
Brendel oscillator to model optical properties of silicon dioxide were obtained from Kischkat, T. et
al. [69]. The propagation direction of the waves is -z and both transverse electric (TE) and transverse
magnetic (TM) polarization were taken into consideration by setting electric field parallel to x-axis
and to y-axis, respectively Figure The absorptance of unpolarized waves (1unpolarized) Was

then calculated as Nynpolarized = (MTE + N7M)/2, Where nrg and 7y are absorptance of TE and
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TM polarized waves, respectively. To simulate the angular sensitivity of the absorbers, the angle of

incidence in the numerical simulation was swept from 0° to 70° with both TE and TM polarization

3.5 Results

The fabricated MIM IR absorbers via LOR-assisted e-beam lithography feature the residue-
free plasmonic nanostructures as shown in Figure[3.4] Thanks to such improvement in fabrication
technique, the absorptance spectra of the 12 narrowband MIM IR absorbers consistently demonstrate
high absorptance ( > 90%), narrow bandwidth (FWHM < 4%) with the peak absorption
wavelengths tunable in a wide MWIR region (Ao = 4 ~ 7um) (Figure[3.5)). Specifically, Figure[3.5
b highlights that an absorption bandwidth of only 180nm (FW HM = 3.1% at A\g = 5.83um), the
narrowest reported to date, and near perfect absorption (n > 99.7%) are simultaneously obtained,
while strong reflectance ( ~ 0%) is achieved in the out-of-band spectral region. It is also worth
noting that the lumped equivalent circuit model and the transmission line theory accurately predict
the spectral response of the absorber from which one can obtain the bandwidth, peak wavelength and
absorptance levels. The excellent agreement of measured peak absorption wavelengths and FWHM
between the experimental results of all fabricated devices and those obtained by the corresponding
modified circuit model is shown in Figure 3.6

To demonstrate the potential impact of the optimized ultra-narrowband MIM IR absorbers
for the development of high resolution and miniaturized IR spectrometers and multispectral imagers,
we examine the spectral selectivity of the proposed absorbers as well as their polarization and
angle sensitivity, specifically for trace gas sensing in MWIR. To highlight the capability of the
proposed optimized narrowband MIM IR absorber to address the most stringent spectral resolution
requirements for spectroscopy applications, the absorptance spectra of four optimized narrowband
MIM IR absorbers are compared with the normalized emission spectra of four heated gases taken
from HITRAN and NIST Chemistry WebBook (Figure [[80,81]]. The demonstrated ultra high
spectral resolution allows each absorber to fully capture the IR signature of interest while rejecting
the other densely located IR emissions. The calculated absorption spectra are also overlapped with
the measurement results of the fabricated devices to further highlight the accuracy of the circuit
model.

The polarization independence was experimentally demonstrated by measuring absorption
spectra upon transverse electric (TE), transver magnetic (TM)) and unpolarized (in the absence of a

polarizer) incident waves using polarizer in [FTIR microscope (Figure [3.8)). It is shown that there
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Figure 3.4: False colored [SEM|image of the ultra-narrowband MIM IR absorber. The inset is a
close-up image of a cross-shaped nanostructure, highlighting no-residue lift-off fabrication
process.
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Figure 3.5: Experimental demonstration of narrowband MIM IR absorbers. (a) The measured
absorption spectra of 12 narrowband MIM IR absorbers with lithographically tuned peak absorption.
(b) The measured absorption spectrum (black solid line) of a fabricated absorber (Absorber 7,
A = 4.0um, a = 200nm, and b = 1.9m) compared with the absorption spectrum predicted by the
modified circuit model (red dashed line). The inset highlights the ultra-narrow FWHM reaching its
theoretical limit of 3%.
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Figure 3.6: The experimental verification of peak wavelengths and FWHM of the 12 absorbers

