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Abstract

In the first project, a theoretical and experimental investigation of photon diffusion
is discussed in highly absorbing microscale graphite. A Nd:YAG continuous wave laser
is used to heat the graphite samples with thicknesses of 40 pm and 100 pm. Optical
intensities of 10 kW cm™2 and 20 kW c¢cm™2 are used in laser heating. The graphite
samples are heated to temperatures of thousands of kelvins within milliseconds, which
are recorded by a 2-color, high-speed pyrometer. To compare the observed temper-
atures, the differential equation of heat conduction is solved across the samples with
proper initial and boundary conditions. In addition to lattice vibrations, photon diffu-
sion is incorporated into the analytical model of thermal conductivity for solving the
heat equation. The numerical simulations showed close matching between experiment
and theory only when including the photon diffusion equations and existing material
properties data found in the previously published works with no fitting constants. The
results indicate that the commonly overlooked mechanism of photon diffusion dominates
the heat transfer of many microscale structures near their evaporation temperatures. In
addition, the treatment explains the discrepancies between thermal conductivity mea-
surements and theory that were previously described in the scientific literature.

In the second project, a subwavelength perforated metamaterial absorber is devel-
oped for a maximum absorption-to-thermal mass ratio to construct an uncooled thermal
infrared (A~8—12 pm) detector operating at a time constant of ~7.4 ms, faster than the
video frame rates, with a noise equivalent temperature difference (NETD) of 4.5 mK
and a detectivity of 3.8x10%cm+/Hz/W. The designed metamaterial absorber consists
of Ti, SiN,, and Ni nanoscale films with an overall fill factor of ~28%, where subwave-
length interference and Fabry Perot resonance induce an absorption per unit mass of
approximately 1.3—27.6 times higher than the previously reported infrared absorbers.

We read out the fabricated detector optically via Mach Zehnder interferometer.

v
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Chapter 1

Heat transfer via photon diffusion

The heat transfer and cooling of electronic and optical materials is generally treated
as a combination of conduction, convection, and radiation; however, while these three
mechanisms certainly dominate microscale systems near room temperature (~ 300 K),
they fail at extremely high temperatures. Under these conditions, near the evaporation
temperature of many solids, photon diffusion dominates the heat transfer. In photon
diffusion, thermal emission occurs throughout a material, but the photons produced
are quickly reabsorbed and reemitted repeatedly while traversing the material [I]. This
sequence of events creates a random walk of photons that can be modeled as a diffusion
process, as shown in Fig. Photon diffusion has long been known to dominate the heat
transfer in the photospheres of stars [2,[3] and planetary interiors [4, 5, 6] (Fig. [1.2), but
it has seldom been applied to solid materials, except in diathermanous materials such as
glasses, where heat transfer can occur via radiation through a transparent material but
does not significantly heat the material itself [7, 8, ©]. This is unfortunate because there
are many situations, such as particle combustion, laser machining, and even runaway
device failure, where extremely high temperatures are reached, and traditional heat
transfer models fail completely. It is noted that the term photon diffusion is often used

to describe light scattering in biological tissues [10} 11}, 12] and also studied to analyze the
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nonradiative energy transfer(i.e. Forster resonance energy transfer) in donor—acceptor
fluorophore molecules [13, 14, (I5]. However these applications do not imply photon

diffusion as a heat transfer mechanism and therefore, are not further discussed in the

thesis.
Thermal
energy
. -Atoms
Lattice = ~ Photon
vibration ~ diffusion

Figure 1.1: Schematic illustration of heat transfer in an array of solid atoms closely
placed to one another. In addition to lattice vibrations (or phonons), random diffusive

walk of photons also contribute to heat transfer when the temperature is enormously
high.

In glass, radiant heat transfer was first reported by Kellett [7]. He mathemati-
cally explained the phenomenon of photon heat transfer inside diathermanous media
like glasses. Later on, Genzel showed a quantification of photon heat conduction in
terms of photon thermal conductivity for different glasses [8]. The photon conductivity
explained the relation between radiative heat flux and temperature gradient and was
subsequently used for other materials. In ceramics, Lee and Kingery reported the the-
oretical and experimental measurements of photon conductivity for alumina, silica and

Vycorbrand glass (V—1) [9]. They investigated the photon driven heat conduction from



(@) (b)

Depth in km

Density (kg/m3)

Upper mantle

Transition zone
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Figure 1.2: Dominance of photon diffusion for heat transfer in astrophysical environ-

ments such as (a) the photospheres of stars and (b) the hot interiors of planets.

room temperature to 1500 K. In planetary rocks and minerals, photon conduction was
extensively studied by Aronson et al [I6] and Clauser [I7]. Aronson et al calculated the
photon conductivity for a number of minerals by measuring the refractive index and ab-
sorption coefficient at high temperatures. Clauser reported a significant increase in the
thermal conductivity (due to photon diffusion) of volcanic rocks at high temperatures
(above 1473 K). In recent times, Keppler et al discussed the variation of the photon
conductivity of Earth’s lower mantle mineral (i.e. silicate perovskite) with pressures as
high as 125 GPa [18]. However, all of the materials discussed above are either largely
transparent or otherwise restricted to very large volumes. There is very little, if any,
work reported on photon diffusion dominating thermal heat transfer on the microscale
or in highly absorbing solids. Recently, the experiments of Mitra et al implied the
dominance of photon diffusion for heat conduction in highly absorbing stainless steel
particles under laser acceleration [19] (Fig. . This work, however, was indirect and

encourages a direct measurement of heat transfer in the high-temperature microscale



regime.

r

Figure 1.3: Photon diffusion for heat transfer in laser accelerated microscale particles
[19].(a) A conceptual representation of particles in front of an etched “ruler” as they
enter and are accelerated by a laser beam. (b) Stainless steel particles (d=37—41 pm)
accelerated by a 17 kW CW ytterbium-doped IPG laser. Particle acceleration can be
correctly predicted when photon diffusion is considered for heat transfer within the

particles.

It was our aim to investigate the effect of photon diffusion on the heat transfer of
highly absorbing microscale solids. Chapter 2] will provide the details of our experiments
and our development of theory for the heat transfer in a microscale sample, which

validates the contribution of photon diffusion near the evaporation temperature.



