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Abstract
DESIGN, FABRICATION AND CHARACTERIZATION OF GUIDED-MODE

RESONANCE TRANSMISSION FILTERS

Mohammad Shyiq Amin, PhD

The University of Texas at Arlington, 2014

Supervising Professor: Robert Magnusson

This dissertation addresses photonic devices enabled by the guided-mode
resonance (GMR) effect. As periodic phototonic structures can become highly reflective
or transmissive at resonance, this effect has been utilized to design suites of optical
elements including reflection filters, transmission filters, broadband mirrors, polarizers,
and absorbers with a plethora of possible deployment venues. Even though there has
been considerable research on the reflection type GMR elements, attendant transmission
filters have less explored experimentally, as there is material limitation to design this kind
of filters with simple architecture and they also may require coupling to multiple
resonances simultaneously. Apart from the design issues, experimental realization of
these filters is challenging. There have not been any experimental reports on optical
transmission filters with narrow transmission band and high efficiency and well defined
low sidebands. In this Dissertation, we design, fabricate and characterize narrow band
guided-mode resonance transmission filters.

Initially we study a way to engineer the optical constants of amorphous silicon (a-
Si) suitable for different applications. Rapid thermal annealing is applied to induce
crystallization of sputtered amorphous silicon deposited on thermally grown oxide layers.

The influence of annealing temperatures in the range of 600°C-980°C is systematically



investigated. Using scanning-electron microscopy, ellipsometry and x-ray diffraction
techniques, the structural and optical properties of the films are determined. An order-of-
magnitude reduction of the extinction coefficient is achieved. We show that the optical
constants can be tuned for different design requirements by controlling the process
parameters. For example, we obtain a refractive index of ~3.66 and an extinction
coefficient of ~0.0012 at the 1550-nm wavelength as suitable for GMR transmission filter
applications where a high refractive index and low extinction coefficient is desired.

We design transmission filters for both transverse electric (TE) and transverse
magnetic (TM) polarizations and experimentally demonstrate a simple and geometrically
tunable narrowband transmission filter for TM polarization using a one-dimensional
silicon grating. We interpret the response in terms of symmetry of the guided modes in a
dielectric slab waveguide, with numerical analysis and experimental results. The filter
exhibits a 50-nm wide transmission peak with 60% efficiency at off-normal incidence in
the telecommunication wavelength region. We can achieve higher efficiency with broader
linewidths from larger incidence angles. We also explain the challenges that the
experimental realization of these devices entail such as susceptibility to extinction
coefficient, mode confinement, and surface irregularities.

Moreover, we provide a new principle for optical transmission filters based on the
GMR effect cooperating with the Rayleigh anomaly in a subwavelength nanograting. We
theoretically and experimentally show that the onset of higher diffraction orders at the
Rayleigh anomaly can dramatically sharpen a GMR transmission peak in both spectral
and angular domains. There results a unique transmission spectrum that is tightly
delimited in angle and wavelength as demonstrated with a precisely fabricated device.

Finally, we report experimental research on GMR transmission filters

based on a Fabry-Perot cavity. We achieve a resonance linewidth of close to 3 nm



with attendant free spectral range (FSR) of 7 nm. Even though the efficiency of the
resonance peak is not high, we can improve the results by applying low-loss

materials and generate broad low sidebands by decreasing the cavity length with

a micro-control translation stage.

vi
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Chapter 1

Introduction

1.1 Introduction and Background

Rapid spectral variations associated with zero-order dielectric waveguide
gratings, also known as guided-mode resonance (GMR) effects, have become
increasingly appealing due to their diverse spectral properties enabling such as reflection
filters[1,2,3,4,5], transmission filter [6,7,8,9], polarizers [10], sensors [11], display
elements such as color filters [7], dispersive elements [12] like buffers, delay lines and
myriads of other applications. GMRs are a category of diffraction grating resonances
referred as grating anomalies. Diffraction grating resonance has undergone a rich history
of study since its discovery in 1902, when Robert Wood reported abrupt discontinuities in
the reflectivity spectra of metallic diffraction gratings but could not explain it using the
scalar diffraction theory. [13,14,15]. These “Wood’s anomalies” were first theoretically
explained by Lord Rayleigh [16], until it was finally pointed out as one of two main types
of dielectric grating anomalies: Rayleigh anomaly which is the classical Wood’'s anomaly
and resonance anomaly by Hessel and Oliner in 1965 [17, 18]. The Wood’s anomaly is a
salient feature that manifests on periodic surfaces illuminated by incident
electromagnetic waves. It refers to the rapid energy redistribution of diffraction orders
alternating from evanescent to propagating waves or vice versa and a resonance type
anomaly, which is caused by the guided mode allowed in the grating or at its interface
[16,17].

Theoretical and experimental research on these kinds of resonance structures
has peaked since 1980s especially after the implementation of Rigorous coupled wave

analysis (RCWA) by Moharam and Gaylord [19]. Resonance on surface relief grating



couplers has been analyzed by Neviere et al. [20]. Zhang and Tamir presented the effect
of Wood’s anomaly with diffracted Gaussian beam on reflective period structure using
Hessel-Oliner theory [21]. There has numerous other early theoretical research on
transmission gratings with square wave profile [22,23], anisotropic gratings [24], reflection
gratings in high power applications [25] etc. Wang and Magnusson described an
estimation formula to locate the guided-mode resonances using waveguide equations for
weakly modulated diffraction gratings [1]. In this method, the prediction of the GMR
location is only accurate for the small modulation strength of the structure. Rosenblatt et
al. provided a simplified ray model to derive a formula for diffraction efficiency [26].

With the advent of fast computational analysis tools, along came the interest for
different potential application of these kinds of resonance structures. Gale et al. first
proposed to use GMR structures in security application [27].Magnusson et al.
demonstrated different applications of GMR devices such as reflection and transmission
filters [1-3,6-9], polarizers[10,28], biosensors [11],laser mirrors [29] etc. Recently a lot of
other application such as MEMS tunable filters [30], Rayleigh anomaly enabled
transmission filters [31], photovoltaic application [32], color filter arrays [33] etc. have
been reported by the nanophotonics devices group led by Magnusson.

Even though, most theoretical and experimental research has been
reported on GMR filters operating in reflection regime, not much exploration has been
done on the experimental analysis of narrow band GMR transmission filter. Transmission,
or bandpass, GMR filters were first presented in 1995 and were designed with multilayer
structures [11]. Tibuleac et al. provided numerical transmission filter designs in the optical
region and experimentally verified their performance in the microwave region [8,9].
Kanamori et al. reported transmission color filters with broad bandwidths [7]. Key

attributes of high-performance GMR transmission filters include a narrow transmission



peak, high efficiency, and low sidebands, which are otherwise difficult to obtain using the
GMR effect. Also an issue related to the design and the fabrication of single layer grating
narrow band transmission filters in the communication band is that, it is difficult to have

low sidebands with high transmission efficiency [34].

1.2 Overview of the Dissertation

In this dissertation, we develop a theoretical and experimental analysis of narrow
band guided-mode resonance (GMR) transmission filter with high transmission efficiency
and flat low-transmission sidebands.

Chapter 2 discusses about the basic theoretical analysis and design optimization
of guided mode resonance filters. We show the effects of variation in structural and
optical parameters such as grating period, thickness, fill factor , extinction coefficient etc.
we provided 2D maps of these variation and it’s relation to the diffraction efficiency.

Chapter 3 addresses a technique to engineer the optical constants of sputtered
amorphous silicon films by crystallization with rapid thermal annealing which can counter
the effect of extinction coefficient in realizing transmission filters. Rapid thermal annealing
is applied to induce crystallization of sputtered amorphous silicon deposited on thermally-
grown oxide layers. The influence of annealing temperatures in the range of 600°C-
980°C is systematically investigated. Using scanning-electron microscopy, ellipsometry
and x-ray diffraction techniques, the structural and optical properties of the films are
determined. An order-of-magnitude reduction of the extinction coefficient is achieved. We
show that the optical constants can be tuned for different design requirements by
controlling the process parameters. For example, we obtain a refractive index of ~3.66

and an extinction coefficient of ~0.0012 at the 1550-nm wavelength as suitable for a



particular optical filter application where a high refractive index and low extinction
coefficient is desired.

In chapter 4 we delve more into the details of the design, optimization, fabrication
and the challenges of GMR transmission filters. We present filters for both TE and TM
polarization operated at non-normal incidence where we show TE design is more
susceptible to extinction coefficient and mode confinement. We also provide a design for
a transmission filter operated at normal incidence enabled by the symmetric mode.

Chapter 5 presents a new principle for optical transmission filters based on the
guided-mode resonance (GMR) effect cooperating with the Rayleigh anomaly in a
subwavelength nanograting. We theoretically and experimentally show that the onset of
higher diffraction orders at the Rayleigh anomaly can dramatically sharpen a GMR
transmission peak in both spectral and angular domains. There results a unique
transmission spectrum that is tightly delimited in angle and wavelength as demonstrated
with a precisely fabricated device.

Chapter 6 investigates the design, fabricate and characterization of transmission
filters based on wideband guided-mode resonance (GMR) reflectors acting as Fabry-
Perot cavity.

Finally in chapter 7 the potential future research direction is discussed.



Chapter 2 Theoretical Background of Guided-Mode Resonance Filters

2.1 Basic Theory

A GMR element typically consists of a subwavelength periodic grating and/or a
waveguide over a substrate as shown in Figure 2-1 with period A, grating depth dg, fill
factor F which is defined as the fraction of the period containing the high refractive index
material, incident beam |, reflected beam R, and transmitted beam T. The grating layer
consists of a high-index material ny and a low-index material n,, nc and ng are the
refractive index of cover (medium containing the incident and the reflected waves) and
substrate (medium containing the transmitted waves) respectively. The modulation of the
grating is calculated by the change of the refractive index within a grating period as,
An= ny - n.. The grating layer can also act as the coupling as well as waveguide layer.

For the grating structure to work as a waveguide, its average refractive index, n,,q has to

be greater than that of the cover and substrate. The average refractive index can be

expressed as Navg = N + f(n —ni) (2.1)

n, Ill 'R FA

n
. -

Figure 2-1 Single layer GMR structure with period A, grating thickness dq, Fill Factor F,

refractive index of the cover and substrate is n¢c and ng respectively.



For TE polarization (Electric field vector normal to the plane of incidence), the
coupled wave equations conducting the wave propagation in the waveguide grating can
be expressed [1,19,35,36] as

din(Z)
dz?