predicted by the circuit model.
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Figure 3.7: Graphical demonstration of non-disruptive MWIR gas spectroscopy based on the
proposed narrowband MIM IR absorbers.
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is little change in the absorption spectra between the three different polarizations of the incident
IR, proving that the absorber is polarization independent. This is attributed to the 4-fold symmetric
cross-shaped nanostructures. Due to the limited range of incident angles set by the objective lens of
FTIR microscope (0 ~ 8 ~ 24°), the omnidirectional absorption is verified via equivalent circuit
model and numerical calculation using CST. The full-wave simulation reveals that more than 70%
absorption is maintained up to 60° of incident angle with little peak shift (AX < 5%) (Figure [3.9).
The demonstrated robust angular response of the absorber is therefore suitable for various standoff
spectroscopic sensing applications that the angle of incidence is not in a limited solid angle. It is
worth noting that the discrepancy observed in the angular dependency of the fundamental mode
between the simulation and the circuit model is attributed to the onset of evanescent mode at higher

incident angle, which is not predicted by the circuit model.

1.0
—— TE Polarized
————— TM Polarized
0.8+ —ememe Unpolarized

Measured Absorptance

Wavelength (um)

Figure 3.8: Demonstration of polarization insensitivity with the measured absorption spectra of a
fabricated MIM IR absorber with and without polarizer of FTIR microscope.
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Figure 3.9: Absorption color maps with respect to the angle of incidence and wavelengths obtained
by numerical simulation (a) and the modified circuit model. (b)
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Chapter 4

Plasmonically-Enhanced Multispectral

Infrared Microsystems

In the recent years of Internet of Things evolution, there has been increasing effort in
sensor miniaturization due to the growing needs to build large sensor networks. With the advance-
ment of micro and nanofabrication techniques, nano/micro electromechanical systems (N/MEMSI)
technologies have emerged as one of the best candidates to implement low-cost, miniaturized, and
high performance sensors. IR sensing technologies are not an exceptionthe state of the art N/MEMS
IR detectors are characterized by ultra-low noise IR detection and low power consumption in a form
factor much smaller than the bulk electronic counterparts. In fact, they have been the key technologies
for the high performance IR detector systems such as microbolometers, resonant IR detectors, and
so on. One of the key components in such N/MEMS IR microsystems is a highly IR-absorbing
material compatible with micro and nano fabrication. Although many bulk IR-absorbing materials are
characterized by high absorption in IR regime, the absorption performance is inherently dependent
on the intrinsic material properties. On the other hand, plasmonic IR absorbers such as MIM IR
absorbers provide IR absorption characteristics that can not achieved by the bulk IR absorbing
materials, as they feature lithographically defined spectral selectivity, near-unity absorption with
polarization and angle insensitivity in a subwavelength thickness form factor. In this section,the two
N/MEMS IR detector technologies that exploit the unique characteristics of plasmonic absorbers
are presented: (1) spectrally selective aluminum nitride (AIN) resonant IR detectors; (2) zero-power

micromechanical IR photoswitches.
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4.1 MEMS-CMOS Multispectral Infrared Spectroscopic Sensors

In the past decade, IR spectroscopy has become a key technique in laboratory environments
for accurate and non-disruptive analysis of chemical composition [82]. More recently, there has been
a growing demand for exploring such IR spectroscopy technique beyond the traditional laboratory
settings. In fact, the on-going trend in sensor development toward compact size, power efficiency,
and reliable measurement has accompanied the increasing effort to implement ultra-miniaturized IR
spectrometers, in lieu of the conventional IR spectrometers that are bulky, costly and power inefficient.
The implementation of compact IR spectrometers can enable fast and accurate chemical composition
analysis on-the-go, allowing for the IR spectroscopy technique to be easily accessible in diverse
applications such as mobile food quality analysis and on-the-spot security screening. In this section,
the first complete prototype of an ultra-miniaturized (total chip area ~ 1.53mm? multispectral IR
chemical sensing microsystem comprising an array of plasmonically-enhanced MEMS IR detectors

and a complementary metal oxide semiconductor (CMOY)) IC readout is presented.