Chapter 2

Photon diffusion in microscale

solids

2.1 Introduction

We found the first quantitative evidence that photon diffusion can dominate heat trans-
fer in microscale solids. In this regard, we used a continuous wave (CW) laser with
intensities of 10 kW c¢cm™2 and 20 kW cm™2 to heat high absorption graphite sam-
ples. We measured the transient temperatures of the heated samples using a high-speed
pyrometer. In addition, we numerically solved the heat transfer equation across the
graphite samples considering both lattice and photon contributions to the heat conduc-
tion. Close matching was achieved between the experiment and theory. Remarkably,
the models only included fundamental photon diffusion theory and existing material
properties for graphite found in published articles. No fitting constants were required

to achieve matching.



\ .
y
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Focusing lens "
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Figure 2.1: Schematic illustration of the experimental setup. The collimated light
coming from the Nd:YAG laser goes through the focusing lens and converges onto the
graphite sheet producing a spot size of ~1 mm. The light beam propagates along the
x—direction and the graphite sheet is placed along the y—z plane, normal to the light
beam. A high-speed, 2—color (ratio) pyrometer measures the transient temperature
increase of the graphite sheet. To prevent laser damage to the pyrometer, it is placed

at an angle of 30° inclined to the beam direction.

2.2 Experimental setup

Laser heating experiments were performed at our main lab in the University of Min-
nesota, where a 175 W CW neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser was used to heat up the graphite samples. This laser was operated at a wave-
length of 1064 nm. The output of the laser was collimated and focused to produce a 1
mm beam spot. Output intensities of 10 kW ¢cm™2 and 20 kW c¢cm~2 were used for laser
heating within the 1mm spot size. The basic experimental setup is shown in Fig.
The collimated beam coming out of the Nd:YAG laser propagated along the x—direction

and was focused through a convex lens onto a thermal graphite sample. The lens was



Figure 2.2: (a) a 100 pm thick graphite sheet membrane suspended in a hollow sam-

ple aperture before laser illumination. (b) After 4 s of illumination, the graphite sheet
completely sublimates in the area of the incident laser beam. Four vertical holes, each
of ~Imm diameter, are created with 1—2 mm gaps between them. This clearly sug-
gests that the sheet edge support does not affect the instantaneous heat transfer of the

graphite sheet along its thickness.

placed 25 cm away from the laser and 16 cm away from the graphite sample. An exfoli-
ated flexible graphite sheet from MinSeal was used as the graphite sample. The flexible
sheet was manufactured from mineral graphite. Two sheet thicknesses were tested: 40
pm and 100 pm. The thicknesses of the sheets were quite uniform, with relatively small
uncertainties of ~2%. Each sheet was cut into 2 cmx2 cm square pieces, and a piece
was suspended in the hollow aperture of a sample holder (i.e. optical mount) along the
y—2z plane, normal to the laser beam direction (Fig. . Under CW illumination, the
transient temperatures of the heated graphite sheet were measured using a high-speed
pyrometer. The pyrometer was a 2—color, digital infrared device from Process Sensors
and had a spectral response of 1.45 um—1.8 um. Since the pyrometer was not responsive
to the operating wavelength (1.064 pum) of the Nd:YAG laser, no optical filter was used
to block the Nd:YAG radiation. To protect from any damage incurred by the direct
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illumination of the Nd:YAG, the pyrometer was placed at an angle of 30° with respect to

the x—direction. Extreme care was taken to focus the Nd:YAG beam spot and pyrome-
ter alignment laser spot at the same point on two opposite faces of the graphite sheet. A
slight misplacement of these spots would incur errors in the temperature measurements.
After focusing, the pyrometer took transient temperature readings in the range of 1100
K—3000K (measurement limit) with a response time of 3 ms. During the experiment,
we found the graphite sheet to sublimate within ~3—4 s after the Nd:YAG illumination
began. Fig. a) shows a 100 pm thick graphite sheet (2 cmx2 cm membrane) before
laser illumination, and Fig. [2.2b) shows the complete sublimation of the graphite sheet
in the areas of the incident laser beam (1 mm beam spot) after 4 s of laser illumination.

Therefore, to avoid significant material evaporation we limited all laser shots to 1-2 s.

2.3 Theoretical development

2.3.1 Thermal model of heat transfer

In Fig. we illustrate the concept of laser heating in a microscale graphite sheet.
A graphite sheet with thickness L is placed normal to the propagation direction of a
Nd:YAG beam. The thickness of the sheet is along the x—axis, and the surface area
is across the y—z plane. The laser beam illuminates the front surface (x = 0) of the
graphite sheet, producing an incident intensity (), across a 1 mm beam spot. This
initiates thermal heat conduction into the graphite sheet. However, the thickness of the
sheet (40 pm or 100 pm) is so small compared to the surface area (2 cmx2 cm) and
the 1 mm beam spot that, we can ignore heat transfer across the surface (y—z plane)
and consider one—dimensional (1D) heat penetration only along the thickness (x—axis),
as seen in Fig. [20]. In addition, we can ignore any heat conduction between the
graphite and the sheet edge supports, as the incident beam is far away from those
supports, and heat penetration along the thickness is unaffected by the sample holder

(Fig. [2.2(b)). After illumination, the heat flux is absorbed and then radiated from the
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Figure 2.3: Schematic illustration of the 1D heat transfer in the graphite sheet. An
Nd:YAG laser beam produces an incident intensity, @i, on the front surface (x = 0).
The incident flux is absorbed and then radiated from the back surface (x =L), producing

a radiant intensity, Qout-

back surface (x =L) of the graphite sheet, producing a radiant heat intensity Qout. It
is noted that we assume the scattering and hence, reflectivity from the front surface
(z=0) to be quite small, and the absorption of incident heat flux to be very high due to
high power laser illumination [21} 22]. However, to find out the increase in temperature
T at any time (t > 0) or distance (0 < x < L), the heat equation needs to be solved

along the x—direction and can be expressed as [23, 24],

oT o’T

pCp

where p is the density, Cp is the specific heat at constant pressure, and K is thermal
conductivity of graphite. To solve Eq. (2.1)), proper boundary conditions must be applied

on the front and back surfaces of the sheet, which requires modeling Qi and Qout- @in
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Table 2.1: Parameters used in the numerical simulation

Notation and meaning Value of the parameter and unit
L, thickness of the graphite sheet 40 pm and 100 pm

Qin, optical intensity 10 kW /cm? and 20 kW /cm?

o, Stefan Boltzmann constant 5.67x107% W/m?2-K*

€ , emissivity of graphite 0.9

n, refractive index of graphite 3.25 [33]

