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ABSTRACT

THERMAL RADIATION MEASUREMENT AND DEVELOPMENT OF
TUNABLE PLASMONIC THERMAL EMITTER USING STRAIN-INDUCED
BUCKLING IN METALLIC LAYERS

SEPTEMBER 2018
AMIR KAZEMI-MORIDANI, B.S., AMIRKABIR UNIVERSITY OF TECHNOLOGY
M.S.M.E, UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Jae-Hwang Lee

An infrared radiometry setup has been developed based on a commercially available
FTIR spectrometer for measuring mid-infrared thermal radiation. The setup was calibrated
with a lab-built blackbody source. The setup was tested with a grating structure with 4-
micron periodicity. Periodic microstructures using nickel and gold are fabricated on
elastomeric substrates by use of strain-induced buckling of the nickel layer. The
intrinsically low emissivity of gold in the mid-infrared regime is selectively enhanced by
the surface plasmonic resonance at three different mid-infrared wavelengths, 4.5 um, 6.3
pm, and 9.4 pm. As the thermal emission enhancement effect exists only for the
polarization perpendicular to the orientation of the microstructures, substantially polarized
thermal emission with an extinction ratio of close to 3 is demonstrated. Moreover, the
elastically deformed plasmonic thermal emitters demonstrate strain-dependent emission
peaks, which can be applied for future mechano-thermal sensing and dynamic thermal

signature modulation.

Vi
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Manipulation of light by exploiting the light-matter interaction has been a major field
of research in the modern science. Surface plasmon polaritons are electromagnetic
excitations that are guided by a metal—dielectric interface that are extremely confined in
the perpendicular direction i.e. they vanish evanescently in the perpendicular direction.[1]-
[4] As compared to conventional optical applications, where the smallest attainable size is
almost always limited by the wavelength of the radiation, [5]-[8] we will study the
enhancement of thermal radiation by coupling surface plasmon polaritons to propagating
modes of electromagnetic radiations by introducing dynamically tunable microstructures

at the metal-dielectric interface. [9]-[13]

1.2 Thermal Radiation

Any object with a temperature above the absolute zero emits electromagnetic
radiations. An ideal emitter does not reflect any light and in a state of equilibrium absorbs
all the incident energy and emits its own energy with a temperature-dependent
characteristic spectrum that is known as blackbody radiation. One of the major unsolved
problems near the end of the nineteenth century was the derivation of blackbody spectrum

from fundamental physical principles.[14] Lord Rayleigh had attempted to explain
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blackbody radiation by using Maxwell’s equations and the fundamentals of thermal
physics. His attempt could explain the behavior of blackbody for long wavelength but
would result in infinite values as wavelength approached to zero. Wien had also found an
empirical relation with two constants for blackbody radiation at shorter wavelengths and
the constants could be calculated for the best fit to experimental data. Later, German
physicist Max Planck was successful in modifying the Wien’s expression to match with
the Rayleigh’s prediction, and this modified expression would fit the blackbody spectrum
at both ends. In an attempt to explain his new expression, Planck used a mathematical trick
that energy of a standing electromagnetic wave with wavelength A cannot have any
arbitrary amount of energy and the energy should be a value that is integral multiples of a
minimum wave energy, called a quantum of energy. This quantum of energy is given by
hc/A where h is the Planck’s constant. With this assumption, an object at low temperatures
could not provide enough energy to reach the required minimum energy for an arbitrarily
short wavelength wave.[14] The spectrum of this radiation is described by Planck’s law,

B. is the spectral radiance per wavelength:

2

— (W -sr71-m™3)

A\ as
eAkBl — l (1)

Where T is the temperature, h is the Planck’s constant, c is the speed of light, A is the
wavelength of the emitted electromagnetic radiation, and kg is the Boltzmann constant. The

total radiation emitted from a blackbody only depends on the temperature of the object.
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Part of this electromagnetic radiation in the wavelength range of 700 nm to 1 mm is known
as the infrared radiation. At the temperatures present in the Earth’s atmosphere almost the

entire electromagnetic radiation falls in the infrared range.