+ (k2121 — K2 (Magsing — i2)2] Ei(2) + 1/ K32 [Eiy1 (2) + Ei_y(2)] = O

(2.2)
where, E; (z) is the y-component of the electric field amplitude of the i-th space harmonic,
k=2n/A, X is the free space wavelength, 0 is the incident angle, An is the modulation of
index. With An close to zero, this equation approaches to the case of an unmodulated

dielectric waveguide simplified as

din( ) _
dzzz + [kzntzwg - ﬁZ]Ei(Z)‘O (2.3)
where, B is the propagation constant. The condition for the guided wave to exist in the

grating structure can be represented [1] as
max (nc, ns) < NgygSing — i% < Navg (2.5)
So by making An very small we can estimate the propagation constant of the waveguide
grating as
B — B= k(apgsind — i) (2.4)
For a typical single layer zero order grating (A<A), at specific wavelengths,
incident angles or polarization, the diffracted light gets coupled with the waveguide
modes supported by the structure. Due the periodic modulation, the structure becomes
leaky [34] and re-radiate the waves to the cover and the substrate. These reradiated
waves make interference with the directly reflected and transmitted waves and can have
a complete energy transfer towards the reflection side or transmission side depending on
the parameters. Reflection data for these guided-mode resonances typically show a

asymmetric line shape consisting a high peak associated with the high reflection followed



by a dip associated with the transmission peak. By selecting proper parameters and/or
incorporating multilayer thin films, we can select the position of the reflection or
transmission peak with high efficiency and low sidebands [34]. Depending on the device
parameters, wavelength, incident angle designed by RCWA methods, the spectral bands
of these resonant leaky-mode elements can be engineered for various photonic device
applications.

Figure 2-2(a) presents the schematic diagram of a partially etched Si grating
GMR device for TE polarization. Figure 2-2(b) shows spectral response of the GMR

structure along with the spectrum for unpatterned case calculated with effective medium

theory.
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Figure 2-2 (a) Schematic view of a generic GMR element and (b) Spectral response.
Parameters period A = 1020 nm, grating layer thickness d,=280 nm, Fill Factor F = 0.31,

homogeneous Si layer thickness d =290 nm, normal incidence, TE polarization.

Exact spectral response and the designs of these kinds of structures are
calculated using RCWA method but this numerical method does not provide any
analytical solution for the diffraction efficiency hence does not offer detailed information

about the physical phenomena happening inside the structure.
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2.2 Effects of Variation in Structural Parameters
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Figure 2-3 Effects of variation in structural parameters (a) variation in grating thickness,
(b) variation in homogeneous layer thickness, (c) variation in grating period, (d) variation

in the cell length (grating fill factor).Parameters shown in Figure 2-2.

We can design guided-mode resonance (GMR) transmission filters for both
transverse magnetic (TM) and transverse electric (TE) polarization by using an inverse
numerical technique known as particle swarm optimization (PSO) [37]. We use rigorous
coupled-wave analysis (RCWA) [38] for numerical evaluation of GMR filter performance
in our PSO code. Also to compute the field excitation and the effects of extinction

coefficienct, we use MCgrating and our own software RMsolver. These guided-mode



resonance devices highly depends on the variation in the structural parameters such as
grating thicknesses, period, fill factor etc. Figures 2-3 shows the effect of variation in the
structural parameters for the device shown in figure 2-2.

From the Figure 2-3 (a) we see that for the grating thickness of 250 or lower, the
spectrum follows an asymmetric fano profile but as the thickness is increased the line
shape resembles a symmetric lorentzian profile. Also we find that for this device, the
narrow transmission peak position does not shift much with the change in the grating
depth but the change in the homogeneous layer and period affects the resonance
efficiency and position significantly. With only 3% fabrication error in these parameters,
efficiency can drop from 100% to 30% or even lower. Figure 2-3(b) illustrates some
interesting spectral behavior before and after the Rayleigh wavelength for the
homogeneous layer thickness of around 280 nm and it also shows the possibility of ultra
narrow resonance spectra for thickness of around 330 nm. Cell length beyond 350 nm
can also lower the reflection efficiency significantly. From the 2-D contour maps we can

show the possibility of different research interest with these kinds of GMR devices

2.3 Effect of Extinction Coefficient and Surface Roughness
Optical properties naming the refractive index and the extinction coefficient
strongly affect the diffraction efficiency of the narrow band resonances especially the
transmission resonance. Figure 2-4 depict the effect of the extinction coefficient on the
transmission efficiency for the device mentioned in Figure 2-2(a). We see that by having
material loss due to absorption or surface roughness, the transmission efficiency can be
significantly affected for a narrow band resonance. So it is very important to have low

loss material for achieving high efficiency narrow band resonances.
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Figure 2-4 Effect of variation in extinction coefficient

Later we discuss a technique to engineer the optical constants of sputtered
amorphous silicon films by crystallization with rapid thermal annealing which can counter

the effect of extinction coefficient on narrow band resonance.
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Chapter 3
Engineering the Optical Constants of Sputtered Amorphous Silicon Films by

Crystallization with Rapid Thermal Annealing

3.1 Introduction

Polycrystalline silicon (poly-Si) has been widely investigated for use in thin-film
transistors, solar cells, and various optical and thermal devices [39,40,41,42]. The
performance of these devices relies on material qualities such as grain size, in-grain
defect densities, level of surface roughness, and porosity of the film. Solid-phase
crystallization (SPC) of amorphous Si (a-Si) upon low-pressure chemical vapor
deposition (LPCVD) is a common method for growing poly-Si due to its simplicity and low
cost as well as its capability to produce uniform and smooth surfaces with high
reproducibility [43,44,45]. The SPC process, however, has limitations as it requires a long
annealing time of ~20-60 hours to transform to the polycrystalline phase with a large
grain size and the attendant formation of in-grain defects [46,47,48,49]. As an alternative
method, rapid thermal annealing (RTA) can be used for the crystallization of a-Si; the
results are similar to those obtained by furnace annealing [50,51,52]. The particular heat
treatment used affects the optical constants of the deposited material. Even though the
crystallographic changes effected upon annealing of the Si films using chemical vapor
deposition (CVD) techniques such as LPCVD and plasma-enhanced CVD have been
widely studied, the influence of RTA with sputtered a-Si samples on the optical constants,
i.e., the refractive index and especially the extinction coefficient of the film, has received
less attention. Accordingly, in this study we present an alternative technique applying

direct sputtering and RTA to obtain thin a-Si films with favorable optical properties.
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To provide context, we note that Modreanu et al. reported microstructures and
refractive indices of as-deposited LPCVD Si films applying temperatures up to 650°C
[53]. Lioudakis et al. presented parametric analysis of ellipsometric angles (W and A) of
ion-implanted polycrystalline Si films annealed at various temperatures [54]. In the
present work, we study the deposition and crystallization of a-Si thin films grown using
sputtering and subsequent RTA. We explore the changes in the optical constants, i.e.,
the refractive index, n, and the extinction coefficient, k, as functions of annealing
temperature and time. We report a significant order-of-magnitude improvement of the
extinction coefficient relative to the as-deposited film. Our aim is to develop a method to
produce high-quality a-Si film with a high refractive index and low loss for applications in
photonics and optoelectronic devices. Therefore, we provide herein a systematic way to

tune the optical constants according to different criteria.

3.2 Experimental Details
All experiments were completed with 4-inch n-type Si (100) substrates. First we
deposit a-Si on a (100) Si substrate then measure the n, k and d to have a base record.
Then we apply annealing and measure the samples again to report the changes on the
surface, crystal and optical properties of the film. The experimental steps can be

summarized by the Figure 3-1.
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Figure 3-1 Basic experimental steps
Upon annealing, the crystalline grain growth of a-Si depends on the as-deposited
films. Hence, we performed numerous depositions under different sputter conditions set
by the deposition parameters. The optimized process parameters are presented in Table
3-1.

Table 3-1 Process parameters for a-Si deposition by sputter.

Parameters Strike Pre-sputter | Sputter
Pressure (mTorr) 35 5 5

Gas Flow (SCCM) | 30 30 30
Power (W) 60 150 150
Time (s) 60 120 18000
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Prior to a-Si deposition, the wafer went through a wet cleaning process; then a
spin-rinse dryer removed the water from its surface. Wet thermal oxidation was
conducted in a Tystar oxidation furnace for 600 seconds at 1100°C yielding a layer of
SiO, with a thickness of ~360 nm. Then we used an AJA ATC Orion Series UHV
Sputtering System to deposit a ~1034-nm thick a-Si film on that 4-inch oxidized Si wafer,
with a deposition rate of 2.65 nm / min. We performed a-Si depositions by sputtering at
chamber pressures of 10 mTorr, 7 mTorr, and 5 mTorr and used a Woollam VAS
ellipsometer with a 75 W light source including a high speed monochromator system to
measure the refractive index of each film obtaining n ~3.09, ~3.481, and ~3.71,
respectively, at the 1550-nm wavelength. The main chamber was pumped down to the
base vacuum of ~8 x10® Torr, applying no substrate heating. The correlation between
the lower pressure as well as the lower deposition rate of the a-Si film and the increase in
refractive indices indicates denser a-Si films [53]. For pressures lower than 5 mTorr, the
refractive index is found to decrease again. This data suggests that the near-optimum
process condition is at 5 mTorr with an Argon gas flow of 30 SCCM and a power of 150
W. We conducted nine-point ellipsometry measurements of the films to establish
consistency in thickness d, n, and k, where n+ik denotes the complex index of refraction.
A standard ellipsometric measurement technique is used to extract n, k, and d for our
films. We use a function-based model layer (Cauchy layer) expressing n by a slowly
varying polynomial function of wavelength as n()\)=A+B/)\2+ C/\* and k as an exponential
absorption tail as k(A)=ae®'#*®°"V) (55 56 57]. In the dispersion model, the six fitting
parameters are weights A, B, and C; the extinction coefficient amplitude a; the exponent
factor B; and the band edge y. Our ellipsometer applies the Levenberg-Marquardt

multivariate regression algorithm for data fitting whereby the optical constants and
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thickness are determined. Figure 3-2 illustrates the results on a wafer map. The data set

was taken from the center of the wafer in 10 mm increments.

d:365.2nm
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Figure 3-2 Graphical presentation of uniformity of thickness d and values of n and k for

an example a-Si film deposited on a 4-inch (100) Si wafer.

After completing the a-Si film deposition and ellipsometry measurements, we
diced the 4-inch wafer into 1 x 1-inch sample pieces using a Disco saw and cleaned them
for further characterization. The samples were examined with x-ray diffraction (XRD) and
scanning electron microscope (SEM) for base comparison prior to RTA heat treatment.
The samples were subjected to RTA treatment with a matrix of different temperatures
ranging from 600°C to 980°C for 10 minutes in an Argon ambient with a flow rate of 1000
SCCM. The RTA equipment (JetFirst-150 RTA by Jipelec) was used for this annealing
process at 23% power. After RTA, each sample was characterized by a Siemens D-500

XRD system and a Woollam VAS ellipsometer to determine changes in structural
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properties and optical constants. The ellipsometry measurements were taken in reflection
at angles of 65°, 70°, and 75° in the spectral range of 900 nm to 1700 nm. We measured
the preferred crystallographic orientation of the films by XRD in reflection from 10° to 90°
with a step size of 0.02° and a duration of 2 seconds at each step. The system uses Cu
K-alpha radiation with a wavelength of 0.15418 nm. The XRD system is controlled by
MDI datascan software and analyzed by JADE XRD pattern processing software. We
operated the JEOL JSM 7600 SEM at 1keV-2 keV with images at 80,000x zoom in LEI
mode.
3.3 Results and Discussion

To understand the effect of the annealing process on the a-Si in more detail, we
examined the samples with SEM and ellipsometry for changes in surface roughness and
for possible noticeable grain formation. The results for surface roughness are shown in

Figure 3-3.