4.1.1 Spectrally Selective AIN Nano-Plate Resonant IR Detectors

One of the key elements for such miniaturized IR spectrometers is a high performance
multispectral IR detector array with a chip-scale form factor and IR detection performance on par
with the conventional uncooled IR detector technology. In this context, resonant IR detectors are
the ideal candidates thanks to the fast response and high resolution enabled by their low noise
performance, high thermal sensitivity and the use of frequency shift as the output parameter for high
measurement accuracy [[83[]. N/MEMS resonant IR detectors exploit their unique electromechanical
resonant properties, whose natural resonance frequency is sensitive to the external perturbation, to
translate the absorbed IR energy into a measurable electrical read-out (resonance frequency shift).
The high quality (Q) factor resonance and efficient electromechanical coupling allow for ultra-low
noise performance, while significantly reducing the volume, cost, and complexity of the system.
[AINIresonant IR detector technology is particularly favored due to its unique advantages of volume
scaling and compatibility with CMOS for on-chip frequency read-out [[84,85]. In fact, an AIN
IR detector using silicon nitride as the dielectric IR absorbing material and a CMOS oscillator
for direct frequency read-out has been reported [4]. Nevertheless, the use of such broadband IR
absorbers prevents development of ultra-miniaturized IR spectrometers, as the system inevitably

needs additional elements such as lasers or filters for spectral analysis.
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The design of the IR absorber for such nano-plate resonators is particularly important since
the top plate surface where IR irradiation impinges on is mostly covered by an optically thick IR-
reflective material. The key design requirements for such IR absorbers include: (1) microfabrication
compatibility; (2) ultra-thin thickness; (3) high absorptance; and (4) minimum degradation of
electromechanical resonance performance. Furthermore, for stand-off IR spectroscopy applications,
maximizing absorption efficiency is crucial, which is closely related to the polarization and angle
dependence of the IR absorber. In this context, MIM IR absorbers are the ideal candidates in that they
feature near-unity absorption and high spectral resolution while maintaining angle and polarization
insensitivity. In fact, [86] has recently demonstrated the spectrally selective IR detectors based on the

monolithic integration of MIM IR absorbers on top of AIN MEMS resonators.

4.1.2 Design and Fabrication

The sensor consists of five densely-packed MEMS resonant IR detectors wire-bonded
to a CMOS read-out IC (Figure {.1). The CMOS IC includes a self-sustained oscillator and an
on-chip 3-bit decoder capable of addressing each detector through a switch bank [87]]. The core
element of the IR sensor is a thermally-sensitive AIN nano-plate resonator with an integrated nearly-
perfect plasmonic absorber with lithographically-defined absorption wavelengths in MWIR regime.
The resonant structures designed to vibrate at the same frequency are thermally-isolated from the
substrate by nanoscale metallic anchors. The absorbed IR power causes a large and fast increase of
the device temperature due to the high thermal resistance and extremely low thermal capacitance
of the freestanding nanomechanical structure. The IR-induced temperature rise leads to a shift in
the center frequency of the piezoelectric resonator due to its intrinsic temperature coefficient of
frequency (TCF), which is monitored via the high stability oscillator CMOS IC.

The MIM IR absorbers, consisting of a 100-nm thick silicon dioxide layer sandwiched
between the square-shaped nanostructure array and a ground plane, are integrated on the piezoelectric
resonant nano-plates. Each of the five absorbers is individually optimized to achieve maximum IR
absorptance in a specific MWIR band by lithographic tuning of lateral dimensions of the square-
shaped plasmonic nanostructures. Computer Simulation Technology (CST) was used to verify the
optimized absorption performance. The widths (w) and periodicities (A) of the five integrated
plasmonic nanostructures are listed in Table 4.1]

The multiplexed CMOS readout circuity was taped-out in the ON Semiconductor 0.5 — um

CMOS process. The proposed sensor was fabricated via a standard 4-mask microfabrication process
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Figure 4.1: (a) Circuit diagram of the Pierce-like multiplexed oscillator with the integrated 3-bit
on-chip decoder. (b) Image of the sensor consisting of the CMOS chip (area ~ 1.05mm?) and the
MEMS IR detector array (area ~ 0.48mm?).

for the MEMS resonant IR detector array with an additional electron beam lithography step for the
integrated plasmonic absorbers (Figure .2))). First, Pt interdigitated electrodes are patterend via
e-beam evaporation and lift-off, followed by depositon of AIN (a). The Pt top electrode, which
also serves as the ground plane for the MIM IR absorbers, is patterend via e-beam evaporation and
lift-off (b). Next, AIN and Si0O; are dry-etched (c); and gold probing pads are patterend via e-beam
deposition and lift-off (d). The gold square-shaped plasmonic absorbers are patterned via e-beam
lithography (e); and finally, the resonators are released by X eF5s dry etch (f). The fabricated MEMS
IR detector array has a ultra-compact footprint of ~ 0.48mm?, thanks to the monolithic integration

of the multispectral MIM IR absorbers (Figure [4.3)).