1.3 Surface Plasmon Polaritons at Metal-Dielectric Interface

Let’s consider a flat interface between a non-absorbing dielectric in the z < 0 half-
space (medium 1) with a positive dielectric constant €1 and a metal in the z > 0 half-space
(medium 2) with a complex dielectric function €2(w) (the real part of &2 is negative for
metals) where o is the frequency of light.[15] A schematic of the interface and the surface
plasmon polariton with an evanescent amplitude of the electric field (in red) is shown in
Figure 1. Now we will consider surface wave solutions that are confined to the interface.
These waves show evanescent decay in the z-direction. Surface plasmon polaritons can
only exist with the transverse magnetic polarization (magnetic field parallel to the

interface). [16]
V4
X

€2

€1

Figure 1- Schematic of metal (2)-dielectric (1) interface and the surface
plasmon excitation at the interface
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For the transverse magnetic polarization, without any loss of generality and to have
simpler equations, we can assume that these waves are propagating in the x-direction. We

can write:
E; = (E;,0,E; )e Pilzlgiltkix-wD) )

H, = (o, Hy, 0) o—Bilzl pi(kix-wt) @)

Where index i represents the medium and fi is the magnitude of the wave vector.[16]

By substituting these equations into Maxwell’s equations that are shown below:

VXE; = 19 H
i cot ¢ (4)

VXH; = 19 E
Y Tk (5)
V.(¢,E;)) =0 (6)

And applying the boundary conditions at the interface (components of E and H
parallel to the interface must be continuous at the interface), we will arrive at:

€16
€1+ € (8)

w
k1=k2=k(a))=?

In case of vacuum and a Drude semi-infinite metal with negligible collision

frequency, we will have:
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2
“p
2

61:1’62:1_(‘) (9)
K )_a) w? — wh
W=7 202 — wf (10)

Where wp shows the plasma frequency of the metal. [9], [17] Examples of the
dispersion relations at the interface between Drude metal and air and Drude metal and silica

are shown in Figure 2 from Reference [16].

/ silica
1=~
Q RN .
S osg}
8 \ . B B ) o (,Osp:alr B
> , _ el S
c 0.6 e
@ e
// sp,silica:
o /) _
v 04t -
LL I_{_:i-
02f /,
o/
0 1

Wave vector l(c/(op

Figure 2- Dispersion relation for Surface Plasmon Polaritons at the interface between Drude
metal and air and silica [16]

Figure 2 shows that a wavevector is not a linear function of the frequency for surface
plasmon polaritons and always lies outside the cone of dielectric (in free space of

homogeneous dielectrics the wavevector of plane waves depends linearly on the frequency)
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[18]. This means that surface plasmon polaritons cannot couple to propagating modes of
the dielectric due to a mismatch in momentum. However, there are several ways that allow
coupling between propagating modes of radiation and surface plasmon polaritons. For
example, a thin layer of metal on a prism made of glass would allow the surface plasmon
polaritons at the metal-air interface to couple with the propagating modes in glass. As an
example, it is shown in Figure 1 that for a range of k values, the dispersion curve of surface
plasmon polaritons at metal-air interface lies inside the dielectric cone of the silica that
means the surface plasmon polaritons at metal-air interface can be coupled to propagating

modes in silica by using a thin layer of metal.

1.4 Coupling of surface plasmon polaritons by gratings

Coupling surface plasmon polariton modes to light can also be achieved by
diffraction at a grating surface when the momentum matching condition (Equation 11) is

satisfied:[16], [19]

k= kp sin@ + ng (11)

Where kp is the momentum of the incident photons, 0 is the angle between light ray
and the grating plane, g is the reciprocal vector of the grating (2n/periodicity) and n is an

integer (1,2,3,...) representing the diffraction mode.[20]-[22]
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The dispersion relation of a surface plasmon polariton at a corrugated interface is
shown in Figure 3 from Reference [15]. The surface plasmon polariton dispersion curve
has now been replicated inside the light line. This replication means that coupling can
happen between light and surface plasmon polaritons with the help of a grating.[9] It is
also interesting to note that a gap opens up where the different scattered SPP modes cross.
The geometry (cross-section) of the grating determines the strength of the
scattering/coupling.[23] Figure 3 shows that in addition to giving the possibility of
coupling between light and surface plasmon polaritons, periodic structures also introduce

band-gaps in the propagation of surface plasmon polaritons.[21], [24]

o P 12

w=ck/e
XL

® spp(K)