6.5

Surface Roughness (nm)
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()]

4 1 1 |
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Annealing Temperature ( °C )

Figure 3-3 Surface roughness data as a function of annealing temperature. The solid line

acts as a visual aid.
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The surface roughness increases linearly with the annealing temperature of
600°C to ~700°C and saturates at higher temperatures. For the ellipsometry
measurement, our model for the desired structure contains an effective medium
approximation (EMA) layer that simulates the surface roughness layer [56-58]; it has 50%
air and 50% top-layer Si. SEM results for selected annealing temperatures are presented

in Figure 3-4.

700°C
—100 nm

Figure 3-4 SEM images of the annealed samples at (a) 650°C, (b) 700°C, and (c) 750°C.

The XRD results for the annealed samples are shown in Figure 3-5. The data

clearly show that the a-Si evolves to poly-Si as a function of temperature. Crystallization
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starts with a (211) peak at annealing temperature of 650°C increasing with temperature
up to 800°C at which point the (211) orientation signature begins to decrease. This
coincides with the emergence of (111), (220), and (311) orientations with (111)
domination. This trend continues for higher annealing temperatures, up to the limit of our
RTA equipment of 950°C. The (211) peak completely disappears at 950°C. On the other
hand, the (111) peak intensity increases sharply while the intensities of the other two
peaks, (220), and (311), increase slowly [53-55,58]. The preferred crystal growth in the
(111) orientation at higher temperatures is due to the strong anisotropic growth rate of the
grains, which acts as an orientation filter that in turn is due to growth competition of
various possible orientations as explained in [49]. For the (111) orientation, we observe
that the speed of growth is the highest after 800°C. These results indicate that the faster
growth of the (111) orientation at higher temperatures results in domination of the (111)

orientation, which is due to the preferred free-energy minima of the film during heat

treatment.
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Figure 3-5 XRD data for samples annealed at 650°C to 950°C by RTA.
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FWHM (deg.)

To obtain qualitative information about crystal planes, diffraction peak width (full
width at half maximum, FWHM), and crystallite size, we use the JADE XRD pattern
processing software. The experimental data are fitted with the Pseudo-Voigt profile
function having a linear background and K-alpha2 emission line contribution. To estimate
grain dimensions, we use the Scherrer equation, which is L=KA/BcosB, where A is the X-
ray wavelength, 8 is the FWHM, and K is a constant related to crystallite shape with value
close to unity [55, 59]. Following Scherrer's formula, we find that, the average
nanocrystallite size in the (111) plane is increased from ~13 nm to ~17 nm with
temperature. For the (211) crystal plane, size decreases from ~142 nm to ~36 nm as the

temperature is increased.

1.4 \ 0.25- 2
124 @ \ i (b)
— 0.20-

1.0 | %h
0.8~ T 0.151

2
0.6 . o

= 0.104 . e
0.4 & e "
0.2- (111) orientation 0051 (211) orientation
0.0 ‘ T T ‘ 0.00 T T T T -

800 850 900 950 700 750 800 850 900
Annealing temperature (°C) Annealing temperature (°C)

Figure 3-6 FWHM of (a) (111) and (b) (211) peaks as a function of the annealing

temperatures.

Figure 3-6 shows the measured FWHMs for the (111) and (211) peaks. Figure 3-
6(a) shows that for the (111) orientation, the peak width decreases with temperature,
meaning that the crystallite size increases; the reverse occurs for the (211) peak in

Figure 3-6(b).
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We also provide the relative intensity of the (111) peak normalized with the (211)
peak in Figure 3-7, which provides a better understanding of the crystal growth
independent of the instrument profile variation. The figure suggests that the (211) peak
dominates in the lower temperature range and the (111) peak dominates in the higher
temperature range. Figures 3-5 and 3-6 indicate that the strongest peak is found in the
(211) orientation in the 700°C to 800°C temperature range, but then the crystal growth

preference shifts to the (111) orientation as the temperature rises farther.
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Figure 3-7 Relative intensity of the (111) peak normalized with the (211) peak intensity as

a function of the annealing temperature (logarithmic scale).

Data depicted in Figures. 3-3, 3-5, and 3-7 suggest that the evolution of a-Si to
poly-Si is not straightforward. To elucidate, the results suggest that for the annealing
temperatures below 700°C, the a-Si may go through a condensation phase before the
crystallization process occurs. Initially the surface becomes rougher as the temperature

increases and then stabilizes. The onset of crystallization occurs around 700°C where the

20



(211) orientation forms. Crystal growth in this direction dominates up to 800°C; after that
the higher annealing temperatures change the dynamics of the grain and crystal
formation, resulting in stronger growth in the (111) direction and elimination of the (211)
peak at 950°C. Emergence of the various plane orientations is a function of two key
factors associated with any specific heat treatment process; these factors are time and
temperature. For example, if we conduct the heat treatment in a furnace and provide
enough time, even at a relatively low temperature of 550°C, plane orientations of (111),
(220), and (311) will emerge, but not (211) as shown in [53]. The fact that the (211)
orientation does not appear in the samples treated in [53] but emerges under RTA in our

samples suggests an interesting line of future experimentation.
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Figure 3-8 Dispersion of (a) refractive index (b) extinction coefficient as functions of

annealing temperature from 600°C to 980°C.

Finally, Figure 3-8 shows the optical constants of the film. The as-deposited films

(deposition chamber temperature ~25°C) have the highest values of (n, k). Under RTA

beginning at 600°C, the graphs show that initially (n, k) both rise and then fall as the
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Refractive Index (n)

annealing temperature for the entire range of scanning wavelengths increases. The
probable explanation is that initially the film goes through a densification stage during
which n increases. Subsequently, the decrement of the refractive indices is due to
dependence on the crystalline phase amount and the grain size of the film; i.e., a larger
grain size presents a smaller effective refractive index [60]. The originally deposited a-Si
has a relatively high refractive index, signifying denser as-deposited films. Due to
annealing, the initial densification process evolves into a microcrystalline structure
formation followed by the formation of dynamic grain boundaries and various orientations
that result in silicon films that are more structured. Due to the grains and the grain

boundaries, we expect the films to be more porous with respect to the initial state of the

a-Si films.
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Figure 3-9 (a) Refractive index (n) and (b) extinction coefficient (k) as a function of the
annealing temperature at three wavelengths.
Figure 3-9 summarizes these measured data for the range of annealing
temperature at three specific wavelengths (1000 nm, 1200 nm, and 1550 nm). Both the n

and k coefficients as functions of annealing temperatures correlate well with the
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roughness data and crystal formation. The n coefficient increases linearly with the
increasing temperature and obtains its maximum values at 700°C. The range of
densification is from the starting temperature to this point. It decreases for the higher
annealing temperature and stabilizes at ~800°C where the materials become
polycrystalline.

The k coefficient increases initially to its maximum value at the temperature
range of 700°C-750°C and decreases for higher temperatures, which indicates
densification (higher absorption rate) followed by crystal formation and less absorbing
films due to poly formation. A closer look at the rise and fall of the extinction coefficient
shows that it follows the rise and fall of the (211) orientation intensity, which is the
strongest peak. Figure 3-9 provides options for process conditions depending on the
criteria for optical device design characteristics. For example, silicon films with high n and
low k require an annealing temperature of no more than 600°C, whereas silicon films with

lower n and k require annealing temperatures of 900°C and above.

3.4 Conclusion
In conclusion, this chapter reports an economical and efficient way to obtain
polycrystalline Si films prepared from sputtered a-Si in conjunction with RTA instead of
CVD Si. We demonstrate that the quality of the film can be improved under RTA. We
achieve a significant improvement of the extinction coefficient relative to the as-deposited
a-Si. We provide a way to engineer the optical constants depending on process-

parameter control useful in the design of optoelectronic devices.
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Chapter 4

Narrow Band Guided-Mode Resonance Transmission Filters

4.1 Introduction

In this chapter, we develop a theoretical and experimental analysis of narrow
band guided-mode resonance (GMR) transmission filters with high transmission
efficiency and flat low-transmission sidebands. We also address the challenges and the
issues that this experimental verificaion entails which is related to the extinction
coefficient and the mode confinement. Here, we propose theoretically optimized GMR
narrow band transmission filters with low sidebands for both transverse magnetic (TM)
and transverse electric (TE) polarized light. For the TE polarization we designed two
transmission filters. One is enabled by the symmetric mode hence operated at normal
incidence and the second is enabled by the anti-symmetric mode and is therefore
operated at off-normal incidence angles. The transmission filter designed for TM
polarization in enabled by the anti-symmetric mode of the grating. All designs have high
efficiency and narrow transmission peak at around 1550 nm which is in the
communication band. The linewidth of the filters enabled by the anti-symmetric modes
depends on the angle of incidence; with lower angle we can have smaller linewidths. We
obtained good agreement in the device performance between experiment and theory for
the TM design. The TE transmission filter for the symmetric mode is highly sensitive to
the structural parameters whereas the design for off-normal operation has significant
discrepancy between experiment and theory because of high sensitivity to the extinction
coefficient and irregularity defects in the actual device.

Typically to design a transmission filter, the transmission peak (reflection dip) of

the characteristically asymmetric Fano resonance profile is used [34] and to lower the
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sidebands, thin film layers are added in a high-reflectance design. At off-resonance
wavelengths, the spectral response of a GMR element acts like a thin film with refractive
index equal to the effective index of the grating. Dielectric thin films are utilized to make
the wideband low transmission background (high reflectance) while maintaining the
resonance peak at the desired wavelength. Alternatively, single layer grating structures
having band-pass filtration characteristics can be found by employing optimization
algorithms such as genetic algorithms or particle swarm optimization (PSO) [37]. But
these single-layer grating transmission designs are difficult to achieve primarily because
guided-mode resonance is fundamentally corresponded to a reflection peak. Also there
are limitations in dielectric materials which can provide wide low transmission background
with a single homogeneous layer. Such single layer high modulation transmission
gratings provide two resonance excitations. One lays the foundation for the low
transmission background while the other provides the transmission peak. Typically higher
diffracted orders associated with relatively weak coupling constants provide narrow
transmission peak and the low sidebands are supported by the lower order diffracted
waves with stronger coupling [34]. These couplings can be associated with symmetric or
anti-symmetric modes of the grating with respect to the mirror symmetric plane of the
device. In the case where the light is coupled with the symmetric mode, resonance can
occur at normal incidence because the overall integration of the field amplitude is not
zero in the same material; on the other hand, anti-symmetric mode associated with
transmission resonance yields vanishingly narrow bandwidth for small incident angles.
This type of transmission resonance is generally induced in wideband reflection gratings
under off-normal incidence as described by Shokooh-Saremi [61]. Similarly asymmetric

grating GMR elements can yield transmission resonance at normal incidence.
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In this chapter, we design guided-mode resonance (GMR) transmission filters for
both transverse magnetic (TM) and transverse electric (TE) polarization by using an
inverse numerical technique known as particle swarm optimization (PSO) [37]. We use
rigorous coupled-wave analysis (RCWA) [38] for numerical evaluation of GMR filter
performance in our PSO code. Also to compute the field excitation and the effects of the

extinction coefficienct, we use MCgrating and our own software RMsolver.