Sample number | Measured Apeak (m) | Width, w (um) | Periodicity, A (um)
Absorber 1 33 0.8 1.5
Absorber 2 3.7 0.9 1.5
Absorber 3 4.4 1.1 2.2
Absorber 4 5.0 1.3 2.2
Absorber 5 5.7 1.5 2.2

Table 4.1: Lateral dimensions of the five integrated plasmonic absorbers.
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Figure 4.2: Microfabrication process of the MEMS detector array.

—_—— e — e —— — — — — — —;

| 50nm AU ® 100nm SIO,
| ® 70nm Pt B 500nm AIN |

—_—_——— e —_——— — — —

Figure 4.3: Scanning electron microscopic image of the IR detector array. The yellow inset shows
a close-up view of the patch-type nanostructures of plasmonic absorber. The red inset shows a
cross-section of an IR detector.
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4.1.3 Experimental Results

The electromechanical performance of the fabricated MEMS resonant IR detectors was
tested using an Agilent E5071 network analyzer. The admittance curve is fitted to modified
Butterworth-Van Dyke (MBVD) model to extract equivalent electromechanical circuit pararmeters
(Figure 4] The result shows a high mechanical quality factor (Q = 1778) and electromechanical cou-
pling coefficient (kto = 1.78%) at the expected series resonance frequency at (fs = 240.86M H z).
Furthermore, the intrinsically high temperature coefficient of frequency of the resonator (TCF = 29.5
ppm/K) was measured on a temperature-controlled RF probe station by sweeping the temperature

and monitoring the shift of resonance frequency (Figure 4.5)).
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Figure 4.4: Measured admittance curve of an AIN IR detector and its modified Butterworth-Van
Dyke model fitting.

The fabricated sensor was powered by a DC source (Vpp; = 1.79V) and its output signal
was monitored over time with Agilent 53230A frequency counter. Each detector in the array was
sequentially activated by the decoder to support self-sustained oscillation with a consistent output
frequency fs =~ 241M Hz. A low noise performance of the oscillator circuit (Allan devication
~ 7.4H z at the optimal gate time of 100 ms) was measured as shown in Figure {.5] leading to
an ultra-low detection limit (NEP ~ 402pW/H 21/ 2) (Fig. 4c). The low power consumption of
the prototpye (= 1.07mW) is measured by monitoring the current drawn from the power supply
~ 600uA.

The reflectance spectra (R) of the fabricated sensor was measured using a Bruker V70
Fourier transform infrared (FTIR) spectrometer coupled with a Hyperion 1000 IR microscope.

The absorptance spectra (A) of the fabricated devices were then calculated assuming a negligible
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Figure 4.5: (b) Measured TCF (~ 29.5ppm/K) of the AIN IR detector. (d) Measured Allan
deviation as a function of gate time, which corresponds to a noise-induced frequency fluctuation of
fn~ 2.34HZ/H21/2 at the optimal gate time (100 ms).

transmitted power through the 70 nm optically-thick Pt reflector A = 1R. The large spectral range in
MWIR (\g = 3 ~ 6um) was measured thanks to the monolithic integration of the MIM IR absorbers
with lithographically-controlled peak absorption wavelengths (Figure .6). It is worth noting that the
measured peak absorption wavelnegths show excellent agreement with the predicted peak absorption
wavelengths obtained by the modified circuit model presented in Chapter 2] The results also show
consistently high absorptance (1) up to 99.4% and a narrow FWHM down to 620 nm (Figure {.6).