Ten, temperature of surrounding environment | 300 K

Ty, room temperature (initial condition) 300 K

«, mean absorption coefficient of graphite 1/270 nm~! at A=1064 nm [34]

p, density of graphite 1.8 g/cm? [34]

can be modeled using a one-dimensional form of Fourier’s Law as [25],

dT
Qin = —K%, (22)

where dT'/dx is the temperature gradient along the thickness of the graphite sheet. On

the other hand, Qo can be modeled using the Stefan-Boltzmann Law as [26] 27],

Qout = e0T* — e0 T, (2.3)

where € is the emissivity of graphite, o is the Stefan—Boltzmann constant, and Te, is
the temperature of the surrounding environment. All these parameters are mentioned
with their respective values in Table. It is noted that Eq. is valid for a graphite
sheet as graphite is a well-known high-absorbing material [28] and is commercially used
in blackbody walls [29, 30] and infrared filaments [31], [32]. However, the purchased com-
mercial graphite had a reported emissivity of 0.9 in the datasheet. Moreover, during
the experiment, the graphite sheet was absorbing heat at 1.064 ym, and at high tem-
peratures (e.g., 2000 K), the peak emission would be at longer wavelengths than 1.064

pm. Therefore, € of 0.9 would be more appropriate for our experiment.
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2.3.2 Thermal properties of graphite
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Figure 2.4: Lattice and photon thermal conductivity of graphite with temperatures, as

calculated from Egs. (2.4) and (2.5)), respectively.

Heat conduction in the microscale graphite sheet of course depends on the two major
thermal properties of the material: thermal conductivity K and specific heat Cp. Over
the past few decades, these properties have been analyzed and explained in the literature,
along with their dependence on temperature [35, B6]. However, analytical expressions
are required to describe the temperature dependence and hence, are included in the

thermal model which will be discussed in this section.
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In graphite at very low temperatures (i.e. 50 K), heat conduction primarily depends
on specific heat [37]. The thermal conductivity gradually increases with increasing tem-
perature up to a maximum point. The temperature of this maximum point (also known
as peak temperature) may vary from 80 K to 200 K, depending upon the crystalline
structure of the graphite [37, B8]. However, above the peak temperature and up to
~1800 K, heat conduction is dominated by lattice vibrations, or phonons, which show
an inverse temperature dependence [37, 39, [40]. The phonon-phonon and phonon-defect
scattering in a nonmetallic crystal, such as poly-crystalline graphite can be understood
from the temperature dependence of the Lorenz function, which is directly proportional
to the thermal conductivity. The Lorenz function shows a gradual decrease with in-
creasing temperature, which justifies the inverse temperature dependence of phonon
dominant thermal conductivity of graphite [40]. A number of articles have verified this
temperature dependence by reporting experimental data specifically for poly-crystalline
(i.e. Acheson) graphite in the range of 273 K to 1800 K [40), 41]. These experimental val-
ues of lattice or phonon dominant conductivity can be curve-plotted, and an empirical

analytical expression can be formed as,
Kattice = 230.114¢ 00012047, (2.4)

where temperature T must be greater than or equal to 273 K. As room temperature
is considered the initial condition in our model, analytical modeling of Kj,ttice below
273 K is not required. Note that exfoliated graphite is typically poly-crystalline [42]
43, 44], and has similar physical and thermal properties as of Acheson graphite [45] 46].
Therefore, the experimental conductivity values of Acheson graphite can be used to
model K},pqastice- In addition, due to the empirical fitting of Kjattice, Some errors might
arise from the experimental measurements. From [40, [41], these errors are found £1—+4
Wm 'K~ (normalized RMS error of ~3.8%) for temperatures up to 1800 K which are

quite small, and indicate that the analytical expression of Kjatice iS @ good empirical
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model for lattice conductivity with adjusted R? of 98.2%. However, these small errors
can be attributed to slight variations in the experimental measurements of the phonon
conductivity, which originates from the random distribution of the crystal defects (i.e.
grain boundaries, dislocations) in the poly-crystalline graphite [47].

At relatively high temperatures (above ~1800 K), photon diffusion is likely to con-
tribute to the heat transfer through the graphite sheet in addition to lattice vibrations
[48] 49]. The rate of diffusion (in other words, emission or absorption) of photons largely
depends on the optical constants, i.e. refractive index and photon mean free path of
graphite. The photon mean free path is comparatively smaller than the graphite sheet,
therefore the path of photons resembles a random diffusion walk across the thickness
of the sheet. In the literature, photon diffusion has been incorporated into thermal
conduction as ‘photon thermal conductivity’. In general, the photon conductivity for
graphite can be expressed as [2],

Kpporon = 220 (2.5)
where n is the refractive index and « is the mean absorption coefficient of graphite.
These parameters may vary with temperature; however, the variations are found to be
quite negligible (~0.43% — 0.54% for n and ~0.34%-1.2% for «) [50]. Therefore, the
temperature variations of n and « are discarded in our thermal model.

Fig. presents a comparison between the lattice and photon thermal conductivi-
ties, as calculated from Egs. and respectively. With increasing temperatures,
Kiagtice decreases, and Kppoton increases mainly due to their opposite temperature depen-
dence. It is noted that the lattice conductivity calculated from Kjaiiice closely matches
with the ab initio calculations derived for poly-crystalline graphite (small grains) [51],
with a normalized RMS error of ~4.5%. This further verifies the accuracy of the empir-
ical modeling of Kjattice. An expression for Kphoton is already derived from first principle

calculations [52, 53].
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At very high temperatures, the total thermal conductivity of graphite can be as-

sumed as the summation of the lattice and photon conductivities [9], that is
KT - Klattice + Kphotona (26)

Note that electrons in poly-crystalline graphite do not contribute significantly to the
total thermal conductivity even at elevated temperatures. Using the Wiedemann-Franz
law [54] (which applies to a free electron gas such as the conduction electrons of graphite
at high temperature) and experimental measurements of the electrical conductivity of
poly-crystalline Acheson graphite [40], the electron thermal conductivity is found to be
~5.58% of the lattice conductivity and ~5.55% of the photon diffusion conductivity
even at elevated temperature (i.e., 2800 K). Therefore, the electron contribution to the
thermal conductivity is neglected in Eq. .