4.2 Narrow Band Guided-Mode Resonance Transmission Filters for TE Polarization
In this study we design two transmission filters for TE polarization. The 1% design
is a partially etched single layer Si grating on a glass/quartz substrate. This design
supports transmission resonance at normal incidence enabled by the symmetric mode of
the grating. The 2 design is a single layer Si grating operated at off normal incidence

due to anti-symmetric mode of the grating.

4.2.1 GMR Transmission Filter with Partially Etched 1-D Grating Enabled by Symmetric
Mode
4.2.1.1 Design and Analysis

Figure 4-1 shows theoretical performance of the designed transmission filter for
TE polarization. As shown in the inset of the figure, the filter consists of, from bottom to
top, a silica substrate and a homogeneous film of Si underneath a binary grating layer in
Si. Design parameters are homogeneous Si film thickness dy. = 295 nm, grating depth dg
= 330 nm (diota=dg+dy), fill factor F = 30%, and the grating period A = 1010 nm. Here,
the refractive index of Si is assumed to be 3.48. This design does not include the
extinction coefficient k contributed by the material absorption or scattering loss due

surface roughness. With these parameters by the PSO method, we obtain a narrow
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transmission peak with low spread out sidebands as shown in Figure 4-1. The linewidth

of the zero-order transmission peak is 0.5 nm with an extinction ratio of 534 and Q- factor

of 3.1x10°.
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Figure 4-1 Spectral response of optimized GMR transmission filter for TE polarization
with parameters dig= dg+ dui, dg= 330 nm dy =295 nm, A = 1010 nm, F= 0.3, n=3.48,

normal incidence. Schematic structure of the device is shown in the inset.

To check the robustness of our design, we calculate the contour map and
tolerance matrix of the design considering 3% fabrication error on layer thicknesses (dq
and dy,), fill factor (F), and period (A). Figure 4-2(a) shows the effect of variation of the
grating thickness of the zero-order transmission efficiency (T,). Inset of the figure shows

magnified response. Figure 4-2(b) shows the spectral response of the device considering

3% fabrication error.
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Figure 4-2(a) Zero-order transmission contour map showing effects of grating thickness

on the resonance spectra. (b) Response with 3% fabrication error in grating thickness.

From the above figure we can conclude that the design is robust against the
variation in the grating thickness as the position and the efficiency of the Ty resonance do

not change much. We also see, for the grating thickness of 250 or lower, the spectrum
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shows an asymmetric Fano profile but as the thickness is increased the line shape starts
to resemble a symmetric Lorentzian profile. To see the effect of variation in the

homogeneous layer thickness on the transmission efficiency, we provide Figure 4-3.
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Figure 4-3(a) Zero-order transmission contour map showing effects of homogeneous

layer thickness on the resonance spectra. (b) Tolerance with 3% fabrication error.
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Figure 4-4(a) Zero-order transmission contour map showing effects of fill factor change

on the resonance spectra. (b) Tolerance with 3% fabrication error.

From the figures, we see that the position and the efficiency of transmission resonance
peak are highly sensitive to the homogeneous layer thickness. With only 3% fabrication
error in this parameter, the efficiency can drop from 100% to 30% and even lower. For
the thicknesses in between ~302 nm and 308 nm, the spectrum becomes vanishingly

narrow. From Figure 4-4 we observe that the effect of fill-factor change on the resonance
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profile is also not significant except for the fill factor of more than 0.35 the resonance
shows ultra narrow line shape. From Figure 4-5(a) and (b), we confirm that the resonance
profile is most susceptible to the variation in grating period. The figure in the inset shows
that the transmission resonance becomes almost discrete with the slight variation in the

grating period. Figure 4-6 shows the effect of variation in the angle.
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Figure 4-5(a) Zero-order transmission contour map showing effects of grating

period variation on the resonance spectra. (b) Tolerance with 3% fabrication error.
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Figure 4-6 Zero-order transmission contour map showing effects of incidence angle

variation on the resonance spectra.

Our single-layer grating design produces strong modulation to support the
excitation of two types of GMRs: one provides the low-T, sidebands while the other gives
the transmission peak. To get a deeper understanding of the coupling, we calculated the
field profile at the transmission maxima and at side bands. According to Figures 4-7 and
4-8, this resonance feature is induced by the excitation of TE,-like mode by the 2" order
diffracted waves whereas resonant excitation of leaky TE,-like mode by the 1° order
coupling contributes to the low-Ty background. The total internal field plot shown in
Figure 4-8 suggests that the fields are more concentrated in the homogeneous layer so
any change in this layer significantly affects the coupling conditions. Therefore, the
diffraction efficiency at the resonance under a slight change in the grating layer, while
keeping the homogeneous layer constant, does not affect the resonance much as shown

in the tolerance matrix as well.
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Figure 4-7(a) Coupling orders at the side band (1540 nm) (b) Coupling orders at the

transmission peak resonance wavelength of 1550 nm.

Also looking the field profile we can be sure about the symmetry of the mode with
respect to the mirror symmetry of the device. In this case, diffracted waves generated by

the subwavelength grating structure is phase-matched to the leaky waveguide-mode,
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occurring at the resonance at normal incidence because the overall integration of the field

amplitude is not zero in the same material.
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Figure 4-8 Total internal field at the transmission peak resonance wavelength (1550 nm).

Transmission contour maps and the tolerance matrix with the variation of
structural parameters shown in Figures 4-2 to 4-6 provide the sensitivity of this design
and hence the difficulties associated with the fabrication of this device. So we make other

designs for which the devices are fabricatable with standard nanofabrication facilities.

4.2.2. Single Layer 1-D Grating Acting as GMR Transmission Filter Enabled by Anti-
Symmetric Mode
4.2.2.1 Design and Analysis

In contrast to the previous design, this TE filter has only a completely etched
single Si 1-D grating layer with parameters dg = 200 nm, fill factor F = 34%, A = 947 nm
with n of 3.48. We consider the extinction efficient k to be zero. This design also yields a
narrow transmission peak at off normal incidence with low spread out sidebands as

shown in Figure 4-9. The inset shows schematic diagram of the device. The linewidth of



the zero order transmission peak at the incident angle 6 =1° is 0.6 nm with a theoretical
extinction ratio of ~8400 and Q factor of 2.6x10°. Linewidth of the transmission peak

depends on the incidence angle.
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Figure 4-9 Spectral responses of optimized GMR transmission filters for TE polarization
with parameters dg= 200 nm, A =947 nm, F = 0.34, n = 3.48, k = 0. Schematic of the
structure is shown in the inset.

To check the robustness of our design, we calculate the contour map and
tolerance matrix of the design considering 3% fabrication error in grating layer thickness
dg, fill factor (F), and period (A). Here the resonance is associate with incidence angle of
0 = 3°. Figure 4-10 shows the effect of variation of the grating period on the zero order
transmission efficiency (T,). From the figure we see that the grating period has minor
effect of the FWHM or the transmission efficiency of the resonance peak but strongly
affects the resonance wavelength. Figures 4-11 illustrates the resonance spectra as a
function of grating thickness. We observe the effect of change in the fill factor in Figure 4-

12. Like the other parameters variation in fill factor only shifts the resonance position. Out

35



of these three structural parameters, the effect of grating thickness is the least prominent

on the linewidth, efficiency and the position of the resonance spectra.
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Figure 4-10(a) Zero-order transmission contour map showing effects of grating period on

the resonance spectra. (b) Response with 3% fabrication error in grating period.
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Figure 4-13 Zero-order transmission contour map showing effects of incidence angle on

the resonance spectra.
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If we look at the angular response of the device in Figure 4-13, we see, at normal
incidence there is no resonance. As the angle increases, resonance linewidth starts to
increase. This phenomenon can be understood more clearly with the Figures 4-14.
Figures 4-14 (a) and (b) show the coupling orders at the low sideband (1562 nm) and at
the resonance peak (1550 nm) respectively. Figures 4-14 (c) and (d) show the total
internal field corresponds to the low sideband (1562 nm) and transmission peak
resonance wavelength (1550 nm). The transmission peak feature is induced by the
excitation of anti-symmetric TE-like mode by the 1% order diffracted waves at the upper
edge of the second stop-band [62] whereas resonant excitation of leaky symmetric TE-
like mode by the 1st-order coupling contributes to the low-T, background. The anti-
symmetry of the mode with respect to the mirror symmetry of the device yields
vanishingly narrow bandwidth for small incident angles and thereby the mode is
extremely sensitive to the material absorption or random scattering by film imperfections.
At normal incidence, integration of the overall field amplitude in the same material is zero,
so light cannot be coupled to waveguide mode; Creating asymmetry with off normal
incidence angle, diffracted waves start to couple to the leaky waveguide modes of the
device hence a narrow transmission resonance emerges at a particular wavelength. If we
increase the angle more, coupling becomes stronger therefore photon life time in the

waveguide becomes smaller which results in a lower Q resonance (broader FWHM).
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Figure 4-14(a) Coupling orders at the low transmission sideband (1562 nm) and (b) at the
transmission peak resonance wavelength (1550nm). (c) Total internal field at the low
transmission sideband (1562 nm) (d) Total internal field at the transmission peak

resonance wavelength (1550nm).

From the total internal field plot shown in Figure 4-14(d) we find that the resonant
excitation of fields for transmission maxima is concentrated very close to the sidewalls. It

suggests the device should be very sensitive to any irregularity defects on the sidewalls.