The sensor was then placed inside a vacuum chamber and its frequency output was
monitored using the frequency counter. A calibrated blackbody at 600°C (mechanically chopped
at ~ 1H z) was used as the broadband IR radiation source. The sensor was illuminated with the IR
radiation transmitted through a 0.108 — mm thick zinc selenide liquid cell, containing either 100%
acetone or hexane, and the calcium fluoride IR window of the vacuum cahmber (Figure {.7).

The measured frequency shift of each IR detector in the array was normalized to that
induced by the IR radiation without liquid cell to remove the effect from the variation of IR power of
blackbody across the tested spectral bands (Figure [4.8). The IR-induced frequency shifts obtained
by the proposed sensor successfully capture the spectral characteristics of the chemicals measured
by the benchtop FTIR spectrometer. The demonstrated spectroscopic analysis in a significantly
miniaturized form factor based on the proposed technology clearly emphasize the potential capability

of the implementation of ultra-compact IR spectrometers.
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Figure 4.6: (a) Experimental verification of the lithographically tunable peak absorption wave-
lengths predicted by the equivalent circuit model. (b) Measured IR absorptance. Consistently high
absorptance > 0.93 and narrow F'W H M < 890nm were measured across the five fabricated IR
detectors.
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Figure 4.7: Schematic representation of the experimental setup. The sensor was placed inside a
vacuum chamber and its frequency output was monitored using a frequency counter.
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Figure 4.8: (a) Measured frequency shifts of the proposed sensor upon illumination of the IR
radiation transmitted through the liquid cell containing acetone or hexane. The measurement
uncertainty due to the output frequency instability is indicated by the error bars. (b) Measured
frequency shifts of the IR detectors with the 3.3um and 3.7pm IR absorption bands (black and red
curves, respectively).
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4.2 Zero-power Micromechanical Infrared Digitizer

Photoswitches detect presence of impinging light waves by converting the electromagnetic
energy contained in the light to the electrical energy which can be used to detect, quatify, or
anlayze the incident waves. They are used in a wide variety of applications including energy-
saving and security purposes in both commercial and residential environments. The passive infrared
(PIR) sensors, for instance, exploit pyroelectric materials such as gallium nitride (GaN), lithium
tantalate (LiT'aO3)to detect temperature change and generate voltage upon IR irradiation. However,
the intrinsic broadband absorption characteristic of such pyroelectric materials require external
components such as narrowband filters to distinguish spectral contents in the impinging IR radiation.
The spectral discrimination capability is especially crucial for the applications such as chemical
IR detectors where the incident IR contains specific spectral signatures. Furthermore, such PIR
sensors suffer from a limited sensor lifetime, which hinders the deployment of the sensors in a remote
or inaccesible areas where consistent maintenance is generally to be avoided. This is attributed
to the lack of integrated functionality that is capable of distinguishing a signature content from a
target of interests in standby without a need of active circuitry, resulting in always-on state of the
active detector regardless of the presence of the target of interests. In this context, the development
of low-power and compact IR detectors that drastically reduce the ‘idle power consumption is of
a particular importance, especially in the emergent era of Internet of Things where a number of
miniaturized sensors form a large and dense network. In this section, novel MEMS IR photoswitches
that consume virtually no power at standby by only harvesting the IR energy contained in the
spectral signature of interests. This built-in zero-power comparator function is realized via integrated
spectrally selective metamaterial MIM IR absorbers, whose peak wavelengths, absorptance, and
spectral bandwidth are lithographically controlled. The integrated MIM IR absorbers in the proposed
zero-power multi-spectral IR digitizer are designed to detect and discriminate IR signature of exhaust

gases coming out of a fuel-burning vehicle.