>
-“4n/D -2n/D 0 2n/D  4n/D K

Figure 3- Surface plasmon polarinton dispersion on a periodic structure (periodicity = D) and
formation of bandgaps. The dispersion relation on a flat surface is shown by the thin solid line. [15]
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CHAPTER 2

METHODS

2.1 Strain-Induced Buckling

Formation of complex ordered structures induced by buckling of thin metallic sheets
on an elastomeric substrate (Polydimethylsiloxane) has been reported previously.[25]-[27]
In this work, we have used this method for making periodic tunable thermal emitters. The
periodicity of the wrinkle depends on the mechanical properties of the substrate and the
metallic layer as well as the thickness of the layer. We have used a Polydimethylsiloxane
(PDMS) polymer system from the Dow Company called Sylgard 184® as an elastomeric
substrate. 1-mm-thick strips of PDMS with a 1:10 ratio of the crosslinking agent to the
polymer base by curing at 200° C for one hour have been prepared. Due to the preferable
optical properties[28] of gold such as low absorption and high conductivity and its
remarkable stability in air and high temperatures, we have attempted to make the samples
by depositing gold on the elastomeric substrates. The target periodicity for mid-IR radiation
enhancement given the capabilities of our radiation measurement setup should fall in the

range of 4 to 10 um.[29]-[31] As it is shown in Equation (12)

1
1—v2)E; |3
A = 2md gl

3(1—Vv?)Es (12)
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We can have an estimate of the periodicity A by using the elastic moduli of the
metallic layer and PDMS, Ef and E;, and Poisson’s ratios of metal and PDMS, v, and vs.
Given the low elastic modulus of gold, we were not able to make structures with the desired
periodicity. Of course, an easy solution to this problem is increasing the thickness of the
metallic layer, but the regularity of the pattern would be influenced by thicker metallic
layers and thicker metallic layers would reduce the repeatability of the patterns. In order to
fix this issue, we introduced another metallic layer for generating the desired periodicity.
We have used nickel as the metallic layer to achieve the desired periodicities and sputter-
coated the structure made from the nickel layer with a layer of gold to take advantage of

the superior radiation properties of gold.

2.2 FTIR Radiometry

The radiation measurements were performed by a setup, which was developed in our
lab based on a Fourier transform infrared (FTIR) spectrometer. FTIR spectroscopy is a
well-known technique for studying the absorption/emission of materials and identification
of molecules/chemical bonds in a sample based on their characteristic peaks.[32], [33]
When infrared radiation passes through a thin slice of a material, part of the radiation will
be absorbed by the material and the absorption spectrum of the sample can be studied by
recording the radiation after passing through the sample.[34], [35] Most FTIR

spectrometers use an interferometer.[36] There is a beamsplitter inside the interferometer

www.manaraa.com



that divides the incoming infrared beam into two beams. One beam is directed toward a
fixed mirror while the other beam is directed toward a moving mirror (an amplitude of
movement is around a few millimeters). Figure 4 shows a schematic of a Michelson

interferometer which is used in the Nicolet 6700 FTIR spectrometer.

Detector
q
i
13
AL T Fixed
g e
source i L
Beam
splitter
L+AL72 )
4
q
Moving
EEEE mirror

Figure 4- Michelson Interferometer
After reflecting off of the two mirrors the beams will be recombined at the

beamsplitter and directed toward the detector. Because of the path length difference of the

10
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two beams, the beams will interfere with each other and generate a pattern that is known
as an interferogram. The interferogram combined with the position information of the
moving mirror can be used to extract radiation intensity for different infrared
frequencies.[37], [38] The information from the interferogram can be decoded to
wavevector domain via Fourier Transformation.[36] Figure 5 shows a few examples of

interferograms and their corresponding radiation spectra.[39]

Interferogram Radiation

Q—D\/\/
| - A NS
N - A

S PN |

Wavenumber Mirror Position

Figure 5- Interferograms and corresponding radiation spectra based on FFT [39]