39



4.2.2.2 Fabrication

The fabrication process of our narrow band GMR transmission filter for TE
polarization is presented as follows. First we cut a microscopic slide into 1x1 inch? pieces
and clean them with acetone, methanol, and IPA for 5 minutes for each solution. Then we
remove all the residue by putting the slides in de-ionized (DI) water and finish off by
baking to remove any moisture from the surface. Then a layer of amorphous Si is
deposited on the substrate with the NanoFab AJA sputtering system at a sputter pressure
of 5mT for 14000 s (~ 4 hours). After a-Si layer deposition, we anneal the a-Si layer on a
rapid thermal annealing system (Jet First RTA) at 490°C for 10 minutes to improve the
optical constants, i.e., lower the extinction coefficient almost an order from the as-

deposited a-Si. The effect of annealing is shown by Figure 4-15.
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Figure 4-15 Effect of rapid thermal annealing on the extinction coefficient of a-Si.

The thickness and the optical constants are measured by ellipsometer. For the
film thickness of 217 nm, the optical constants are measured as n = 3.61 and k = 0.0013

at 1550nm. To produce the grating pattern, we use a UV holographic lithography system
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as shown schematically in Figure 4-16. After spin coating 389 nm positive photoresist
coating on the a-Si deposited substrate, we expose it in the interferometric lithography
system for a matrix of different exposure times and grating periods

Shutter

laser (2. =266 nm) —H
g@e

Lens

Rotation AN L

Wafer hoider
with ¢ rotator

O.fl

B rotator

Figure 4-16 Schematic view of laser interferometer with wavelngth 266nm .

Specific fill factor of the grating is achieved by controlling UV exposure time and
power. This photoresist grating is then cured at 130°C for 13 minutes as an etch mask for
the reactive-ion etch (RIE) through the a-Si layer. The a-Si layer is then etched for 8
minutes with SFs/CHF; gas mixture operated on a RIE system which transfers the
photoresist pattern on the a-Si layer. The remaining photoresist mask is removed by
ashing with O, plasma. To remove the photo resist residue we put the samples in

nanostrip for 6 minutes and clean it properly. Finally, the single layer waveguide grating
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structure is achieved. Figure 4-17 shows a schematic diagram of the general fabrication

steps for these transmission filters

Clean glass substrate
Removal of photoresist

mask by ashing

Sputtered a-Si deposition
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Ll

Photoresist mask patterning Curing
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Figure 4-17 Schematic view of the fabrication steps.

4.2.2.3 Characterization
The fabricated devices are characterized with both nondestructive (AFM) and
destructive (SEM) method. Figure 4-18 shows the AFM as well as SEM images of the

fabricated devices. From the figure, we find that the TE device has grating period of ~
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917 nm, the grating layer thickness of 163 nm, and the fill factor of 0.306. Also the SEM
images show the top view of the fabricated device to confirm the uniformity of the device

and the parameter measurements done with the AFM.
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Figure 4-18(a) AFM and (b) SEM image at x 4300 zoom of the fabricated device.

For the measurements of the spectral response of these transmission filters we
built a setup schematically illustrated in Figure 4-19. The angle of incidence is controlled
by the rotation stage where the sample is placed and the stage is operated by a Labview
program. An angular resolution of 0.001 degree can be achieved by this automated
system. To set the polarization state, a polarizer is used before the sample stage. The

transmitted beam is then measured with an optical spectrum analyzer for a wavelength

range of 1400 nm to 2000 nm in 1 nm steps.
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Figure 4-19 Schematic view of the optical measurement setup.

Measured transmission spectra through the fabricated TE device are presented

in Figure 4-20(a) with the numerically calculated spectrum as shown in Figure 4-20(b) for

comparison. Spectral response of the fabricated TE filter shows significant difference

from that due to numerical calculation. From the design contour map and tolerance matrix

previously shown, we observe that there should be a resonance even if we consider

some parameter shift at the wavelength close to the design at higher incidence angles for

3 degree or more. But the experimental result shows negligible sign of a resonance

feature.
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Figure 4-20(a) Spectral response of the fabricated TE device at different incidence angles

(b) Comparison with simulation for the incidence angle of 5 degree. Device parameters

are A =917 nm, dg = 163 nm, and F = 0.306.
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4.2.2.4 Discussion
These differences between the experimental and simulated results are due to the
effect of extinction coefficient and the mode confinement. We see the effect of extinction
coefficients on resonance peaks in Figure 4-21(a). With k close to 0.001, the
transmission efficiency decreases down to 30%. Also the narrower the linewidth, the
larger the effect of k. From Figure 4-21(b), we see that the field is strongly confined at the
edges of the grating ridge so this TE filter is suspected to be very susceptible to any
irregularities on the sidewalls. With our fabricated device we could not observe any
resonance even with higher incidence angle which has broader linewidth in theory. So
irregularities on the sidewall seem to be the primary reason for suppressing the
resonance.
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Figure 4-21(a) effect of extinction coefficient on transmission efficiency at the incidence

angle of 1 degree. (b) field excitation at the grating ridge at resonance wavelength.

To improve the device performance, we can consider materials with lower
extinction coefficient and fabrication processes for roughness-free grating profile. For
example, silicon-on-insulator (SOI) can be used for a roughness-free device with

chemical etch process as recently introduced in [63]. Silicon on Quartz (SOQ) substrate

45
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has single crystal Si thin film on a quartz substrate. The advantage of this kind of
substrate is the single crystal Si which has low extinction coefficient and can be used for
anisotropic etching methods with KOH.
4.2.3 GMR Transmission Filters with Trapezoidal Grating by KOH Etching

To counter the effect of sidewall roughness or the irregularities in the sidewalls,
we plan to have GMR Transmission filters with trapezoidal gratings. As the etching is
going to be done with KOH along with the crystal plane, it is expected to have very
smooth structure [64,65]. We have already verified the surface roughness with KOH
etching on Silicon on Quartz (SOQ) wafers provided by Shin-Etsu Japan.

4.2.3.1 Experimental steps

(100) Si

Nitride mask removal
Clean SOQ substrate by HF dip

= 1

Anisotropic etching by KOH

Sputtered Si;N, deposition

9 @ HReactive ion etching and

Photoresist coating nitride mask patterning

Photoresist mask patterning Reflow
by DUV laser exposure

\

Figure 4-22 Steps by step process of fabricating trapezoidal gratings with KOH etching
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Figure 4-22 illustrates the processing steps. These are as follows:
o Step 1:Deposit SisN4 Si wafers (100).
o Sputtering: 2.8 mT, 150W
= 60 mins: ~64 nm thick
= 30 min: ~40 nm thick
e Step 2:1D PR Grating with HMDS
o Cut wafer after coating with HMDS and PR
o Align sample according to the crystal plane
o Period: 1000nm, Exposure time: 80s, Power: 100mW (power meter~58
mW), phi:0 deg
o Step 3: Reflow
o At200°C for 10s
e Step 4: Etch Si;N, with RIE
o Descum: 20s
o Etch: 1 min 45s
o Ash :8 min,
o AZ stipper: 80°C for 30 mins (155°C on the baker)
e Step 5: 50:1 HF dip for 1 min to remove native oxide before KOH etch
e Step 6: KOH etch
o 22.5% wt KOH
o ~35°C (~67°C on the baker ) for 5 min
4.2.3.2 Characterization
We have done the characterization by both non destructive (AFM) and destructive (SEM)
methods. Fig. 4-23 show the AFM image of (a) Si;N,4 grating and (b) Si grating with SizNy4

mask.
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Figure 4-23. AFM images of the (a) 1D Si3N,4 grating with parameters A=948 nm, d;=42
nm, F1=0.31 (b) 1D Si grating with SizN4 mask having parameters, A=958 nm, d,=501

nm, F=0.49.

The following Figure 4-24 shows the SEM image of the (a) top view (b) cross
sectional view of the grating structure when the gratings are not aligned with the crystal

plane.
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Figure 4-24 SEM images of the (a) top view (b) cross sectional view of the 1D Si grating

with SizN4 mask grating structure, the gratings are not aligned with the crystal plane.

From the figure we see there is a stripe-shaped roughness in the grating ridges.
It is because the alignment of Si substrates was not exactly correct, meaning that the
crystal plane direction is not perpendicular to the flat side of the SOI wafer. Also the
rough sidewall of the mask affects the overall sidewall roughness which can be resolved
by reflowing the photoresist mask [66]. Figure 4-25 show the SEM image after correcting
the alignment issue; (a) without applying reflow (b) with applying reflow. Figure 4-25 (b)

shows the best result for roughness-free gratings with PR reflow.

Figure 4-25 SEM image after correcting the alignment issue. (a) Without applying reflow

(b) After applying reflow.
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4.2.3.3 Initial Design

We have a preliminary design of a GMR transmission filters with trapezoidal
structure. But we need to improve the design with symmetric line shape and lower

sidebands. The initial design is shown in Figure 4-26
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Figure 4-26. Design of the GMR transmission filter with trapezoidal grating structure. (a)
field profile at the peak wavelength for 6= 3°. (b) spectral response. Parameters A =900
nm, ds;=200 nm, Fener= 0.33, dsi02=400 nm, n= 3.48, and k=0, Angle at base of the
trapezoid is 54.7° due to anisotropic etching for (100) Si.

By proper parameter selection we can achieve symmetric shape of a resonance

transmission filter with trapezoidal grating structure. That is for future work

4.3 Narrow Band Guided-Mode Resonance Transmission Filters for TM Polarization
In our 2™ TE filter design, field excitations were located very close to the edge of
the grating ridge therefore making the design highly susceptible to the irregularities in the
sidewalls. A solution to overcome this issue is to design a filter where the modes are
confined well inside the grating ridge. The following transmission filter for TM polarization

has this characteristic.
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4.3.1 Design and Analysis

Figure 4-27 shows theoretical performance of the designed transmission filter.
The inset shows the schematic view of the device. The filter consists of a partially etched
Si binary grating on top of a silica substrate. Design parameters are homogeneous a-Si
film thickness dy. = 170 nm, grating depth dgq = 350 nm (dim=dg+dny), fill factor F = 0.68,
and the grating period A = 909 nm. Here, the refractive index of a-Si is assumed to be
3.48 which actually depends on the sputter conditions. With these parameters by our
PSO method, we obtain narrow transmission peak with low spread out sidebands as
shown in Figure 4-27. The linewidth of the zero order transmission peak at the incident
angle 8 =1° is 0.5 nm with a theoretical extinction ratio of 17790. Linewidth of the
transmission peak depends on the incidence angle as this filter operates at off normal

incidence like the 2™ TE design.
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Figure 4-27 Spectral response of optimized GMR transmission filters for TE polarization
with parameters dg= 380 nm, dy .= 170 nm A =909 nm, F =0.68, n =3.48, k = 0.

