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Abstract
DESIGN AND FABRICATION OF GUIDED-MODE RESONANT TUNABLE OPTICAL

FILTERS

Mohammad Jalal Uddin, PhD

The University of Texas at Arlington, 2013

Supervising Professor: Robert Magnusson

Tunable optical filters have many applications in optical communication,
multispectral and hyper-spectral imaging, bio-sensing, and display application. In optical
communication, tunable optical filters (TOF) are used extensively in different wavelength
division multiplexed (WDM) related applications. In display applications TOFs have been
being used as color filters (CF) to separate primary colors from incident white light. In this
study, two types of TOFs have been designed and fabricated: 1) thermo-optic tunable
optical filters (TOTOF) working in optical communication bands and 2) tunable color
filters (TCF) working in visible wavelength range.

TOTOFs with deep (120 nm grating depth) and shallow (20 nm grating depth)
grating structures are designed and fabricated in this study. A deep TOTOF using
strongly modulated gratings has been designed, which exhibits 0.07 nm bandwidth with
less than 1% sideband in C band optical communication window. The existence and
parametric dependence of such narrow band filter are investigated. Designed filter can be
tuned 13 nm with 100C change in temperature.

Deep and shallow grating TOTOFs with reasonably narrow bandwidth are

fabricated. Fabricated deep grating TOTOF exhibits 12 nm FWHM (theoretical FWHM =7



nm) and a tuning range of 15 nm with tuning efficiency of 0.15 nm per degree Celsius in
C communication band. Fabricated shallow grating TOTOF has a 7 nm FWHM
(theoretical FWHM = 3.1 nm) and a tuning range of 12 nm with tuning efficiency of 0.12
nm per degree Celsius in L communication band.

Design and fabrication of tunable color filters (TCF) is done in the second part of
this dissertation. Three types of tunable color filters: angle-tuned color filters, polarization
controlled TCFs, and color filter arrays (CFA) have been investigated. The filters consist
of a silicon nitride (SisN,) grating along with a homogeneous SisN, layer on glass
substrate.

Two types of angle-tuned filters: red and blue-shift color filters are designed and
fabricated in this study. In red-shift filter, the pixel response moves from blue to red color
with increasing incident angle; the pixel response moves other way in blue-shift filters. An
experimental maximum efficiency of 95% is observed in the red-shift color filter whereas
an experimental efficiency of 75% is reported in blue-shift color filter.

Polarization controlled tunable color filter tunes displayed color by the change of
input light polarization. Red-yellow and green-blue tunable color filters have been
designed and fabricated. The fabricated red-yellow filter shows red color with 99%
efficiency for transverse electric (TE) polarized light and yellow color with 80% efficiency
for transverse magnetic (TM) polarized light; fabricated green-blue filter exhibits green
color with 90% efficiency for TE polarized light and blue color with 80 % efficiency for TM
polarized light.

A color filter array (CFA) is designed and fabricated with three physical pixels
spaced side by side to exhibit three primary colors. More than 90% experimental

efficiency with reasonable bandwidth is achieved for three primary colors.
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Chapter 1

Introduction

1.1 Background and Progress of Guided-Mode Resonance Devices

Electromagnetic wave propagation in periodic media yields numerous effects that
are both interesting and useful. Even though theoretical and experimental research into
properties of periodic structures dates back more than 100 years, there is still strong
interest in the subject. In particular, if the periodicity is impressed upon thin dielectric or
metallic films, pronounced resonance effects are observable. These resonances are
manifested as rapid variations of external electromagnetic fields outside these devices.
As an early example, resonance phenomena associated with metallic diffraction gratings
were observed by Wood in 1902 [1-3]; this observation is widely known as Wood's
anomaly. The Wood's anomaly was theoretically analyzed by Rayleigh [4], Fano [5], and
Hessel and Oliner [6]. Rayleigh suggested that the field could be expressed as a series
expansion both inside the grating grooves and outside the modulated region. Fano
emphasized the existence of quasi-stationary waves, which can be strongly excited on
the surface of a metallic grating under critical condition depending on the profile of the
grooves. Hessel and Oliner reported two types of grating anomalies: the Wood, or
Rayleigh anomaly, which is due to the sharp energy exchange among the propagating
orders; and a resonance type anomaly, which is due to the guided mode in the grating or
at its interface. Researchers in the following years showed that such surface waves could
lead to the excitation of plasmon waves [7], whose excitation is known as a surface
plasmon resonance.