In order to measure thermal radiation of the samples, we have removed one of the
mirrors from the FTIR spectrometer and used an external window on the frame of the

device for redirecting radiation from the source that is placed outside the system toward

11
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the interferometer. The modified configuration of the measurement setup is shown in

Figure 6.
v/
4,
% 0’:?
Linear
Polarizer
Detector ~
Aperture
Interferometer
FT-IR Spectrometer

Figure 6 Schematic of the measurement setup

2.2.1 Blackbody Calibration

For calculating emissivity of the sample, we have calibrated the radiation
measurement setup with a blackbody source. We have proposed a simple mathematical
model for describing the radiation that is measured with the radiometry setup to calibrate
our setup. In our model, the total radiation is the sum of radiation from the sample and a
constant term that accounts for the background radiation. In Equation (13) for the

calibration of the radiometry setup, E is the measured radiation signal, BG shows the

12
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0.0

Background Function

15

background contribution, R is the response function of the radiometry system which is a
function of wavelength and BB is the blackbody radiation according to Planck’s equation

which is a function of wavelength and the temperature.

E(LT) = RN [BG(L) + BB(A, T)] (13)

In Equation (13), the response function and the background radiation are the
unknowns, therefore by measuring the radiation of the blackbody at two different
temperatures, we can solve a system of two equations for the two unknowns and determine
the background contribution and the response function of the system. Examples of the
calibration functions are shown in Figure 7. The absorption lines in the 1200 to 1800 cm®
range originate from absorption spectrum of water vapor in air.[40] The features near 2350

cm originate from the absorption characteristic lines of CO,. [41] The noise features in

o
3)

=y
o

T,-T,
1T, ——39.1-57.5

—sotws| ob) My i
——39.1-76.1 [ _ ' e
391922 | B || V b

"y

Response Function
B w
T T

2 i i L n
1000 2000 300C 1000 2000 3000
Wavenumber (cm™) Wavenumber (cm’™)

Figure 7- Example of a) background and b) response functions for blackbody calibration
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the low-temperature calibration curve near the large wavenumber end of the graph are from

weak radiation signals at low temperatures in that region.

The validity of this assumption can be verified by measuring the blackbody radiation
at a different temperature (other than the temperatures used for calibration) and comparing
the prediction of the equation with the measured spectrum of the blackbody at that
temperature. Our system has shown less than 1% error in blackbody radiation
measurement. Comparison of blackbody radiation based on the calibration and
measurement with our system and the error of calibration are shown in Figure 8. The
dashed curves show the measured blackbody radiation spectra with our system and the
transparent solid curves show the radiation spectra based on Planck’s equation. As it is
shown in the left plot, the signal is very weak for larger wavenumbers (>2000 cm™). The

weak signal results in high relative error in the calibration functions for short wavelengths.

a) b)
I Temperature (°C) - Temperature (°C) . ..""‘;3
2Ry ---388 - 388 o opnats -’.:f‘.
R ---553 + 553 e e P R
‘ - 23 ! .l
c F \ .
2 N S an
= \ - e b
° \\ \ E ‘.. ::‘
@ = R
o LYY w E‘"
> A =
g Vo g
' \ 5
A .
2 \ - N
m LY . . .
\\\\ . * :' .
NN
N .
~ Y
w -
- e -
L . - P2 A . - ! M P B L ol

oL — 0 et b -
1000 1500 2000 2500 3000 3500 4000 750 1000 1250 1500 1750 2000 2250 2500

Wavenumber (cm™) Wavenumber (cm™)

Figure 8- a) calibration comparison with Planck's equation and b) the plot of relative error
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2.2.2 Nonlinearity of Mercury Cadmium Telluride Detector

In order to detect the thermal signals at low temperatures (room temperature — 250°
C) we used a high sensitivity mercury cadmium telluride (MCT) detector that requires
liquid nitrogen to be cooled down. The detectivity of common infrared detectors are shown
in Figure 9 from reference. [42] We have used an MCT-A detector in our setup that has the

highest detectivity for mid-infrared detectors that almost cover the entire mid-IR range.[42]

Microns
0.4 1.0 2.5 25.0
uv| Visbe |  NearIR | Mid-IR [Fori
'
. lgogars | |
j:: N Si bolometer
E'2 d_ﬂ__ljﬂig‘-‘- mGaf‘;amam |
\nGahs
| nSo
o | | |
] M WMCTB
> l | ppSe |
/ E
’ | pLaTGS/Quartz__4 DLaTGS/KBr DLaTGSP
o pLa
| LiTa0;s
| | | |
=
| l | |
< '635\ <y I’@ '79 dl’ Id\ '7 l? "3 ', '/ :9 é !
D % % % % 'ooo %0 000 o% o% \%0 0% % %

cm-!