Schematic of the structure is shown in the inset.
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Grating thickness, dg (nm)

Homogeneous Layer

Like the previously presented designs, we check the robustness of the filter

characteristics by calculating the transmission contour map and tolerance

matrix

considering 3% fabrication error on the structural parameters. Here, the resonance is

associate with incidence angle of 8 = 1°. Figure 4-28 shows the effect of variation of the

layer thicknesses on the zero-order transmission efficiency (7).
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Figure 4-28 (a) Zero-order transmission contour map showing effects of grating thickness

(dg) on the resonance spectra. (b) Response with 3% fabrication error in dg on the

resonance spectra. (c) Zero-order transmission contour map showing effects of

homogeneous layer thickness (dy.) on the resonance spectra. (d) Response with 3%

fabrication error in dy,.(incidence angle, 6 =1°).
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Fill factor, F

Grating period, A (nm)

Figure 4-29 shows the effect of variation of the fill factor and grating period
resonance spectra. From the figure we see that the grating period has minor effect of the
FWHM or the transmission efficiency of the resonance peak but affects the resonance
wavelength. From the figures we observe that the resonance linewidth and efficiency are
robust against the structural parameters only the position of the resonance peak shifts

with the variation of these parameters especially with the grating period.
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Figure 4-29 (a) Zero-order transmission contour map showing effects of fill factor (F) on
the resonance spectra. (b) Response with 3% fabrication error in F (c) Zero-order
transmission contour map showing effects of grating period (/) on the resonance spectra.

(d) Response with 3% fabrication error in A (incidence angle, 6 =1°).
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Figure 4-30 Zero-order transmission contour map showing effects of incidence angle on

the resonance spectra.

By observing the angular response of the device in Figure 4-30, we see, at
normal incidence there is no resonance. As the angle increases, resonance linewidth
starts to increase. The working principle of this filter is same the TE design enabled by
the anti-symmetric mode with respect to the mirror symmetry of the device. This
phenomenon can be clarified with Figures 4-31. Figures 4-31 (a) shows the coupling
orders at the resonance peak (1550 nm) and (b) shows the total internal field
corresponds to that transmission peak resonance wavelength of 1550 nm. This
resonance is induced by the excitation of a TM;-like mode at the upper edge of the
second stopband [62]. Anti-symmetry of this mode with respect to the mirror symmetry

plane of the device yields a vanishingly narrow bandwidth for small incident angles.
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Figure 4-31(a) Coupling orders at the transmission peak resonance wavelength

(1550nm). (b) Total internal field at the same wavelength.

From the total internal field plot shown in Figure 4-31(b) suggests that the
resonant excitation of fields for transmission maxima is concentrated well inside the

grating ridge making it less sensitive to any irregularity defects on the sidewalls.

4.3.2 Fabrication

The fabrication process of our narrow band GMR transmission filter for TM
polarization is the same as presented before for the case of TE design. Similar procedure
is maintained starting from depositing a-Si layer of 570 nm on a glass substrate with
sputtering system. After annealing, the optical constants of the film are then measured as
n = 3.61 and k =0.0013 at 1550 nm by ellipsometer. Next, a ~700-nm-thick negative
photoresist layer is spin-coated on the a-Si layer and a UV holographic lithography
system is used to pattern a grating of 917 nm period in that photoresist layer. The
photoresist layer is then exposed with laser power of 100 mW. After the resist
development, curing and descumming, we etch the a-Si layer for 10 minutes 5 seconds in

the RIE machine and ash the remaining photoresist mask to get the desired 1D partially
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etched Si grating structure. To lower the effect of extinction coefficient we fabricate

another device at higher wavelength.

4.3.3 Characterization

The fabricated devices are characterized with both AFM and SEM. Figure 4-32

shows the AFM as well as SEM images of the fabricated devices.
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Figure 4-32 AFM image of the fabricated TM device. Parameters: A=897 nm, d4=355 nm;

dy.=162 nm, fill factor= 0.685. n= 3.48 at 1550 nm.

From the AFM images of Figure 4-32, we find that the parameters for the TM

device. The grating period is ~897 nm. The thickness of the grating layer could not be

verified by this image as the AFM tip could not go all the way down to the groove area
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due to the high fill factor. The width of the a-Si ridge is ~ 615 nm, therefore the fill factor is

~ 0.685.

For the measurements of the spectral response of these transmission filters we
use the same setup used previously described and shown in Figure 4-19. The
measured transmission spectra through the TM device show resonance at the
incidence angle of 5° and 10°. The device show a qualitative match between the
simulation and experimental. We experimentally achieve transmission peak with ~40 nm
width and 60% efficiency for the incidence angle of 10°. Even though the position of the

resonance peak matches with the fitted simulated result, the efficiency is lower than the

theory especially for smaller angles as shown in Figure 4-33.
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Figure 4-33(a) Spectral response of the fabricated TM device at different incidence

angles (b) Simulated response. Simulation parameters are period=897 nm, d4=355 nm,

dy.=162 nm, fill factor= 0.68. We use n=3.48 at 1550 nm

To have a better spectral response, we fabricated another device with higher

grating period so that the resonance operates at higher wavelength thereby affected less

by the extinction coefficient. For the 2" device for Figure 4-34, we find that the grating
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period is ~1129 nm, while the thickness of the grating layer could not be verified. The

width of the a-Si ridge is ~ 817 nm, therefore the fill factor is ~ 0.73.
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Figure 4-34(a) AFM and (b) SEM images at x2500 zoom of the fabricated TM device for
higher wavelength. Parameters: A =1129 nm, dg=401 nm; dy =165 nm, fill factor= 0.73.
n=3.63 at 1550 nm.

The device operating at higher wavelength shows good agreement with
numerical calculation because at the higher wavelength the extinction coefficient is lower
as shown in Figure 4-35. We have a maximum transmission efficiency of ~85% for the
angle of incidence of 10°, but the line-width is close to 80 nm.

We can have smaller line-widths with smaller angle but the transmission
efficiency will be lower, since narrower resonance peaks are more susceptible to the
extinction coefficient as seen in the case of 6=1°. Here, in Figure 4-35(b) simulated

parameters are grating period 1130 nm, grating thickness 405 nm, homogeneous layer
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thickness 160 nm, fill factor 0.723. These parameters are based on the AFM and SEM

measurements of the fabricated device.
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Figure 4-35(a) Spectral response of the fabricated TM device (operating at higher

wavelength) at different incidence angles with device parameters A=1129 nm, dg=401

nm, dy =165 nm, F=0.73 nm, (b) Simulated response with parameters period A = 1130, =

dg=405 nm, dy =162 nm, F= 0.723. n=3.61 and k= 0.00103 at 1550 nm.(c) Angle-

dependent T, spectrum in the experiment. (d) Angle-dependent T, spectrum found by

simulation.
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Figure 4-36(a) Effect of extinction coefficient on transmission efficiency at the incidence

angle of 1 degree. (b) Field excitation at the grating ridge at resonance wavelength.

From Figure 4-36 we can conclude that the difference in the efficiencies between
the experimental and simulated results is mainly due to the effect of extinction coefficient.
As the modes at the resonance wavelength reside well inside the grating ridges shown in
Figure 4-36(b), the surface roughness should not have much effect on the
diffraction efficiency as the extinction coefficient has on it. From Figure 4-36(a), we

see with k close to 0.001, the transmission efficiency decreases down to 10%. Also

narrower resonances are more susceptible to the k.
4.4 Conclusion

We have designed, fabricated, and tested GMR transmission filters based on Si
thin film. Using a powerful optimization method, we have obtained robust design for TE
and TM GMR filters against geometrical device parameters. In experimental realization,
although we have achieved good agreement of TM devices with theory, but have found

that the TE GMR filter enabled by the symmetric mode is highly sensitive to irregularity
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defects that degrade resonance shape of the device. Also the efficiency of these narrow
band transmission filters is highly affected by the extinction coefficients. To improve the
device performance, we must therefore consider material with lower extinction coefficient
and fabrication processes for roughness-free grating profile. We show a preliminary result
for the roughness-free trapezoidal gratings with chemical etch process with silicon-on-

quartz.
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Chapter 5

Optical Transmission Filters with Coexisting Guided-Mode Resonance and Rayleigh

Anomaly

5.1 Introduction

In this study, we experimentally demonstrate a GMR transmission filter
cooperating with the Rayleigh anomaly in a subwavelength nanograting having a sharp
peak and low sidebands. The device consists of a single periodic layer of amorphous Si
(a-Si) and operates in the telecommunications band. In our design, the Rayleigh anomaly
cooperates with a narrowband GMR to produce extremely sharp profiles in both spectral
and angular domains as schematically shown in Figure 5-1. The Rayleigh anomaly with
optical resonance effects has been studied in conjunction with surface plasmon
resonances [67,68]. Moreover, Magnusson recently proposed a flat-top resonant reflector
as a potential application of the Rayleigh anomaly with coexisting GMRs [69]; few other
applications of the Rayleigh anomaly are found with the GMR effect. Here, we
experimentally realize a GMR-Rayleigh transmission filter and find that the fabricated
device shows good agreement with numerical calculations. We provide clear physical

explanations of the observed effects.
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Figure 5-1 Optical transmission filters with coexisting guided-mode resonance and

Rayleigh anomaly.

5.2 Design

We design the GMR-Rayleigh transmission filter for transverse magnetic (TM)
polarization by using an inverse numerical technique known as particle swarm
optimization (PSO) [37]. TM polarization refers to the magnetic field vector normal to the
plane of incidence. We use rigorous coupled-wave analysis (RCWA) [38] for numerical
evaluation of the GMR filter performance in our PSO algorithm. Figure 5-2(a) shows
theoretical performance of the designed filter. The TM filter consists of a silica substrate
supporting a partially-etched amorphous Si waveguide grating layer as shown in the inset
of Figure 5-2(a). Design parameters are homogeneous a-Si film thickness dy. = 160 nm,
grating depth dg = 405 nm, fill factor F = 0.723, and grating period A = 1130 nm.
Ellipsometry measurement of our sputtered a-Si films shows the refractive index of a-Si
to be 3.61. With these parameters, we obtain a narrow transmission peak at normal
incidence. The spectral response at normal incidence for the zero-order transmittance T,

zero-order reflectance Ry, and first-order transmittance T.; is shown in Figure 5-2(a).
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Figure 5-2(b) shows the spectral response for the condition that the GMR and the