Much research has been done to explain the theory of dielectric diffraction

gratings [8-19]. Guided-mode or leaky-mode resonances are the terms used to describe



the resonances arising on waveguide gratings as a quasi-guided waveguide mode is
excited by incident light. Wang and Magnusson in [20, 21] presented an approximate
theoretical analysis to locate the resonance wavelength using standard waveguide
equations for weakly modulated diffraction gratings, and they demonstrated the principle
of optical filtering using guided-mode resonance (GMR) devices. In the years around
1995-2001, Magnusson's group demonstrated different applications of GMR devices
such as reflection and transmission filters [21-30]; laser mirrors [31], and biosensors [32].
Rosenblatt et al. in 1997 provided a simplified ray model that uses a multi-path-
interference approach to derive a formula for diffraction efficiency [33]. In the past
decade, different new aspects and applications of GMR devices have been
demonstrated. It has been shown that a single periodic resonance layer with one-
dimensional (1D) periodicity enables narrow-line bandpass and bandstop filters,
polarizers, reflectors, nanoelectromechanical display pixels and polarization-independent
elements [34-43]. Recently, numerous applications including Rayleigh reflector,
ultrasensitive complete biosensors, absorption enhancement in solar cells have been
demonstrated [44-47]. In this study, we cover the GMR tunable filters that have potential

application in optical communication and display devices [48- 50].

1.2 Theory of Operation of GMR Devices
GMR structure in its elementary form has a single layer diffraction grating on a
substrate. The grating structure works as a waveguide when its average refractive index
is greater than that of the cover and substrate. At resonance, the diffracted waves couple
in the waveguide-grating by the phase-matching condition; an efficient energy exchange

between the transmitted and reflected wave takes place in a small parametric range.
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Figure 1-1 Basic structure of a single layer GMR device. d4 = grating depth, F = fill factor,

N\ = period, | = incident light wave, T = transmittance, R = reflectance.

The device layers and parameters are shown in Figure 1-1, where dy denotes
grating depth, F fill factor, A period, | incident light wave, T transmittance, and R
reflectance. The grating layer consists of a high-index material ny and a low-index
material n;; ng and n. are the refractive index of substrate and cover respectively.
Considering the GMR structure in Figure 1-1, when a plane wave is incident on the
grating layer, it is diffracted into multiple orders. The diffracted waves couple to the
waveguide-grating layer satisfying a phase-matching condition. The electric field
distribution inside the grating region can be expressed as [20, 21]

dE (z) sm(hnf)

[koneff k0 n,sinf — 1’1//\ ]E (2) + k3De Y5, [Ein(2) + Ejyn(2)] =0

(1.1)
where E;(z) is the y-component of the electric field amplitude of the i-th order diffracted
wave, A is the wavelength, k, = 27T//l, 0 is the incident angle, k, (nc sinf — 1’1//\) is the x

component of wave propagation constant in the grating region, As = n% —n? is the index



modulation, h is the integer Fourier harmonic index, and n.s is the effective refractive
index of the grating layer using zero-order effective medium theory. For TE polarized
light,

Nepr = [fnfy + (1 = fHnf]'/2. (1.2)

For TM polarized light,

-1/2

L

To simplify the equation, the coupling term is ignored for weakly modulated
grating, where Ae = 0 and the coupled wave equation can be reduced to

dE (z)

[koneff ko n.sin@ — lA/A ]E (z) =0. (1.4)

Considering the waveguide-grating layer of the GMR structure, the electric field

distribution of the wave propagating in the waveguide can be expressed [20, 21] as

dE? (z)

+ [k3nZs; — B?] = 0. (1.5)

where g is the propagation constant of the mode supported by the waveguide-
grating structure. A GMR takes place only when a diffracted wave is phase matched to a
wave mode which is supported by the waveguide layer. From equation (1.4) and (1.5) the

condition for phase matching is
B =ko(ncsind —i4/,). (1.6)
At phase matching condition, the ith wave diffracted by the grating evanescently
propagates in the waveguide-grating. If i =1 or i = —1, the evanescent wave strongly

couples to the zero-order wave and a complete energy exchange takes place between

the forward and backward waves. If there is a constructive interference at the input side



and consequent destructive interference at the output side, the device works as a

reflection filter and 100% reflection occurs at the resonance wavelength.