Figure 9- Detectivity of commercially available infrared detectors [42]

Detectors with high detectivities (D*) exhibit nonlinearity in high radiation flux

experiments. Equation (14) shows the dependency of D* on bandwidth (4f), detector area

15
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(A), detector signal (Vs), the root mean square detector noise (Vi) and the energy flux at
the detector (Es).[42], [43]

1
Af2

U)<

D* =

(14)

N[~

V,EA

We have confirmed that our initial radiometry setup has a nonlinear response for
radiation flux of our blackbody at room temperature. In order to eliminate the nonlinearity,
we have implemented an aperture and a perforated sheet on the path of the infrared beam
to reduce the radiation flux that reaches the detector. By controlling the radiation flux, we
have changed the response of the detector to an almost linear response. The linearity of the
detector’s response can be verified by calibrating the system at different temperatures.
Having the same results for the response functions (calibrated at different temperature
pairs) shows that the detectivity does not depend on the income radiation flux (shown in
Figure 7).

2.2.3 Sample Orientation

The FTIR spectrometer uses an interferometer, part of this modulated signal will leak
out of the spectrometer. The modulated signal that leaves the spectrometer can be reflected
at the sample’s surface and be redirected toward the spectrometer once more. This
reflection can introduce significant artifacts in the measured radiation spectrum. In order

to avoid this issue, the samples were mounted at a tilted angle so that the reflection of the

16
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modulated signal from the spectrometer will be redirected toward outside the surroundings.

A schematic of this configuration is shown in Figure 10.

IR Camera

~
Parabolic mirror Sample

to FT-IR
spectrometer Heater

Figure 10- Orientation of the sample and camera relative to the spectrometer

2.3 Optical Profilometry

For determining the amplitude and periodicity of our structures, we have used an
optical profilometer (Nexview, ZYGO).[44], [45] Optical profilometry is a well-known
technique for determining the surface roughness and profiles of highly reflective surfaces.

Optical profilometers use the interference pattern of light to detect the height profile of a

17
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surface. A laser beam is split into two different beams, one beam is directed toward a flat
reflective surface inside the equipment and the second beam will be directed toward the
sample. The reflected beam from the sample will be combined with the reflected beam
from the known flat surface and by using the interference patterns in the recombined beam
the height profile of the sample can be determined. Examples of optical profilometry

measurements are presented in the next chapter.

18
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2.4 Infrared Camera for Temperature Measurement

We have controlled the temperature of the samples by using a copper heater. For all
our samples, we have designed an uncoated PDMS region that was used as a reference
material to define the surface temperature of the sample.[46] The temperature was
measured by a calibrated mid-IR camera (T450sc, FLIR). The thick layer of PDMS (>0.2
mm) shows less than 1% transmission for the spectral range of the camera (7.5-13 pm).
This fact justifies that PDMS can be used as reference material for temperature
measurement. Figure 11 shows a sample infrared image of our blackbody source from our

camera, the bright circular spot in the center of the image is the opening of the blackbody.

Figure 11- Thermal image of the blackbody with the infrared camera
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CHAPTER 3

RESULTS

Due to the necessary tilt to avoid artifacts and given that our samples are highly
reflective, the measured radiation includes the thermal radiation reflected from the
surroundings of the measurement setup. This grey-body-like radiation contribution should
be calculated and removed from the measured radiation for assessing the thermal radiation
from the samples. Using a similar approach to calibration of the system, the reflection
contribution can be determined by measuring the radiation of the samples at two different
temperatures. The reflected radiation from the surroundings does not depend on the
temperature of the sample. The radiation of the sample can be described as emissivity times
the blackbody radiation at that temperature, assuming a constant emissivity within the
measured temperature range. We can then calculate the reflection contribution and the

emissivity of the sample using Equation (15):

R(LT) = BG(L) + e(V)BB(A,T) (15)

This model equation is written for the total measured radiation. In this equation R,
BG, ¢ and BB respectively show the total radiation, the reflected background radiation, the
emissivity of the sample, and the blackbody radiation at a temperature T. This model was
also verified by measuring the radiation at three different temperatures then choosing

different pairs of spectra for the calculation of emissivity and the background radiation.
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Agreement between calculated emissivity and background spectra have proved the validity

of the assumptions in this model.