4.2.1 Design and Fabrication

The proposed IR digitizer is composed of 4 optically-actuated micromechanical switch
(OMS)s connected in a logic circuit (Figure {.9). Differently from existing switching elements,
the rely on a plasmonically-enhanced thermomechanical coupling to selectively harvest the
impinging optical energy in a specific spectral band of interests. The absorbed IR enregy is then used

to mechanically create a conducting channel between the device terminals without any additional
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power source, which directly translates into a zero-power consumption in standby (< 1fW). The
prototypes presented here are selectively triggered by the narrow IR spectral bands centered at
A =3.4,4.1,4.5, and5.6um targeting the detection of IR signature of 4 kinds of exhaust gases (i.e.,
CO,,CO, NO, and NO>). The demonstrated large and abrupt change in conductivity (ON/OFF
conduction ratio > 10'?) of the fabricated OMSs with an ultra-low switching threshold (~ 500n W)
and high reliability (> 6000 cycles recorded without failure) are suitable for the realization of a new
class of zero-power IR digitizers capable of producing a quantized output bit in the presence of a

unique IR spectral signature of interest.

Figure 4.9: Visual illustration of 4 OMSs operating at different wavelengths connected in series to
create a digital logic output.

The OMS consists of a pair of symmetric cantilevers, each composed of an IR-absorbing
(or reflecting) head and an inner and outer pair of thermally sensitive bimaterial legs separated by
a thermal isolation link as shown in Figure [#.10] [47]. The IR-absorbing head employs an MIM
IR absorber with square-shaped plasmonic nanostructures for narrowband MWIR detection. The
absorbed IR energy induces temperature rise in the inner pair of bimaterial legs and results in a
downward displacement of the cantilever, bringing a high-stiffness Pt tip into contact with the
opposite terminal. It is worth noting that the switch remains open until it absorbs IR energy in a
specific spectral range (defined by the integrated MIM IR absorbers), regardless of the change in
ambient temperature, thanks to the symmetric design of the two cantilevers. The sub-micron air
gap maintained in standby translates directly into essentially zero leakage current and zero-standby
power IR sensing. The 4 OMSs with different absorption wavelengths (A = 3.4,4.1,4.5, and5.6um
) were designed and fabricated using an 8-mask microfabrication process and e-beam lithography for

plasmonic nanostructures [47]]. Each integrated MIM IR absorber is optimized to absorb a specific IR
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band by the lithographically defined lateral dimensions (w, A) of the plasmonic patch nanostructures.
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Figure 4.10: (a) Schematic representation of an optically-actuated micromechanical photoswitch;
and (b) the SEM image of a fabricated optically-actuated micromechanical photoswitch. The inset
highlights the high-stiffness Pt contact tip maintaining a sub-micron air gap from the bottom electrical
contact.

4.2.2 Experimental Results

The absorption properties of fabricated devices were characterized showing high absorp-
tance values > 90% with narrow bandwidths (FW HM < 17%) (Figure . 11). The IR response of
the OMSs was tested using a calibrated blackbody IR source with filters centered at 3.5, 4.0, 4.5, and
5.75um. The delivered power levels through each filter were estimated based on calibrated power

density and absorber area at a given blackbody temperature. Figure [4.12]shows the measured current
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response of the 4 OMSs upon blackbody IR radiation with the 4 filters and broadband radiation
without a filter. The current was monitored while applying a constant bias voltage of 1mV for the
4.1,4.5,5.6um OMSs, and 10mV for the 3.4um OMS. The OMSs are designed to turn ON when
the absorbed IR energy is above the designed threshold (~ 1uW for the 3.4,4.1,4.5um OMSs and
~ 500nW for the 5.6pm OMS). The delivered power for the 1 W threshold OMSs to turn ON is
1.1 ~ 1.5uW; whereas the 500nW threshold device turned ON upon ~ 600nW of delivered power.
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Figure 4.11: The 4 fabricated patch-type MIM IR absorbers integrated in the OMSs. (a) SEM
image of the square-shaped nanostructures whose peak absorption wavelengths are individually
controlled via lithography. (b) The FTIR measured absorption spectra of the 4 MIM IR absorbers,
overlapped with the transmission spectra of the 4 optical filters centered at 3.5, 4.0, 4.5, and5.75um.
A consistently high absorption (1 > 90%) and narrow bandwidth (FW HM < 17%) were recorded.