1.3 Two Layer GMR Structure

GMR devices, in this study, consist of a diffractive element and a homogeneous
waveguide layer as shown in Figure 1-2. The homogeneous layer and the gratings are
the same material making the device a single-material structure [51].

The device layers and parameters are shown in Figure 1-2, where d, denotes
grating depth, d, homogeneous waveguide thickness, F fill factor, A period, | incident light
wave, T transmittance, R reflectance. The grating layer consists of a high index material
ny and a low index material n.; ns, nc and n are refractive index of substrate, cover and

homogeneous layer.

I R z
= FA ne I_>

X

dg ny ng

Ns

l T
Figure 1-2 Basic structure of a two layer single-material GMR device having a diffraction
grating and a homogeneous waveguide layer. dy = grating depth, d, = waveguide

thickness, F = fill factor, A = period, | = incident light wave, T = transmittance,

R = reflectance.



For the device in Figure 1-1, let us choose the material as SisN, with device
parameters n = 2.02, F = 0.5, dg = 55 nm, d, = 110 nm and @ = 320 nm; and with the input
being normally incident TE-polarized light. The calculated resonant spectral response of
the device is shown in Figure 1-3. The calculation is performed based on a numerical
method using rigorous coupled-wave analysis (RCWA) [13,15] of equation (1.1). If the
diffraction grating is represented by an equivalent homogeneous layer with effective
index calculated by the zero-order effective medium theory, no resonance occurs as
shown in Figure 1-2. This explains the grating effect that creates sharp resonance

phenomenon in GMR devices.

1'0 T T T T T T T
—— Nitride grating

0.8 - Homogeneous layer (ng¢)
S 0.6- |
o
3
[&]
@
S 0.4 -
(14

0.2 } i

0.0 ——

450 500, S0 o0 es0 " 700
Wavelength(nm)

Figure 1-3 Guided-mode resonance behavior of the device shown in Figure 1.2 for
normally incident TE polarized light. The device parameters are: n = 2.02, F = 0.5, dy =
55 nm, dy, =110 nm and @ = 320 nm. No resonance behavior is observed if the grating

layer is replaced by a homogeneous layer with its effective refractive index. The effective

refractive index ngs = 1.594 for this structure.



1.4 Organization of the Dissertation

This study includes the design and fabrication of guided-mode resonant tunable
optical filters. Two main types of tunable optical filters are investigated. One filter works in
the optical communication wavelength range, and the other filter works in the visible
wavelength range. This dissertation includes five chapters that detail different sub-
projects of this work.

Chapter 2 investigates the design of an ultra-narrow-band GMR filter using a Si
grating on a glass substrate with 0.07 nm bandwidth and less than 1% side-band in the
C-band communication window. The origin and parametric dependence of the spectral
position and bandwidth of the filter are investigated. The designed filter is thermo-
optically tunable and can be tuned up to 12 nm with a temperature increase of 100<C.

Chapter 3 demonstrates the design and fabrication of thermo-optic tunable filters
using Si gratings on glass substrates. Two types of filters are fabricated, including deep
(grating depth 120 nm) and shallow (grating depth 20 nm) gratings. The filters operate in
the C- and L-band optical communication bands. Approximately 15-nm wavelength shift
is experimentally observed with 100<C increase in t emperature.

Chapter 4 presents angle-tuned resonant color filters for projection display
applications. Two types of tunable filters, red- and blue-shift color filters, are designed
and fabricated. In this study, one physical pixel separates three primary colors from the
incident white light.

Chapter 5 provides the design and fabrication of polarization-controlled tunable
color filters. We observe color tuning by changing the polarization state of the input light.
Two types of color filters, red-yellow and green-blue tunable color filters, are designed

and fabricated. The red-yellow filter switches color from red to yellow, and the green-blue



filter switches color from green to blue when the input light polarization state changes
from TE to TM.

Chapter 6 presents the design and fabrication of a tunable color filter array that
has the potential for LCD display applications. Three physical pixels are fabricated using
a single fabrication step, and they separate three primary colors upon incident white light.
Very high experimental efficiency is observed with a reasonably narrow bandwidth for the
GMR filters.