Polarization of the radiation enhancement is a very important feature and helps with
the identification and understanding of physical phenomena. In order to study the
polarization of enhanced radiation from our samples, we have used a linear infrared polarizer
to measure the radiation of the samples at two perpendicular polarizations that are

determined based on the geometrical feature of the samples.

The need for tilting the samples to avoid artifacts caused by reflection has been
mentioned in the previous chapter. Samples can be tilted either in the plane defined by the
grating lines and the normal to the surface of the samples, or a plane that is defined with a
perpendicular line to the grating lines and the normal to the surface of the sample. In the
experiments for the next section (3.1), all the tilts are in the second configuration (as opposed

to all the other measurements) so that it can be easily simulated.

In all the presented radiation or emissivity spectra, the noise-like features at the short
wavelength end of the graphs are due to low signals from samples at low-temperatures in
the short wavelength. Depending on the humidity on the day of the measurements, some
of the spectra may show several absorption peaks in the 6 to 8 micron range that are due to

the water vapor in the air.
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3.1 Angle-dependency of surface plasmon resonance

To establish the measurement protocol and verify the capabilities of our system, we
have measured the thermal radiation of a 4-um grating structure made at Watkins group in
the Polymer Science and Engineering Department at University of Massachusetts,
Amherst. The sample was made using an imprint-planarize-imprint strategy that is
previously reported in the literature. [47] It was also gold-coated using a conformal

supercritical fluid deposition technique that is also reported in the literature. [48]

The results of profilometry measurements of this sample is shown in Figure 12. The
figure shows the profile of four lines and also the zoomed-in view of one of the edges to
show that the edges are not vertical. These grating lines have a trapezoidal cross section,
with a periodicity of 3.93 um. The heights of the lines vary from 1.05 to 1.35 um. The

widths of the lines vary from 0.89 to 1.79 um on average from bottom to top.
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Figure 12- Optical profilometry measurements for the grating sample. a) height profile of 4
grating lines, b) the edge of one of the lines as an example
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As a proof for the proposed model presented for emissivity calculation, the radiation
of the sample for 7° tilt angle has been measured at 4 different temperatures and the
calculations based on two different temperature pairs are shown in Figure 13. The
agreement between the emissivity and the background radiation calculation for different
temperature sets shows that the proposed model is valid for our applications. The
background radiation is very close to a grey-body spectrum at room temperature with

emissivity of about 0.9.
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Figure 13- a) Emissivity and b) background radiation spectrum based on the proposed
model at different temperature sets.
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The Zhang group in the Mechanical Engineering Department at Georgia Institute of
Technology has developed a free Rigorous Coupled-Wave Analysis (RCWA) MATLAB

package [49] that have been used for simulation of radiation enhancement of the grating

Emissivity

structures.
a) b)
0.8 0.8
Dashad ->Exparimant
Sofid -> Simulation - -=28°
- - - 13°
06 | 8° tilt, o5 L
=
=
w
0.4 - 804
£
w
0.2+ 02k
’
00— . . m—; 0.0 ) Shn = e & e e e e e e
45 5.0 55 6.0 4.0 45 5.0 55 6.0 6.5 7.0
Wavelength (um) Wavelength (um)

Figure 14- Emissivity of the 4-micron grating structure in a) perpendicular and b) parallel
polarizations with respect to the grating lines