At temperatures above 700 K, graphite is likely to oxidize in ambient air. Here the
graphite reacts with oxygen and produces carbon monoxide (CO) and carbon dioxide
(COg2). This chemical reaction can release additional exothermic heat with an amount
proportional to the oxidation reaction rate. In previous literature, the oxidation rate
was found to be dependent on the air velocity when the temperature exceeds 1150
K [55], with a proportional to temperature increase in the oxidation rate at elevated
temperatures (1150 K and above) when the air velocity is fixed [55]. Since the standard
air velocity of the indoor environment (i.e., office, research space) lies between 15 cm
s7! to 22 em s~! [56, 57], we considered this range to calculate the oxidation rates
at temperatures 1150 K and above. With the calculated rates, however, we analyzed
the exothermic heat intensity produced on the graphite samples with the formation of
CO and CO; gases. Even at elevated temperature (i.e., 2800 K), the exothermic heat
intensities were found only ~0.0115%—0.0119% of the 10 kW cm ™2 laser intensity when
CO forms, and ~0.0433%-0.0448% of the 10 kW c¢cm™2 laser intensity when CO» forms

(please see Appendix . It is obvious that the exothermic heat intensities are quite
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Figure 2.5: (a) Thermal conductivity of graphite with temperatures in the range of 273
K to 3000 K. Egs. and are simulated for Kjattice and K, respectively. Exper-
imental data are taken from [40]. (b) Thermal conductivity values at high temperatures
(1800 K—3000 K) are presented in an inset, showing the deviation between the theory
and experiment. It is noted that the deviations between Ki.itice and the experiment
were not covered in previous articles and only our addition of the photon diffusion con-

tribution to the thermal conductivity (Kt) closely fits the experimental data.

negligible compared to the incident laser intensities (10 kW ecm™2 and 20 kW cm™?)
used in the experiment. Therefore, the exothermic heat release, and hence the oxidation
effects are not included in our thermal model. Moreover, the heat transfer between air
and graphite is ignored, as it is quite negligible (~1.2%) compared to the heat transfer
along the thickness of the graphite sheet even at high temperatures [58].

To further illustrate the validity of Eq. , we simulated thermal conductivity from
Egs. and for a wide range of temperatures (273 K—3000 K). Fig. (2.5)(a)
presents the simulated results along with the experimental data taken from [40], which

had unexplained discrepancies between its thermal conductivity models and data. It
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is noted that both theoretical and experimental conductivities show a gradual decrease
with increasing temperature. At temperatures below 1800 K, Kjattice is dominant and
predicts the experimental results of the thermal conductivity quite well. However, at
temperatures above 1800 K, experimental data start to deviate significantly from the
analytical values of Kjattice- 10 further illustrate this scenario, thermal conductivities
at high temperatures (1800 K—3000 K) are zoomed in Fig. (2.5)(b). It is observed
that with increasing temperatures, experimental data show a comparatively smaller
decrease than Kj.tice, resulting in an increasing relative error up to ~53%. However,
we included Kppoton in the total thermal conductivity Kt and found a close match with
the experimental data points, providing much smaller relative error up to ~2.7%. We
note that at relatively high temperatures, i.e., above 1800 K, Kphoton becomes significant
and starts to dominate over Kj,iiice mainly due to the large 7% dependence of Kphoton-
This addition appears to fully explain the previous disagreement between prior theory
and modeling for high-temperature graphite.

In order to model the specific heat Cp, experimental measurements can be adapted
from a number of research articles [59, [60] [61), [62] 63 64]. Due to a large number
of types of graphite (i.e., natural, artificial, reactor-grade, synthetic, etc), not all of
these measurements relate to polycrystalline graphite. However, due to the nature of
heat capacity and the reasonably similar densities of the different types of graphite, the
specific heat is often assumed to be the same for all types [65]. Therefore, experimental
evaluations for different ranges of temperatures have been combined, and a polynomial
expression can be formed by curve-fitting the measurements as

Cp = 2251.58 + 3.81 x 1072T — 3.77 x 10°T~! — 1.82 x 10872

, (2.7)
+6.66 x 101973 — 6 x 101274

where temperature 7 lies in the range of 200 K to 3000 K. It is noted that Eq. (2.7)
is an empirical fit to experimental data measured by other research groups; therefore,

there are some errors associated from the experimental measurements of the specific
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heat. From [65], the associated errors are found as +15—427 J kg=! K~ ! for tem-

peratures below 1000 K, and +29—+53 J kg~! K~! for temperatures above 1000 K.
However, these errors are quite small compared to the analytical values of Cp which

makes Eq. (2.7) a good empirical fit for specific heat, with adjusted R? of 95.3% and
90.8% for temperatures below 1000 K and above 1000 K, respectively.

2.4 Results and discussion
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Figure 2.6: Transient temperature profile for (a) 40 pm and (b) 100 pum thick graphite
sheets with optical intensity of 10 kW cm™2.

To understand the heat transfer across the microscale graphite sheet, we solved the
partial differential equation Eq. with boundary conditions stated in Egs. and
. Analytical expressions of K1 and Kjutice Were used from equations Eqgs. —
(2.7). For numerical simulation, we used the partial differential equation (PDE) toolbox
in MATLAB. The PDE toolbox used numerical differentiation formulas (NDFs) of orders

1 to 5 to solve the heat equation [66]. Relative error tolerance was kept at 10°; therefore,
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Figure 2.7: Transient temperature profile for (a) 40 ym and (b) 100 pm thick graphite
sheets with optical intensity of 20 kW cm™2.

the local discretization error was below this tolerance. We simulated the transient
temperatures under the laser intensities of 10 kW c¢cm™2 and 20 kW ecm™2. To illustrate
the effect of photon diffusion, we added Kjattice and Kppoton to form the effective thermal
conductivity Kt. We used both Kj,ttice and Kt in our simulation, and compared the
simulated results with our experimental measurements. To ensure the accuracy and
precision of our experimental data, we measured three sets of transient temperatures
for each experiment and then took the average to estimate the actual set of temperature
measurements. The relative uncertainty of the temperature measurements was found
to be ~0.2%—0.5% which was quite negligible. As all the experimental measurements
were taken from the back surface of the graphite sheet, the numerical simulations were
also performed at x = L, as seen in Fig. .

Figure [2.6] shows the comparison of experimental and simulation results for 40 pm
and 100 pm graphite sheets with a laser intensity of 10 kW cm~2. With the same

illumination duration of 1000 ms, temperatures (theoretical and experimental) in the
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40 pm sheet show slightly larger increases than temperatures in the 100 pm sheet.
In addition, temperatures simulated with K1 surpass those simulated with Kj,itice after
reaching ~1800 K, mainly due to the increasing effect of Kppootn. Therefore, conduction
by photons produces a distinct temperature difference between the simulated results at
1000 ms. From Figs. 2.6(a) and [2.6(b), the difference is found as ~85 K and ~40
K for 40 pym and 100 pum sheets, respectively. However, in both cases, temperatures
simulated with K7 can consistently predict the experimental measurements, implying
the contribution of photon diffusion to heat conduction.