Each device only turned ON when illuminated by its in-band IR radiation with a power
above the designed threshold, while it remained OFF when exposed to the same power but out-of-
band IR radiations. The digitized outputs of the 4 devices corresponding to in-band and out-of-band
radiations are summarized in Figure [4.13] The measured ON/OFF current (with a bias voltage of
1 and 10mV’) when exposed to chopped-IR radiation suggests a typical ON resistance of OMS
~ 2.6k€. A large ON/OFF conductance ratio > 10'2 was also verified by the measurement of
OFF-state leakage current (< 5 f A) of a fabricated OMS. The achieved switching threshold of OMS
is comparable to the one of the state-of-the-art IR wake-up switch, but the OMSs consume 9 orders
of magnitude less power in stand by (near-zero power consumption) and is characterized by spectral

selectivity and a significantly smaller form factor.
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Figure 4.12: Measured ON/OFF current of the 4 OMSs in response to IR radiation through the 4
filters as well as to a broadband (unfiltered blackbody radiation) radiation.
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3.4pm OMS 1 0 0 0 1
4.1um OMS 0 1 0 0 1
4.5um OMS 0 0 1 0 1
5.6pm OMS 0 0 0 L 1

Figure 4.13: The truth table of the 4-bit passive IR digitizer implemented by the four OMSs.
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Conclusion

In conclusion, this thesis presented the design and optimization of high performance
narrowband MIM IR absorbers, suitable for the implementation of multispectral IR sensing mi-
crosystems (Chapter [2] Chapter [3). In Chapter ] the two novel spectroscopic IR microsystems
enabled by the narrowband MIM IR absorbers are introduced. The unique IR absorption character-
istics of near-unity absorption, high spectral resolution, large angular acceptance, and polarization
insensitivity realized in an ultra-thin form factor overcome the fundamental limitation of low IR
absorption performance of the existing compact IR spectrometers based on photodiodes and Fabry-
Perot interferometers. The high performance, miniaturized MIM IR absorbers can be seamlessly
integrated in the existing detector technologies, resulting in a larger performance increase in IR
detection capability. When designing such a high performance MIM IR absorber, a generalized
analytical model that can predict the absorption response with specific process constraints such as
lithography limits or material compatibility. In this context, the proposed lumped equivalent circuit
model provides an accurate description of the effective surface impedance, allowing for the in-depth
understanding of physical phenomena without the need of time-consuming numerical calculation
tools. The modified circuit model takes the effect of dipole resonance between neighboring unit cells
into consideration via the addition of periodic coupling capacitance C'p. The accurate description of
the effective surface impedance is used in a transmission line model to analytically derive accurate
spectral absorption response of the MIM IR absorbers. Based on the proposed circuit model, it is
found that the cross-shaped nanostructures with a high length-to-width ratio and a wider periodicity
lead to the narrow absorption bandwidth and near-unity absorption at peak wavelengths, reaching
its predicted physical limit. The fabricated MIM IR absorbers consistently show narrow FWHM as

small as 3.1%, with the peak absorption tunable in a wide IR spectral region, while maintaining high
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absorptance, wide acceptance angle, and polarization insensitivity.

The monolithic integration capability of an array of multispectral absorbers is a key advan-
tage in development of chip-scale IR spectroscopic microsystems. Indeed, many existing IR detector
technologies exploit the lithographically controlled absorption in a sub-wavelength thickness form
factor realized by the MIM IR absorbers, as they meet the stringent criteria for the implementation
of miniaturized spectroscopic IR microsystems. For instance, the array of multispectral resonant
IR detectors with the monolithically integrated MIM IR absorbers enable the spectrally selective
IR detection while maintaining fast and low-noise IR detection performance thanks to the high
quality resonance and the intrinsically high measurement accuracy based on monitoring of frequency
shifts. The plasmonically-enhanced zero-power IR digitizers with the integrated MIM IR absorbers
allow to maintain a sub-micron air gap when there is no useful IR signature present, which leads
to a near-zero power consumption at standby. The monolithic integration of such OMSs with the
integrated MIM IR absorbers presented allow for spectroscopic analysis without consuming any
power at standby. In this context, the optimized MIM IR absorbers presented in the thesis would
greatly improve the spectral selectivity of the pronounced metamaterial-enabled IR microsystems

and allow for the implementation of miniaturized hyperspectral IR spectroscopic sensors.
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