The emissivity curves of the sample, measured at two different polarizations, are
shown in Figure 14. In our radiometry setup, the radiation is measured within an acceptance
angle of 8 degrees i.e. a cone in 3D with vertex angle of 8°. The radiation measurement
inside a cone effectively means that detected radiation is an averaged value of emitted
radiation in an angle interval of 8 degrees. The RCWA package can determine the spectral

radiance for an infinitesimally small solid angle. To make the simulations more accurate,
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the emissivity spectra for 16 different angles (0.5° steps) have been calculated and all the
spectra were averaged to represent the measurement for an acceptance angle of 8 degrees.
Given the complex effects of the cross-section, height, and the width of the grating lines on
the wavelength of the enhancements, the first emissivity spectrum was used as a calibration
dataset to find the dimensions of an ideal grating structure (height = 1.36 pm, width = 0.96
um, periodicity = 3.93 um) for the simulation package that would result in the same peak
wavelength for the enhancement. The same dimensions have been used for calculation of
the emissivity spectra for the other two measurements. The peak wavelengths from the

simulations’ results show a good agreement with the experimental measurements.

This enhancement in radiation has been previously studied[50] and is attributed to
the coupling of surface waves, surface-plasmon polaritons in this case, and propagating
modes by means of the grating on the interface. The enhancements are observed to be
highly polarized and very directional. Our measurements do not show the extreme
directionality due to measuring the radiation inside a cone and the deviation of the structure

from the ideal grating structure.
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3.2 Tunable Thermal Emitter

The second part of this project was to develop a tunable thermal emitter with very
basic fabrication tools. The results of this section has been published in Advanced Optical
Materials.[51] The samples were prepared using the strain-induced buckling in the metallic
layer which was explained in Chapter 2. The height profiles of the sample are shown in

Figure 15.

The samples show cracks in the direction perpendicular to the wrinkles that are
caused by the stretch in the metallic layer after relaxation of the elastomeric substrates. The
samples show very regular structures throughout the entire coated surface and the

amplitude of the structures are proportional to the periodicities of the samples.
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Figure 15 The height profiles of the samples made using strain-induced buckling a) 4.5-micron
periodicity b) 6.3-micron periodicity c) 9.4-micron periodicity
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Figure 16- a) Optical images of one sarﬁple under reflection microscope (scale bar = 40
micron), b) image of the sample mounted on the heater

The emissivity spectra of these samples for two different polarizations (90° and 0°
are respectively polarizations perpendicular and parallel to the direction of grating lines)

are shown in Figure 17.
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Figure 17- Emissivity spectra for the samples with periodicities of a) 4.5 pm, b) 6.3 pm,
and c¢) 9.4 um

We have observed that the emissivity of the parallel polarization is higher than
emissivity of flat gold because of the larger emitting surface of the wrinkles as compared
to a flat surface. We have also observed features that (pointed out by the arrows in Figure

17¢) arise from the cracks in the structure where the PDMS substrate, which has
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significantly higher emissivity than gold, is not covered by the gold layer. This can be
verified by the absorption spectrum of PDMS which is shown in Figure 18 for a 26-um
thick PDMS layer. There is an absorption band in the 9-10 micron range and a strong
absorption line at 8 micron, that correspond to the features observed in the emissivity

spectra of the wrinkle structure with the periodicity of 9.4 microns.[52], [53]
6
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Figure 18- Absorption of PDMS for a 26-micron thick layer

The enhancement peak for the 9.4-micron sample has an unusual shape that can be
attributed to indirect plasmonic coupling of through the nickel-gold bilayer.[54]-[56]
Surface plasmon polaritons can exist at the interface of metals and dielectric, the nickel-
gold bilayer has two interfaces with dielectrics, one interface with air and a second interface
with PDMS.[57] If the thickness of the nickel-gold bilayer is thinner than the sum of
evanescent amplitudes of surface plasmon polaritons at these two interfaces, the surface
waves can couple with each other.[58] This can help explain the unusual shape of the

enhancement peak that has features similar to absorption spectrum of PDMS.[59]-[61] We
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have also shown the tunability of the thermal radiation enhancement with another sample.
The sample has been stretched and radiation spectra were collected for each stretched step.
The results are shown in Figure 19. Due to an enhancement periodicity close to very strong
PDMS absorption lines, some PDMS characteristic lines are also present in the spectra,[62]

that were explained earlier.
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Figure 19- The shift in the enhancement peak for different strain values. a)
emissivity spectra at different stretched states b) peak wavelength determined using
a Gaussian fit plotted for different strain values