Chapter 7 discusses the future research directions based on the platform

developed in this work.



Chapter 2

Design of Narrow-Band Thermo-Optic Tunable Resonant Filters

Narrowband guided-mode resonant devices can be realized with silicon gratings
in spite of the strong index modulation between silicon and air. We investigate the origin
of a silicon-based narrow-band filter and its parametric dependence on the device
parameters. We design a thermo-optic tunable narrow-band filter using silicon gratings on
glass substrates. We report as low as 0.07 nm bandwidth with less than 1% sidebands of
the designed filter. The designed filter has a tuning range of 13 nm with a temperature

change of 100<C.

2.1 Introduction

Wavelength division multiplexed (WDM) optical communication systems are in
practical use to meet high data demands. Tunable optical filters (TOFs) have numerous
applications in WDM communications. They have applications in add-drop multiplexing,
channel performance monitoring, channel reconfiguration, noise suppression, and pulse
shaping. In those applications, TOFs help to dynamically select a particular wavelength
channel. In tunable lasers, TOFs are used to select a particular laser mode. They also
find use in optical sensing, imaging spectroscopy etc.

There is increasing worldwide interest in GMR effects that originate in quasi-
guided, or leaky, waveguide modes induced on patterned films with subwavelength
periods. Whereas these effects have been known for a long time [9-21], new aspects and
applications continue to appear.

In this study, we design a narrow-band thermo-optic TOF using a Si grating with

bandwidth near 0.07 nm and sidebands less than 1% . We investigate the origin of this



narrow band resonance. We also investigate the dependence of the resonance
wavelength and bandwidth on different structural parameters such as grating thickness,
homogeneous layer thickness, and fill factor of the device. Designed narrowband filters
can be tuned 13 nm with 100C change in temperature . With this tuning capability, the

filter can cover more than 40 WDM channels with 0.2 nm (25 GHz) channel spacing.

2.2 Device Structure and Parameters

The designed narrow-band tunable optical filter consists of a subwavelength
amorphous silicon (a-Si) grating along with an a-Si homogeneous layer on a glass
substrate. The combined periodic and homogeneous layers constitute a waveguide
grating. The device layers and parameters are shown in Figure 2-1, where dy denotes
grating depth, d, homogeneous waveguide thickness, F fill factor, A period, | incident light
wave, T, zero-order transmittance, and R, zero-order reflectance. The refractive index of
SizNy4, substrate and cover are n, ng and n. respectively. As the period of the grating is
chosen to be significantly smaller than the operating wavelengths, the device works in the
zero-order diffraction regime. A GMR takes place when diffracted light from the grating
structure is coupled with a leaky waveguide mode satisfying the phase-matching
condition; as a result, a sharp resonance peak is observed at a particular wavelength.
The details of GMR filter operation are explained in [20, 21]. The position of the
resonance wavelength can be tuned by changing the refractive index, period, thickness,

and incident angle as discussed in [21,37].

10



=9

Figure 2-1 Basic GMR structure with Si/air diffraction grating. d, = grating depth, d, =
waveguide thickness, A = period, F A = width of the high index region, F = fill factor, | =
incident light wave, T, = zero-order transmittance, and R, = zero-order reflectance. n, ng

and n. are the refractive index of the SizN,4, substrate and cover respectively.

2.3 Design and Analysis

We design the device using rigorous coupled-wave analysis (RCWA) based
MATLAB codes and commercial RSoft software. We use the Rsoft software to do the
forward calculations to get the best design regarding the resonance wavelength, FWHM,
and side-band levels. The "most" option of Rsoft is able to run hundreds of forward
simulations for different parametric variations. A GMR based narrowband filter with a
bandwidth of 0.07 nm and less than 1% sidebands is designed and analyzed in this
study. Figure 2-2 shows the static response of the designed filter. The parameters used

for the design are given in figure caption. Normally incident TE polarized light is used for

11



the simulation. The spectral response of the same filter in logarithmic (dB) scale are

shown in Figure 2-3 that shows an approximately -20 dB insertion loss at the sidebands.

1.0 T T 7 T T T T

0.6 - =

—+— AAL=0.07 nm

0.4- X .