To further investigate the effect of photon diffusion, the laser intensity was increased
to 20 kW cm—2. Fig. shows the simulated and experimented transient temperatures
for both 40 ym and 100 gm graphite sheets with the intensity of 20 kW ecm~™2. We note
that during the experiments, temperatures in the 40 um sheet increased much faster
than those in the 100 pm sheet and surpassed the measurement limit of our pyrometer
(3000 K) within 800 ms. Therefore, instead of taking the same duration of 1000 ms
for both thicknesses, we used different durations of illumination. In Figs. [2.7(a) and
2.7(b), we show time durations of 600 ms and 1000 ms for 40 pym and 100 pm sheets,
respectively. Due to the increased laser intensity in this set of experiments, the effects
of photon diffusion can be seen more rapidly than in Fig. Therefore, the difference
between the simulated temperatures with Kt and Kjaitice becomes larger than before.
For the 40 pum sheet, the simulation difference is observed as ~170 K at 600 ms, whereas
for the 100 pm sheet, the difference is found to be ~179 K at 1000 ms. We note that
for the 40 pm sheet, the difference would likely have been much larger than 170 K if
measurements could have been performed at 1000 ms. However, the difference already
proves the significance of photon diffusion at larger intensity. To further validate this
idea, experimental measurements also show reasonable agreement with the temperature

simulations performed with K, as shown in Fig. 2.7}
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2.5 Summary

A detailed theoretical and experimental analysis was performed to study the effects of
photon diffusion on heat transfer in microscale graphite sheets. A Nd:YAG CW laser
with laser intensities of 10 kW c¢cm~2 and 20 kW cm~2 was used to heat 40 ym and
100 pm thick graphite sheets. Temperatures were found to rise to extreme levels (2000
K and above) within milliseconds, and these temperatures were recorded by a 2-color,
high-speed pyrometer. To compare the experimental measurements, a thermal model
of heat conduction was developed across the thickness of the graphite sheet. Necessary
thermal properties, thermal conductivity, and specific heat were analytically modeled
to solve the heat equation across the sheet. When both photon diffusion and lattice vi-
brations were incorporated in the thermal conductivity of graphite, the results matched
well with previous experimental data. However, to have a better understanding, the
transient temperatures were numerically solved in two ways; one with only lattice con-
ductivity and the other with combined lattice and photon conductivity. Significant
temperature differences were observed between the two simulations with time. How-
ever, temperatures simulated with the combined conductivity were found to be in good
agreement with our experimental measurements, as expected from our earlier analysis
of thermal conductivity. This validates the contribution of photon diffusion to heat

conduction in high-absorbing microscale graphite.



Chapter 3

Infrared detectors

3.1 Introduction

For the past few decades, there has been increasing interest in the infrared (IR) spectrum
of electromagnetic radiation, especially for its relevant applications ranging from thermal
imaging for military cameras [68], [69] [70, [7T, [72] to biomedical (e.g., thermography
[73, [74] and disease detection [75], [76]) and industrial appliances (e.g., monitoring of
bio-process [77]). In our ambient environment, the thermal radiation from all forms of
matter reaches its peak in the long-wave infrared (LWIR, A\ ~8—14 pm) regime, which
makes this range suitable for most IR applications [78, [79]. The significance of the
LWIR can be realized from the spectral radiance of a black body at 300 K (shown in
Fig. , which can be calculated from Planck’s law as,

27hc? 1

Br(\,T) = No plhe/MegT) _ 17

(3.1)

where Br (A, T) is the spectral radiant emittance, h is Planck’s constant, c is the speed
of light, A is the wavelength, kg is Boltzmann’s constant, and T is the temperature.
In general, the highest theoretically possible IR detector performance is achieved at

the background limit, where photons emitted from the target dominate the total amount

21
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Figure 3.1: Spectral radiance of a 300K blackbody (blue) with the LWIR highlighted
(red) [67].

of noise. In the LWIR region, this limit is usually achieved using cryogenically cooled
photon detectors, where electrons interact within the material to absorb IR radiation.
In spite of the high detectivity and fast data acquisition, the major drawback of photon
detectors lies in the requirement of cooling the focal plane array (FPA) down to cryogenic
temperatures. It has long been a goal to reach the background-limit without cooling,
but within photon detectors, thermal energy overwhelms the narrow bandgaps of the

semiconductors, which makes the uncooled operation almost impossible.

3.2 State of the art uncooled technologies

Uncooled LWIR thermal camera technology is primarily dominated by microbolometer

arrays, which were developed in the 1970’s and 80’s by Honeywell [81] and later licensed
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Figure 3.2: Scanning electron microscope (SEM) image (a) and schematic (b) of a

microbolometer using the ‘umbrella design’ from DRS Inc [80].

to several suppliers including DRS, FLIR, Raytheon, etc [82) 83]. Microbolometers are
basically thermally isolated resistors that absorb LWIR light, heat the device, alter
the device resistance, and allow a bias current to produce a signal-dependent voltage
difference. The basic design of uncooled microbolometers has evolved in the last few
decades, with an objective of shrinking the pixel size to ensure lower cost and greater
pixel density. Allowing signal absorption through an umbrella configuration realizes
higher fill factor pixels with a fast speed of response [84]. Fig. shows an SEM image

and schematic of a microbolometer with umbrella design from DRS [80].
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Figure 3.3: Schematic diagram and SEM image of a thermopile detector from the Tal-
ghader Lab [85].
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Another type of device that dominates the uncooled LWIR technology is thermo-

electric detectors such as thermopiles [86] 85, [87]. As shown in Fig. a thermopile
shows similarity in structure and operation to a microbolometer but differs in its elec-
trical readout. Instead of using temperature-sensitive resistors, thermocouples are used
which absorb the LWIR radiation and produce a temperature-dependent voltage based
on the Seebeck effect. This has a major advantage over a microbolometer in terms
of noise. There are multiple sources of noise in a microbolometer, including Johnson,
1/f, and thermal conductance noise. Among these, Johnson and 1/f originate from
electrical sources and are not fundamental to thermal detection. They degrade the min-
imum measurable signal, often measured using a parameter called the noise equivalent
temperature difference (NETD). A thermopile does not need a bias current to measure
the temperature-sensitive voltage, and hence it eliminates the source of 1/f noise. In
theory, this makes a thermopile more sensitive than a microbolometer. However, a
major disadvantage arises in a thermopile while sensing the extremely small voltages
(e.g., #Vs) produced by thermocouples. Each pixel needs a dedicated preamplifier to
boost the pV signal before reaching the destined circuitry, which increases the complex-
ity and expense. Nevertheless, significant research is still ongoing for the development
of high-sensitive thermoelectric detectors. For example, the most sensitive thermopile
detectors, to date, have been designed, fabricated, and characterized in the Talghader
group at the University of Minnesota [85] [87], and they show a maximum detectivity of
3x10° emvHz/W.