The vertical shift in the emissivity baseline of the sample supports the idea that was
presented earlier. At higher strain values the surface gets closer to a flat surface which
means the radiative surface per unit area decreases that can explain the vertical shift in the

baseline of the emissivity of the sample.
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Figure 20 shows an image of the structure that is taken with a scanning electron
microscope. A few cracks in the nickel layer are visible in the image and for one of the
cracks the PDMS substrate is exposed. This can be explained by the effects of thermal
expansion when the sample is heated. The PDMS can break the thin gold layer that is

covering the crack. This effect can also contribute to higher baseline emissivity values and

the presence of PDMS emission peaks in the measured radiation.

Figure 20- SEM image of the structure, (scale bar = 20 um)
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3.3 Woodpile 3D Thermal Emitter

The last set of samples that we have studied was for a collaborative project with the
Watkins group in the Polymer Science and Engineering Department. The results of this
work has been published in the American Chemical Society journal of Applied Materials
and Interfaces. [48] TiO2 woodpile structures were fabricated on silicon wafers using an
imprint-planarize-imprint strategy. Each layer of patterned TiO2 was imprinted in a glove
box. The TiO2 nanoparticle dispersion was spin-coated on the substrate and the PDMS
stamp was gently placed onto the TiO> coating immediately afterwards. The stamped
substrate was then placed on a 50 °C hot plate for 6 h before the stamp was peeled off. This
sample was then coated with gold using a supercritical fluid coating technique. The cross-
section profiles of the top and bottom layer as well as a SEM image of the sample are
shown in Figure 21. The bright layer covering the structure shows the conformal coating

of gold that covers the entire surface of the sample.

Figure 21- SEM images of 3D woodpile structure. a) the 2-layer woodpile structure
imaged at an angle. b) cross-section of the top layer. c) Cross section of the bottom
layer
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Photonic crystals show stronger radiation enhancement that are only partially
polarized.[63]-[66] The enhancement gets stronger with a larger number of layers but can
also be detected with only two layers. As the samples should be tilted for radiation
measurement to avoid reflection artifacts, completely polarized enhancement peaks that do
not originate in the 3D structure of the sample have also been observed. The emissivity
spectrum of the sample is shown in Figure 22a. The peak that is fully polarized originates
from the surface waves on the top layer of the structure and the partially polarized emission
enhancement is attributed to resonance modes at the photonic band edge and is expected
to exist at the same wavelength within a wide detection angle.[63][67] In order to show the
partially polarized peak exits in a wide detection angle range, the radiation spectrum of the

sample was measured at different tilt angles and the results are also shown in Figure 22b.
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Figure 22- a) Emissivity spectrum of the sample for two polarizations at 8° tilt, b) Emissivity
measurement for different tilt angles for perpendicular polarization
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The peaks that originate from surface plasmon polariton exhibit strong angle
dependency. This fact means that the radiation of those peaks when measured inside a cone
will be averaged and broadened and this effect is clear in the peaks on the right and the left
of 4.8-micron peak in Figure 22b.[68] The partially polarized peak shows higher locality

because the peak wavelength for that peak does not depend on the observation angle.[69]
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CHAPTER 4

CONCLUSION AND FUTURE WORK

A thermal radiometry method was established that enables accurate thermal radiation
measurement for low- and high- temperature applications. Engineering of mid-IR thermal
radiation characteristics was demonstrated with periodic microstructures. Plasmonic
thermal emission depended on the structure's periodicity and orientation. The deformable
plasmonic thermal emitters can be utilized as strain sensors. We were also able to
demonstrate the dynamic modulation of thermal signature of the deformable plasmonic
structures, which is potentially advantageous in defense applications. For large-scale
plasmonic thermal emitters, aluminum can be considered as a low-cost alternative material
for gold. All of our gold-coated structures exhibited significant thermal emission
enhancements. This wavelength-selective enhancement is of great utility for thermal
photovoltaics and self-cooling devices. This method can be a very useful tool for assessing
the potential application of innovative and novel microstructures for industrial, defense and

energy applications.
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