. . i

0.0 T T T T v I
1532 1534 1536 15638 1540

Wavelength (nm)

Reflectance

Figure 2-2 Ultra-narrow band guided-mode resonance filter using strongly modulated
Si/Air grating structure. Resonance wavelength = 1536.01 nm, FWHM = 0.07nm. The
device parameters are: A = 900 nm, dy = 335 nm, dy = 110 nm, n = 3.73, n. =1.0,ns = 1.5,
polarization = TE and normally incident light.

Figure 2-4 shows different GMRs that takes place in the sub-wavelength region
of this structure under study. GMR#1 arises in the deep subwavelength region; GMR 2, 3
and 4 exist in the near subwavelength region. From the one dimensional filed plot along
the device dimension as shown in Figure 2-5, we can confirm different modes associated
with the resonances. GMR #1 is a TE; o mode, GMR #2 is a TE; ; mode, GMR #3 is TE,
mode and GMR #4 is the mixture of modes TE; ;,and TE, ;. In the expression TE,,, m is

the m" diffracted order and n is "™ mode of the waveguide.
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Figure 2-3 Static filter response in log-scale (dB). Device parameters are same as in the

caption of Figure 2-2.
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Figure 2-4 Zero order reflectance spectra of the designed filter. Device parameters for

this plot are: A = 900 nm, d, = 335 nm, dg = 110 nm, n = 3.73, and F = 0.47.
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Figure 2-6 Field plot corresponding to different resonances shown in Figure 2-4. (a) GMR
#1is a TE;, mode, (b) GMR#2 shows a TE; ; mode, (c) GMR #3 is a TE, o mode, and (d)
GMR #4 is a mixture of TE, ;, and TE; ,. The same device parameters from Figure 2-4

are used for this calculation.

Figure 2-6 provides the field plots associated with different resonances. The
different modes associated with field plots are given in the Figure caption. We see that
the field strength for the narrow-band GMR #3 is approximately 10 times higher than the

others.
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2.3.1 Variation of Grating Depth

In GMR device design, each parameter of the structure determines its spectral
behavior. Figure 2-7 shows the effect of grating depth on FWHM using the reflectance
contour map. We see that with the increase of grating depth beyond 100 nm, we get
decrease of FWHM accompanied by increased sidebands. We need to select an
optimum grating depth to get the minimum FWHM and acceptable sideband levels. For
the current design we select grating depth of 110 nm, which gives 0.07 nm FWHM and
less than 1% sideband levels. Figure 2-8 presents the spectral response of the filter
associated with GMR #3 against grating depths. At higher grating depth, more radiated
light couples back to the waveguide mode that increases the photon life time, increases

the Q of the filter and reduces its bandwidth.

Reflectance map
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0.13

Grating Depth (..m)
o

0.09

0.08 8.81461e-007

1.533 1.534 1.535 1.536 1.537 1.538
Wavelength (um)

Figure 2-7 Reflectance contour map showing the effect of grating thickness in resonance

spectra. Device parameters are: A = 900 nm, d, =335 nm, n=3.73, F = 0.5.
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Figure 2-8 Effect of grating thickness in resonance spectra. Device parameters are: A =

900 nm, d, =335 nm,n=3.73, and F = 0.5.

2.3.2 Variation of Fill Factor

The bandwidth of the filter can be controlled by changing the fill factor. Figure 2-9
depicts the reflectance map with fill factor and wavelength as varying parameters. We
see that FWHM is minimum at F = 0.5; and a significant amount of tuning of the
resonance wavelength takes place due to the variation of fill factor. Vanishing width at
F = 0.5 means very narrow bandwidth of the filter that we cannot see without

magnification.
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Figure 2-9 Reflectance map showing the effect of fill factor on resonance wavelength and

FWHM. Device parameters are: A = 900 nm, dg = 110 nm, d, = 335 nm, and n = 3.73.
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Figure 2-10 Effect of fill factor on resonance wavelength and FWHM. Device parameters

are: A =900 nm, dy = 110 nm, d, = 335 nm, and n = 3.73.
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The spectral response in Figure 2-10 shows how the FWHM and the resonance
wavelength of the filter depend on the fill factor. We see an increase in FWHM when the
fill factor is away from the value of 0.5 and there is a 22 nm resonance shift due to the
change of fill factor from 0.3 to 0.7. Figure 2-11 gives the quantitative computed value of
FWHM against the fill factor. We get the minimum FWHM at F = 0.5, which is 0.07 nm for

the current design.
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Figure 2-11 Variation of FWHM as a function of fill factor. Device parameters are: N\ =

900 nm, dy = 110 nm, d, = 335 nm, and n = 3.73.