Rayleigh anomaly are spectrally well-separated.
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Figure 5-2 (a) Spectral response of the designed filter for TM polarization at normal
incidence. Parameters are A = 1130 nm, dy = 405 nm, dy, =160 nm, F=0.723. Inset shows
a schematic of the device. (b) Spectral response of the filter when the GMR and the
Rayleigh are spectrally separated. Parameters are A = 1050 nm, dg = 405 nm, dy. = 160

nm, F =0.778.
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The sharp transmission peak at the Rayleigh wavelength of 1695 nm in Figure 5-
2(a) is induced by a leaky TM;-like mode as we explain later in this chapter To optimize
this design, we can use the period to determine the Rayleigh wavelength and
independently tune geometrical parameters such as grating thickness, homogeneous
layer thickness, fill factor to establish the GMR wavelength near or at the Rayleigh
wavelength. For example, in this design we fix the period to keep the Rayliegh position
constant and change the effective index of the waveguide layers (homogeneous layer,
grating layer) by changing the layer thicknesses or the grating ridge width. GMR moves
to the shorter wavelength as the effective index of the waveguide layer is decreased and
vice versa. But the sidebands and the resonance shape will vary as this tuning is very
delicate to the design parameters. Figure 5-3(a) shows the effect of change in dy, dgand
F on the GMR position. We keep the Rayleigh position fixed at 1695 nm determined by
the grating period of 1130 nm. As we decrease the effective index of the waveguide layer
established by the paramters dy. = 200 nm, dg = 430 nm, F = 0.78 to dy. = 160 nm, dg =
405 nm, F = 0.723, the GMR position approaches towards the Rayleigh wavelength. We
can also scale these parameters relative to the desired wavelength to design similar
devices operating in any wavelength range. Therefore to have the similar GMR-Rayleigh
filter functioning at 1550 nm, we first choose the grating period to be 1.034 then we
simply scale period, layer thicknesses, and grating ridge width with a factor 1550/1695. .
Figure 5-3(b) shows these three examples of GMR-Rayleigh transmission filters operated
at 1310 nm, 1550 nm, and 1695 nm. The design parameters enabling a transmission

peak at 1310 nm and 1550 nm are given in the Figure 5-3.
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Figure 5-3 (a) Matching GMR and Rayleigh resonances together while keeping the
grating period fixed at 1130 nm. (b) Three examples of the GMR-Rayleigh transmission
filters operated at 1310 nm, 1550 nm, and 1695 nm. Design parameters for transmission

peak at 1695 nm are as shown in Figure 5-2 (a). Design parameters for transmission
peak at 1550 nm are dy. = 146 nm, dg =371 nm, F = 0.723, A=1034 nm, n = 3.61, and k
= 0.00103. Parameters for transmission peak operated at 1310 nm are dy_ = 124 nm, dgq

=313 nm, F=0.723, A=873 nm, n=3.61, and k= 0.00103.
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Our single-layer grating design produces strong modulation to support the
excitation of two types of GMRs: one type provides the low-T, sidebands while the other
type provides the transmission peak. Resonant excitation of a leaky TM-like mode by
first-order coupling contributes to the low-T, background whereas excitation of a leaky
TMo-like mode by second-order coupling produces the transmission peak. This principle
based on doubly resonant waveguide gratings was established by Ding and Magnusson
[34]. In Figure 5-2(a) regarding the GMR cooperating with the Rayleigh anomaly, the
rapid increase in T, induces the sudden decrease of Ty, causing the upper half of the
transmission peak at 1.695 um to be extremely sharp. The Rayleigh anomaly is a salient
feature that manifests on periodic surfaces illuminated by incident electromagnetic
waves. It refers to the rapid energy redistribution of diffraction orders alternating from
evanescent to propagating waves or vice versa [16]. However, in Figure 5-2(b) with a
smaller period and the same grating ridge width, the GMR at 1.613 um is spectrally well-
separated from the Rayleigh anomaly at 1.575 ym. The GMR in this case induces a

classical Lorentzian line shape with a smooth peak.
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Figure 5-4(a) Experimental angle-dependent T, spectrum for cooperating GMR-Rayleigh
(b) Simulated angle-dependent T, spectrum for cooperating GMR-Rayleigh. Device
parameters are identical to those of Figure 1(a). (c) Field distributions for several

sampled wavelengths and angles of incidence as indicated in (b).

Figure 5-4(a) shows the angle-dependent T, spectrum of the designed GMR-
Rayleigh filter. We note that the transmission peak is narrow in both wavelength and
angular domains for the latter case. Full-width at half-maximum of the GMR-Rayleigh
peak is 10 nm and 0.54° in spectral and angular domains as shown in Figure 5-5(a) and

(b), respectively.
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Figure 5-5(a) spectral and (b) angular linewidth of the GMR-Rayleigh device.

The origin of this response with the cooperating GMR and Rayleigh anomaly is
understood by strong evanescent near fields and their transition to the propagating
diffraction orders. Figures 5-4 from (b) —(d) show magnetic field distributions (normalized
by the incident amplitude) at the transmission peak and at slightly detuned conditions as
indicated by the arrows in Figure 5-4(a).

In Figure 5-4(b) concerning the longer wavelength vicinity of the transmission
peak, there is no higher-order transmission and the tangential standing wave pattern in
the SiO, substrate is evanescent. Being a part of the excited guided mode, this
evanescent tail grows as the wavelength approaches the exact resonance condition as
shown in Figure 5-4(c) . The evanescent tail of the guided mode is much stronger than
the incident field amplitude, and the Rayleigh anomaly switches it to 1 propagating
orders. Therefore, the +1 propagating orders abruptly increase as shown in Figure 5-4(a).
In Figure 5-4(d) regarding the shorter wavelength vicinity of the transmission peak and in
Figure 5-4(e) concerning the non-zero angle of incidence, we notice strong transmitted
first-orders (T.4) that render a rapid decrease in the zero-order transmission; this forms

the sharpened T efficiency response.
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5.3 Fabrication

We fabricate the designed GMR-Rayleigh transmission filter. Using a radio-
frequency sputter system, we first deposit a 570-nm-thick a-Si film on a microscope slide.
The deposited a-Si film is annealed at 490°C for 10 min. to lower the extinction coefficient
(imaginary part of the refractive index). The extinction coefficient of the a-Si film at
wavelength 1.7 pm changes from 1.17x107 as deposited to 0.94x10™ after annealing.
We expect the emergence of nanocrystalline domains to cause the reduction of the
extinction coefficient. During annealing, the a-Si thickness also shrinks from 570 nm to
561 nm. Using holographic lithography, we produce grating patterns in a photoresist
mask layer on a-Si film. Then by using a deep UV laser at wavelength 266 nm, we
achieve the exact fill factor of the grating by finely tuning the exposure energy. This
photoresist grating is then cured and used as a mask to etch through the a-Si layer by
reactive-ion etching. The a-Si layer is partially etched in a SF¢/CHF3; gas mixture, and the
remaining photoresist mask is removed in O, plasma. Finally, the designed waveguide
grating structure is experimentally obtained. Figure 5-6 shows schematic diagram of the

processing steps involved in the fabrication of this device.
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Figure 5-6 Schematic view of the fabrication steps.

The fabricated device is observed with a scanning electron microscope (SEM) as
shown in Figure 5-7(a) and (b). From the top-view and cross-sectional SEM image
analysis, we confirm that the fabricated device is uniform with the following parameters
(including estimated errors): A= 1129£4 nm, dg = 401£3 nm, dy. = 160£3 nm, and F =

0.723+0.003.
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Figure 5-7 (a)Top-view and (b) cross-sectional SEM images of the fabricated device.
5.4 Characterization
Next, we measure the angle-dependent T, spectrum. Figures 5-8(a) and 5-8(b)
show good agreement between the measurements and numerical results. For the
measurements, we use an optical spectrum analyzer covering the 1.2-2.4 pm
wavelength range and a super-continuum source for broadband incident light. The
incident angle is finely controlled with a motorized rotation stage with resolution of 10°

degrees.
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Figure 5-8(a) Angle-dependent T, spectrum in the experiment. (b) Angle-dependent T,

spectrum found by RCWA calculations.
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We compare profiles of measured spectra with RCWA calculations for several
sampled angles (6) of incidence in Figure 5-9; two major resonance features at 1.695 um
and 1.88 um appear in both the experimental Figure 5-9(a) and calculated Figure 5-9(b)
results. The sharp feature at 1.695 um is the cooperating GMR-Rayleigh peak and clearly
appears in the experimental profile for 6 = 0°. We note that this extremely sharp
transmission peak can be fairly tolerant to the material absorption and film imperfections.
In general, for a high-Q resonance, the intrinsic material absorption and random
scattering caused by rough features and grain boundaries profoundly influence the
resonance efficiency since the resonant mode is well-localized and has a long lifetime. In
contrast, the sharp feature in this case is not induced by a high-Q resonance excitation;
instead, it is formed by the abrupt release of resonant energy to the higher-order

diffraction at the Rayleigh condition.
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Figure 5-9 Zero-order transmission spectral response of the fabricated TM device due to
(a) experiment with device parameters A=1129 nm, dg=401 nm, d, ;=160 nm, F=0.723

and (b) simulation with parameters A =1130 nm, d4=405 nm, dy, =160 nm, F=0.723.
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The resonance feature at 1.88 um also shows a very sharp transmission peak for
a small non-zero angle of incidence (6=1°), and the feature gets broader for a larger
angle of incidence 6 =5°) as shown in Figure 5-9. In the experimental spectra displayed
in Figure 5-9(a), however, this sharp resonance feature for 6 =1° is unclear while the
broader resonant peak for 6 =5° is clearly observed. This resonance feature is induced
by the excitation of a TM;-like mode at the upper edge of the second stopband [62,70].
Anti-symmetry of this mode with respect to the mirror-symmetry plane of the device yields
vanishingly narrow bandwidth for small incident angles; thereby, the mode is extremely
sensitive to the material absorption or random scattering resulting from film imperfections.
We consider this to be the reason for the difficulty of the experimental demonstration of
this GMR transmission peak. This type of transmission resonance is generally induced in

wideband reflection gratings under off-normal incidence as described previously [61].

5.5 Conclusion

In summary, we present a comprehensive theoretical and experimental study of
GMR transmission filters with coexisting Rayleigh anomaly. Theoretical analysis provides
angle-dependent diffraction efficiencies and associated field distributions showing that
the guided-mode excitation enhances critically evanescent diffraction orders at the
Rayleigh threshold. These diffraction orders abruptly release GMR-confined optical
energy to the far field and contribute to the formation of an extremely sharp peak. We
precisely fabricate the designed GMR-Rayleigh transmission filter, and the measured
spectral and angular responses show good agreement with the numerical calculations.
The GMR-Rayleigh transmission peak is fairly tolerant to material absorption and
fabrication imperfections as it does not require an extremely narrow resonance bandwidth

for a sharp spectral profile.
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Chapter 6
Fabry-Perot Based Transmission Filters with Wide Band Guided-Mode Resonant

Reflectors

6.1 Introduction

Periodically patterned subwavelength grating films exhibit strong resonance
effects originating in quasi-guided, or leaky, waveguide modes. This resonance provides
sharp variations in the intensity reflection or transmission spectra due to the coupling of
external radiation to the leaky modes of the grating [1-6]. Much attention has been drawn
by these kinds of structures for their interesting physical characteristics, simple structures
and associated application possibility such as filters, sensors, polarizers, laser mirrors, as
discussed in the literature [1-10]. Most research so far has been done on reflection type
filters while transmission type GMR filters are less realized. However, it is generally
difficult to realize transmission filters based on GMR. In addition, it is challenging to
obtain low transmission background with a single, transparent dielectric layer [34]. In this
study we place two broadband GMR reflectors [71, 72] facing each other with an air gap
to form a Fabry-Perot cavity and thus show narrow transmission passbands with certain
free spectral range depending on the air gap between the two GMR mirrors (cavity
length).