Apart from microbolometers and thermopiles, some uncooled detectors utilize the
temperature sensitivity of the resonant frequency of a mechanical oscillator, either in
the form of a block of mass [88 89| (e.g., quartz) or a micro-/nano-mechanical resonator
(shown in Fig. [3.4) [90], O1]. In either case, the resonant frequency changes upon LWIR
absorption (i.e., temperature increase), which can be read out by tracking the resonance
shift. Although a number of researchers published promising results for these types of

detectors, their commercial popularity has yet to achieve. One probable reason is the
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a Incident light

Figure 3.4: (a) Schematic illustration of a graphene nanomechanical resonator as a ther-
mal detector. A driving voltage actuates the motion creating mechanical resonance.
Upon LWIR absorption, the graphene membrane experiences stress and shifts the me-
chanical resonance. An SEM image (false color) of a suspended graphene membrane
with shapes of a (b) drumhead and (c¢) trampoline. [85].

small detector size which is a requirement for the fast thermal response but drives the
resonant frequencies to very high values and thus, complicates the readout circuitry. In

addition, the fabrication process for a micro-/nano-mechanical oscillator is challenging.

To improve the sensitivity by eliminating the electrical readout, a number of optical
read out technologies have been developed, including cantilever detectors [93] 94], 95|
96l O7] and thermo optic cavity detectors [98, [99]. Typically in a cantilever detector
(shown in Fig. , a thermal expansion bimorph is equipped with a micromechanical
plate to deflect it out of the plane upon LWIR absorption. A laser is integrated with
the plate such that the small changes in the plate deflection are optically read out using
changes in the reflection angle of the laser (either by a camera or a position-sensitive
detector). Moreover, a thermo-optic detector utilizes a near—infrared cavity made from
multilayer coatings as a pixel absorber, which produces a thermo-optic shift in the cavity
resonance when the LWIR gets absorbed and causes a temperature-dependent change
in the cavity indices of refraction. In spite of eliminating electrical noise, both of these

optical IR detectors are often plagued by a large thermal mass, which degrades the
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Figure 3.5: A schematic illustration of a microcantilever as an optical IR sensor. The
plate exhibits a deflection due to a temperature rise upon LWIR absorption, which is
optically read out through a visible readout beam [92]

thermal performance by increasing either the thermal time constant (slow response) or

thermal conductance (small response).

3.3 Overview of our work

In general, optimum performance in an optical detector can be achieved if the thermal
mass is at exactly the level necessary to prevent temperature fluctuations from domi-
nating the noise. Once this level is reached, a device should have the largest possible
absorption area for its thermal mass. One method to maximize the area of a minimum
thermal mass infrared detector is to create a perforated structure whose subwavelength

periodicity allows it to absorb at high levels throughout the broadband LWIR spectrum.



27

In this thesis, we demonstrated that a subwavelength perforated membrane designed
for a maximum absorption-to-thermal mass can be utilized to construct a highly sen-
sitive uncooled thermal long-wave infrared (LWIR) detector integrated with an optical

readout. The organization of our work is described as follows:

e In Chapter 4l we described the design of a broadband LWIR (A ~ 8—12 pum)
absorber made from metal-dielectric (Ti-SiN,) subwavelength perforated grids.
The designed absorber consists of mostly open space (perforations) with an overall
fill factor of ~32%, where guided mode coupling realizes an average absorption

per unit thermal mass of ~6.8x10'? kg1,

e In Chapter [5, we developed a highly sensitive infrared thermal detector operating
at room temperature. We modified the design of the detector absorber to a sub-
wavelength perforated Ti-SiN,-Ni (metamaterial) membrane, which realizes ~18%
higher absorption per unit thermal mass than the previously discussed Ti-SiN,
structure. With ~22% lesser thermal mass and 28% overall fill factor, the perfo-
rated metamaterial structure shows an average absorption per unit thermal mass
of ~7.8x10" kg™, which is ~1.3—27.6 times higher than the previously reported
infrared absorbers. We described the overall fabrication method of our infrared
structure. Key processes of the fabrication include deposition and hard-bake of
a sacrificial polyimide, and patterning the nano-scale grids using electron-beam
(Ebeam) lithography. We also outlined the various engineering challenges during
fabrication. Finally, we analyzed the fabricated device as an uncooled thermal
infrared detector using an optical readout technique, i.e., Mach Zehnder interfer-
ometry. Mach Zehnder is a commonly known technology chosen because of its ease
of integration, as shown in fiber optic communications, and its potential to read
an entire array of detectors simultaneously. We showed how the fabricated struc-
ture can be integrated with a Mach Zehnder setup, and interference fringes can

be analyzed to measure the temperature change. From experiments, we analyzed
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the overall performance of our detector in terms of noise equivalent temperature

difference (NETD), the thermal time constant, responsivity, and detectivity.



Chapter 4

High Absorption per unit Mass
Broadband Infrared Absorber

4.1 Introduction

Achieving near-perfect long-wave infrared (LWIR) absorption with wide bandwidth has
become a critical goal in the design and implementation of infrared thermal and imaging
devices [85], 100} [10T], 102]. Nowadays it has become possible to design LWIR broadband
absorbers with ultra-thin subwavelength thicknesses [103, 104} 105], 106]. Furthermore,
nearly perfect absorbers have also been studied for their use in bio-sensing [107, [10§],
photodetection [109], and thermal-emission-based cooling [110], 11T, 112} 113].

In recent years, relevant research has focused on the design and development of
perfect LWIR absorbers with small amounts of material [114, 115 116]. Maximizing
absorption in a system with low thermal mass is crucial, e.g., in microbolometers and
other thermal detectors. In a traditional microbolometer, one attempts to reduce mass
to achieve a lower thermal time constant (in other words, faster response) [85] [I17].
For high performance radiation-limited thermal detectors, the concept is a bit more

subtle. The minimum mass of a detector is limited by the magnitude of intrinsic thermal
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fluctuations that can be tolerated on the device; therefore, any mass below this is
counterproductive. With this given thermal mass, one then wishes to maximize the
area of the detector so that the thermal conductance, which is dependent on the area
for radiation-limited devices, can be maximized, reducing the time constant.