Here we design, fabricate and characterize transmission filters based on
wideband guided-mode resonance (GMR) reflectors constituting a Fabry-Perot cavity.
Fabry-Perot(F-P) cavities consists of two mirrors aligned perfectly parallel to each other
and separated by a length specified as cavity length. Lighwave reflections between the
two mirrors lead to resonance and narrow transmission peak across the cavity depending

on the reflectivity and alignment of those mirrors. Typically these F-P mirrors are
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fabricated from thin metallic coatings or Bragg reflectors which provides efficient
reflection through a broad spectrum [73, 74]. In this research we use wide band GMR
reflectors to design and fabricate these narrow band transmission filters. There have
been some theoretical reports on the Fabry-Perot devices incorporating grating structures
[75,76,77,78,], but experimental realization of this kind of filter has not been put forward

yet.

6.2 Design

The physical basis of a transmission filter incorporating two wide band guided-
mode resonant reflectors facing each other is, when the air gap between the two low Q or
broadband mirrors becomes greater, the evanescent coupling between the two GMR
elements becomes weaker, therefore spectrum becomes immune to the horizontal
alignment of the two gratings [77]. The device can work as a Fabry-Perot cavity and
provide multiple resonance transmission peaks. By changing the cavity length we can
easily tune the spectral position of these transmission peaks. We first design each wide
band GMR reflection filters for transverse electric (TE) polarization by using an inverse
numerical technique known as particle swarm optimization (PSO) [37]. We use rigorous
coupled-wave analysis (RCWA) [38] for numerical evaluation of GMR filter performance
in our PSO code. Then we place these reflectors in the simulation facing each other with
an air gap of or more than 1um to form the overall F-P structure. Here in this case, the
coupling becomes weak after ~500 nm air gap. Figure 6-1 show the schematic diagram
of the F-P based GMR transmission filter and the spectral response of the designed filter

for TE polarization at normal incidence.
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Figure 6-1 (a) Schematic diagram of the F-P based GMR transmission filter. (b) Spectral

d

cavity

Transmittance

response of the designed filter for TE polarization at normal incidence. Parameters are A

=939 nm, dg = 200 nm, dcaviy=180 ym, F=0.34.

By decreasing the cavity length dc.iy, and increasing the reflectance, we can
easily form a narrow band transmission filter with broad low sidebands. Figure 6-2 shows
the spectral response for different cavity lengths of 10 ym and 50 ym. Figure 6-3 shows
the zero-order transmission contour map providing the effect of cavity length change on

the resonance spectra.
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Figure 6-2 Spectral responses of the designed filter for TE polarization at normal

incidence for different cavity lengths (a) 10 um (b) 50 pm.
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Figure 6-3 Zero-order transmission contour map showing effect of cavity length change

on the resonance spectra.

6.3 Fabrication

The fabrication process of our narrow band GMR transmission filter is presented
as follows. First a layer of amorphous Si is deposited on a glass substrate with the AJA
sputtering system with the sputter pressure of 5mT for 4500 s. After a-Si layer deposition,
we anneal the a-Si layer on a rapid thermal annealing system (Jet First RTA) at 490°C for
10 minutes to improve the optical constants, i.e., lower the extinction coefficient almost
an order from the As-deposited a-Si. The thickness and the optical constants are
measured with an ellipsometer. For the film thickness of 204 and 187 nm for two
samples, the optical constants are measured as n = 3.63 and k = 0.001 at 1550nm. To
produce a grating pattern, we use UV holographic lithography on 380-nm-thick positive
photoresist coated a-Si layer. Specific fill factor of the grating is achieved by controlling

UV exposure time. The photoresist layer is exposed for 85 s with laser power of

150 mW. This photoresist grating is then cured at 130°C for 13 minutes as an
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etch mask for the reactive ion etch (RIE) through the a-Si layer. The a-Si layer is
then etched for 5 minutes and 40 seconds with SF¢/CHF3; gas mixture operated
on a RIE system which transfers the photoresist pattern on the a-Si layer. The
remaining photoresist mask is removed by ashing with O, plasma. Finally, the
single layer waveguide grating structure is achieved. Figure 6-4 shows a
schematic diagram of the general fabrication steps for these transmission filters
and Figure 6-5 shows the schematic and the actual image of the fabricated

device.

Cleanglass substrate w

’ ' Final F-P device afterplacing

one top of another

Sputtered a-Sidepaosition ﬂ
andannealing

Removal of photoresist

Photoresistcoating

—

Photoresist mask patterning curing
by DUV laserexposure

gtching

Figure 6-4 Schematic view of the fabrication steps.
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Figure 6-5 (a) Schematic view and (b) actual image of the fabricated device.

6.4 Characterization

The fabricated devices are characterized with atomic force microscopy (AFM).
Figures 6-6 and 6-7 shows the AFM images along with the transmission spectral
response of the fabricated devices. From the AFM images of Figures 6-6(b) and 6-7(b),
we find that the parameters for the TM device are as follows, for the top mirror, grating
period, A1 = 927 nm, grating thickness, dg:=187 nm, fill factor, F1=0.36, n=3.63, k= 0.001.
the cavity length , dcaviy=220 um , and for the bottom mirror, grating period A, = 927 nm,
grating thickness d4,=204 nm, fill factor F,=0.32. From Fig 6-6(a) and 6-7(a), we find that

from 1450 nm 1650 nm both mirrors have low transmittance.
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Figure 6-6 (a) Zero-order transmission spectral response of the fabricated device (b)
AFM image with device parameters A4 = 927 nm, d4,=187 nm, F1=0.36, n=3.63, k=
0.001.
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Figure 6-7 a) Zero-order transmission spectral response of the fabricated device (b) AFM
image with device parameters A, = 927 nm, d»=204 nm, F,=0.32, n=3.63, k= 0.001.
For the measurements of the spectral response of these transmission filters we

built a setup schematically illustrated in Figure 6-8. The angle of incidence is controlled

81

1.878



by the rotation stage where the sample is placed and the stage is operated by a Labview
program. An angular resolution of 0.001 degrees can be achieved by this automated
system. To set the polarization state, a polarizer is used before the sample stage. The
transmitted beam is then measured with an optical spectrum analyzer for a wavelength

range of 1400 nm to 2000 nm in 1 nm steps.

Beam  Polarizer

Collimator

Collimator Splitter Light
[ source
f Y Reflected
- <«
Optical Transmitted beam
Spectrum beam
Analyzer .

Figure 6-8 Schematic view of the optical measurement setup.

The measured transmission spectra through the TE device along with the
simulated results are shown in Figure 6-9 and Figure 6-10. From Figure 6-10, we have a
maximum transmission efficiency of ~ 50% at 1765 nm and the line-width is close to ~3
nm. The free spectral range (FSR) is ~7 nm. At around range 1500-1600 nm, we should
observe very narrow transmission peaks as that range has very high reflectance but that
narrow peak is very susceptible to extinction coefficient, k. Besides that, the F-P device
transmission efficiency also depends on the parallelism of the two mirrors. Our cover
glass thicknesses vary from 130 um — 180 ym. So that can also affect the efficiency. We
can have transmission peak with broader low sidebands by increasing the FSR which is
caused by changing the cavity length. Figure 6-10 shows a qualitative match between the
experiment and simulation. Theoretical calculation FSR is ~ A2 2nd = 1.5%/2*0.18= 6.67

nm which is close to the experimental result. Here, simulated parameters are A1=927 nm,
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dg1=187 nm, dcaity,=220 pm, F{=0.36 and A2=927 nm, d4 =204 nm, F,=0.32. These

parameters are based on the AFM measurement of the fabricated devices.
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Figure 6-9 Zero-order transmission spectral response of the fabricated device due to (a)

experiment with device parameters A1=927 nm, dg;=187 nm, dgayiy=170 pm, F1=0.36 and
Ay =927 nm, dg2;=204 nm, F,=0.32, n=3.63, k= 0.001. (b) simulation with parameters

A1=927 nm, dg1=187 nm, dcayity,=220 pm, F1=0.36 and A, =927 nm, dg;=204 nm, F,=0.32.
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Figure 6-10 Zero-order transmission spectral response of the fabricated device in the

range 1700-1800 nm due to (a) experiment with device parameters A4=927 nm, dg:=187

NM, deaviy=170 pm, F41=0.36 and A,=927 nm, dg;=204 nm, F,=0.32, n=3.63, k= 0.001 (b)
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simulation with parameters A1=927 nm, dg1=187 nm, dgavi,,=220 pm, F1=0.36 and A2=927

nm, dg;=204 nm, F»,=0.32.

6.5 Conclusion
In summary we report an experimental analysis of a GMR transmission
filter based on a Fabry-Perot cavity. Even though the efficiency of the resonance
peak is not high we can improve the result by using a low loss material such as
crystalline silicon and fashion broad low sidebands by decreasing the cavity

length with a micro-control translation stage.
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Chapter 7

Future Directions

Future research in guided-mode resonance transmission filters will be oriented
towards realizing experimental results with improved linewidth and efficiency of these
filters and practical implementation.

In terms of improving the transmission resonance Q factor, we need to fabricate
devices with low extinction coefficient and minimal surface roughness. We already
proposed to fabricate trapezoidal gratings with SOQ substrate which has crystalline Si
with low extinction coefficient. We can have nearly roughness-free sidewalls by applying
wet anisotropic etching to fabricate trapezoidal gratings where grating etch direction
depends on the crystal plane of Si.

For mass fabrication we can use nanoimprint lithography so that the filters can be
produced at a low cost. Implementing transfer printing by kinetic control of adhesion, we
can fabricate these devices on SOI wafers and transfer to glass or quartz substrate [79].
As the resonance shape is highly sensitive to the surface roughness, nanoimprint
lithography will be a challenging future research direction for these devices.

For the Fabry-Perot based transmission filter, we plan to design structures which
can be tuned by the relative polarization of the two mirrors facing each other. So by
rotating one device with respect to the other, we can easily tune the resonance position
and width of the transmission filter. Analytical calculations are needed to consider the
relative phase change on each cycle

Narrow band transmission filters can be used as color filters in display elements.

We can tune the pixels thermally by changing the refractive index or by changing different
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structural parameters. If we use F-P based transmission filter, tuning can be done by
changing the cavity length.

By utilizing the dispersion properties, these elements can be a potential
candidate for slow light applications such as optical buffers, delay lines, switches [12].
Fabricating transmission filters with improved linewidth and efficiency we can practically
implement these filters in delay elements. Even with our currently fabricated Fabry-Perot
based transmission filter which has 3 nm linewidth we can measure the delay and apply

in a delay line for further research.
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