To achieve high LWIR absorption with a small amount of material, a number of
structures can be investigated, such as metamaterial composites [118],[119, 120} 121, 122],
metal-dielectric multilayers [123], 124 [125], and plasmonic metamaterials [126} 127]. In
general, metamaterials are composed of three distinct layers: (a) bottom continuous
metal film, (b) insulator spacing layer, and (c) top subwavelength metal grids. In such
a metal-insulator—metal (M-I-M) configuration, a common approach to achieve broad-
band absorption is to tailor the size of the top planar metal grids in a single unit cell.
Each metal grid supports a single resonant band (impedance matching with incident
medium), therefore multiple patches in a unit cell results in a superposition of multiple
resonance bands [122]. In addition to increasing the absorption area, this approach has
a couple of drawbacks: (1) larger volume of material in a period and (2) the magnetic
response may not be simultaneously tuned for all resonator patches in a single unit,
resulting in an imperfect impedance matching and hence, imperfect optical absorption
[128,[129]. Another approach is to pattern the top layer with alternating metal-dielectric
(i.e., metal- insulator, M-I) thin films vertically stacked in a graded fashion, resulting
in anisotropic sawtooth [123] or trapezoidal pyramids [124]. The vertically stacked films
allow multiple resonant frequencies to be spaced adjacent to one another with smaller
intervals among the resonance bands than the planar resonators, resulting in a reduction
of the quality factor over a wide bandwidth. However, maximum absorption with low-
quality factor can only be achieved when a large number of metal-dielectric films can be
stacked in a period, eventually increasing the total volume and decreasing absorption
per unit mass. For example, a graded trapezoidal pyramid requires a thickness of 6 yum

to maintain perfect broadband absorption in the range of wavelengths from 10 pm to 30
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pm [106]. Other metamaterial approaches for perfect broadband LWIR absorption in-

clude hyperbolic metamaterials (doped—undoped semiconductor stacks) [130] [131] and
unpatterned metal-dielectric pairs [125], which require even larger amounts of mate-
rial per pixel or period than M-I-M structures. In the case of plasmonic structures,
perfect LWIR. absorption is typically observed over a narrow bandwidth, which can be
attributed to their highly dispersive resonance characteristics [103] [107]. A few works
have reported broadband LWIR, absorption through the superposition of multiple reso-
nance bands at the cost of larger volumes of plasmonic metamaterials [126, [127], yielding
again larger amounts of material. There is hardly if any work reported for broadband
absorption over the LWIR transparency window that realizes high absorption with a
minimum amount of material.

In this thesis, we designed a broadband LWIR perforated structure that utilizes
two-dimensional (2D) subwavelength gratings to maximize absorption per unit thermal
mass. Lossy metal (Ti) and dielectric (SiN,) layers are used to form the subwavelength
gratings. Using effective medium theory and guided mode techniques, we analyzed the
structure to realize light absorption at high levels throughout the LWIR spectrum (i.e,
A ~8—12 pm). A multilayer transfer matrix method and the numerical finite difference
time domain (FDTD) technique were used to analyze the broadband absorption. In
addition, we provided a comparative analysis of our structure in terms of absorption

per unit mass.

4.2 Theoretical design

Figure presents a schematic illustration of our subwavelength perforated broadband
absorber. The structure consists of an array of square pitches with a periodicity P of 8
pum. Each pitch contains 49 nano-scale grid units (i.e., solid pitch length L), with each
grid having a period g of 1 um and a perforation size w of 0.8 um (i. e., perforation ratio,

w/g=0.8). An air gap s of 1 um is utilized around the solid absorber pitches designed to
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Figure 4.1: Schematic illustration of the subwavelength perforated infrared absorber.
Pitch period P, solid pitch length L, grid unit period g, and perforation size w are
highlighted along with the Ti and SiN, thicknesses, ¢; and fsn. A bottom Au reflector
(thickness tay) is placed underneath an air gap of t,;, ensuring a quarter-wave anti-

resonance (mA/4) condition.
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couple evanescent LWIR light in the gaps as part of the pixel absorption. The structure

is placed above a gold (Au) reflector at a gap distance i, of ~2.3 pum, ensuring a
quarter-wave anti-resonance (m\/4) condition that boosts the optical absorption across
the 8—12 pm region. Such backside reflectors have been used in previously reported
infrared absorbers [107, 132].

To ensure LWIR broadband absorption with a small mass, the subwavelength grids
are formed with lossy metal and dielectric layers. Enhanced absorption due to lossy
dielectrics have already been reported in previous articles [102), [133| 134]. Compatibility
with common microfabrication technology makes SiOs and SiN, two of the simplest
choices for lossy dielectrics in the infrared regime. SiOs has a very sharp absorption
peak at ~9.22 pm, resulting in highly dispersive characteristics in the LWIR [I35]. SiN,
has multiple vibrational phonon peaks in between 8 and 12 pm, which correspond to a
comparatively moderate dispersion and broader absorption profile in the LWIR [136].
Therefore, SiN, is considered as our lossy dielectric. The addition of a thin metal layer
on top of the dielectric layer can significantly reduce the quality factor and broaden
the entire absorption band [137]. We choose Ti as the metal layer due to its excellent
broadband dispersion in the LWIR [I138].

The thicknesses of Ti (¢1;) and SiN, (#gn) layers are taken as 20 nm and 200 nm,
respectively. The thicker dielectric layer enhances the evanescent light coupling in the
optical waveguide [I02]. To realize optical absorption in the perforated structure, we
need to perform an effective medium analysis. Note that the grid unit period g and
perforation length w are well below the wavelengths of light in consideration, therefore
an effective medium approximation can be applied for the subwavelength grids [139].
Moreover, note that the effective medium approximation has been previously reported in
analyzing the optical absorption of periodic grating structures [140} 141} 142]. Fig.[4.2)(a)
presents the schematic of a pitch period with optical permittivities ei, €N, €Ay, and
€, for Ti, SiN,, Au and air, respectively. All necessary parameters are highlighted in

the same manner as Fig. Optical indices of Ti, SiN,, and Au in the LWIR, i.e.,
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Figure 4.2: (a) Schematic illustration of a pitch period of the Ti-SiN, perforated ab-
sorber. All the necessary parameters are highlighted along with optical permittivities
€Ti, €SN, €Au, and e, for Ti, SiN,, Au, and air, respectively; Equivalent multilayer
models where the Ti and SiN, layers are portrayed as effective homogeneous layers (b)

without and (c) with consideration of the air gap s around solid pitch length L.

8-12 pm are presented in Appendix @ Fig. (b) shows the homogeneous films of the

subwavelength grids, whose optical permittivities can be calculated from the effective

medium approximation [143] 144 [145] as,

Eux = fex+ (1 - f)5a7 (4'1)

where €, x is the effective permittivity of the films, with x=Ti or SiN,. f corresponds to
the linear duty cycle, asif f =1 _w/g , which in turn defines the fractional area filled by
the solid materials (in other words, fill factor). Note that €, x only considers grid units
within the solid pitch length. If air gap s around solid pitch length L is also considered,

the equivalent homogeneous permittivity of the absorber pitch can be modeled from the

effective grating theory [146] 147] as (in Fig. [4.2|c))

L
€eqx = €a T (Eu,x - Ea) <P> ) (42)
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Figure 4.3: (a) Schematic illustration of a single layer absorber model with effective
permittivity of ey. The effective index of the guided modes is presented as neg. A
guided mode can be excited if \/€; < |neg| < y/w. (b) Calculated refractive indices of

the absorber layer (nw = \/ew), surrounding air medium (n, = \/€a), and guided mode
in the LWIR region.

where €¢q,x is the equivalent homogeneous permittivity of the films for the pitch period,
with x=Ti or SiN,. It is noted that effective grating theory applies for pitch periods
less than or comparable to the illumination wavelengths [146, [147].

To understand how the light gets coupled inside the effective grating pitches, a
common approach is to analyze the guided mode resonance (GMR) techniques. In
general, guided resonant modes can be coupled into a waveguide when the mode prop-
agation index is higher than the surrounding medium but lower than the optical index
of the waveguide. Fig. [4.3(a) shows a schematic illustration of the Ti-SiN, absorber
as a single layer model. Such a single-layer model can be used in analyzing the op-
tical behavior of perfect absorbers [148]. The overall permittivity of the single layer

can be calculated from the thicknesses and equivalent homogeneous permittivity as

_ tri . lsN : : : : _
[149], ew = o Eea Ti + 7 i Cea,SN- The surrounding medium is air, so €, = 1.

The effective index of refraction of the guided modes can be expressed as [150, [151],
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Neff = +/€a SinOine — m%, where 6;,,. is the incident angle of light, m is the diffraction
order, P is the absorber period, and A is the wavelength of light. A guided mode can

be excited if the effective index neg satisfies the condition as [59) [152],

Ve < Ine| < v/Ew, (4.3)

For further illustration, Fig. b) presents the refractive index of the absorber from
a single-layer model ny, (i.e., ny = /€w), surrounding air medium n, (i.e., na=1), and
guided modes neg for the wavelength ranges from 8—12 pm. We assume the normal
incidence of light and first-order diffraction (i.e., m = £1) in this calculation. Moreover,
optical properties of Ti and SiN, are taken from Ordal etal. [I53] and Kischkat etal.
[154], respectively. It can be clearly observed that neg satisfies the condition stated in
Eq. therefore, guided mode coupling is possible in our LWIR absorber.

Based on guided mode resonance (GMR), the propagation waveguide modes in the
single layer absorber with permittivity €, would be equal to the diffracted modes when
[150,, 151],
ki (i + 0;)

)

tan(kit) = R
1 11

(4.4)

where,

Y= \/512—6ﬁk02
8 = VBi® — suvko” (4.5)
Bi = konest

ko = 27\

where [ is the effective wavevector of propagation, t is the total thickness of the waveg-

uide, and ey, and &g, are the permittivity of the incident medium and substrate,
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Figure 4.4: Optimum thickness for the fundamental guided modes in the single layer

absorber with different duty cycle f.

respectively (for air, ejnc=¢inc=¢,). Using this model, we can calculate the optimum
thickness of the waveguide corresponding to the fundamental guided modes. Fig. [4.4]
shows the optimum thickness of our single layer absorber (averaged over LWIR) with
different duty cycles f (i.e., different perforation ratios w/g). It can be observed that a
lower duty cycle corresponds to a larger thickness, which is quite evident from a previ-
ous article [I55]. For a thickness of 220 nm, the optimum duty cycle is found as ~0.21,
which is quite close to our initial design of w/g = 0.8 (i.e., f=0.2).

Optical coupling inside the absorber layer can be better understood through a round-
trip phase calculation of light. Fig. presents the phase calculation throughout the
8—12 pum range. The inset shows a schematic illustration of an absorber with differ-
ent phase components of light. When incident light gets diffracted and enters the ab-
sorber waveguide, it encounters several internal reflections at the interfaces of the waveg-
uide (medium 2)—incident medium (medium 1), and waveguide (medium 2)—substrate

(medium 3). Maximum light coupling is achieved when the round-trip phase meets the
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Figure 4.5: Round-trip phase of the light inside the absorber layer throughout the LWIR

region.
following condition,

Y = 2Bt + o1 + 1Pz = 2nm, n=0,1,2,..
where, (4.6)

Bz = kﬂvgw_eeff

where, e.q is the effective permittivity of the propagating modes (i.e., foff = negr?), V21
and 193 are the phases of reflection at the waveguide—incident medium and waveguide—substrate,
respectively. When 9 gets nearby to 2nw, the waves that encounter multiple reflections
inside the absorber waveguide get closer to interfere constructively and hence lead to
resonant modes. From Fig. it is quite evident that the phase gradually gets closer to
0 (i.e., n=0), which suggests for a high absorption in the long-wave infrared. Moreover,

the wideband nature of the round-trip phase implies broadband optical absorption.
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4.3 Calculation of optical absorption

4.3.1 Transfer matrix method
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Figure 4.6: (a) Schematic illustration of a single homogeneous layer with thickness d
and medium q. Light coming from medium p is incident on the interface between p and
q, and reflection and transmission on the interface are described as follows: 7,4 and #,q4
are reflection and transmission coefficients from medium p to medium g, and 7y, and tqp
are reflection and transmission coefficients from medium q to medium p, respectively.
Propagation through thickness d introduces a phase term described as, ¢=, /24 (27”) d,
where ¢, is the effective permittivity and A is the incident wavelength. (b) Schematic
illustration of multiple layers in the absorber system, with equivalent homogeneous
layers of Ti and SiN, having permittivity of eeq i and ee¢q 5N, respectively. Incidence
air/vacuum environment is described as medium ‘a’, Ti and SiN, layers are described
as medium ‘i’ and ‘j’, the bottom Au reflector is described as medium ‘r’, and air gap

between absorber and reflector is described as medium ‘s’.

To calculate the optical absorption of the designed st<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>