2.3.3 Variation of Homogeneous Layer Thickness

Figure 2-12 illustrates the resonance behavior as a function of homogeneous
layer thickness using the reflectance map. We see that homogeneous layer plays a very
important role for making such a narrow-band GMR filter using strongly modulated
gratings. The narrow-band resonance occurs at d, = 335 nm. At this optimum

homogeneous layer thickness, the nearby two resonances are strong and symmetric to
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the spectral position of the desired narrowband filter. The strength and symmetry of GMR

# 2 and GMR #4 determine the behavior of GMR #3, which is explained in Figure 2-13.

Reflectance map
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dy, (um)

0.3

Figure 2-12 Reflectance map showing the effect of homogeneous layer thickness in

resonance spectra. Device parameters are: A = 900 nm, dy = 110 nm, n =3.73, F = 0.5.

Figure 2-13 shows the spectral response of the filter for different homogeneous
layer thickness. Figures 2-13(a) to (f) depict the interacting resonances, their strength
and their spectral position relative to that of the desired narrow band filter. Figures 2-13
(a) to (d) show how the interacting left (GMR #4) resonance gets stronger and comes
closer to the right (GMR #2) resonance. When their spectral positions are symmetric and
strong, we get the desired narrowband filter (GMR #3) in the middle of these two
resonances. Figure 2-12 (e) and (f) show that when the right resonance moves away, the

symmetry collapses and the narrow-band response with lower side bands vanishes.
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Figure 2-13 Resonance behavior of the device for varying homogeneous layer thickness.

Device parameters are: A =900 nm, dg = 110 nm, n=3.73, F = 0.47.

21



2.3.4 Effect of Material Loss

Material loss strongly affects the narrow-band resonance discussed in this study.
Figure 2-14 demonstrates the reflectance for different extinction coefficients. The device
parameters used for simulation are: A = 900 nm, d, = 335 nm, dg =110 nm, n=3.73, F =
0.5. We see that the extinction coefficient should be less than 10 to sustain such narrow

band filter response.
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Figure 2-14 Effect of extinction co-efficient on narrowband GMR filter response.
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2.5 Thermo-Optic Tunability
The narrow-band filter designed in this study is thermo-optically tunable because
Si has a high thermo-optic coefficient. The refractive index of Si is modulated due to the
temperature variation and this modulation gives the resonance shift resulting in a tunable

optical filter. The dependence of refractive index on temperature is given as follows:

n=n(T,)+a(T-T,) (2.1)
a= dD/dT = thermo-optic coefficient of the material.

T, = Room temperature

T = Temperature

For a-Si, the thermo-optic coefficient used in this calculation is 3.25 x10 .

The value of n influences N, the effective index of the waveguide gratings; thus
affecting the resonance wavelength.

Figure 2-15 shows the thermo-optic tuning of the designed optical filter. There is
a 13.3 nm resonance shift with 100 rise in temper ature which gives tuning sensitivity of
0.133 nm per degree Celsius. With this temperature variation, the designed filter can
cover more than 40 WDM channels with 0.2 nm (25 GHz) channel spacing. Therefore,
the designed filter has good potential of finding application in WDM communication
systems.

Figure 2-16 shows the shift of resonance wavelength with temperature change.

We see that there is a linear relationship between the resonance shift and temperature.
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Figure 2-15 Design of thermo-optic TOF using ultra-narrow band filter. Device
parameters are: A = 900 nm, d, =335 nm, d; =110 nm, n=3.73, F=0.5,and a = 3.25

x10™. The calculated tuning range is 13.3 nm for a temperature change of 100<C.
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Figure 2-16 Resonance shift as a function of temperature.
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Chapter 3
Fabrication and Characterization of Guided-Mode Resonant Thermo-Optic Tunable

Filters

We experimentally demonstrate electrically controlled guided-mode resonant
thermo-optic tunable optical filters. We design the devices using numerical methods
based on rigorous coupled-wave analysis (RCWA) and pattern the structure with a UV
laser interferometric lithography system. The fabricated devices consist of subwavelength
amorphous silicon (a-Si) gratings along with homogeneous a-Si waveguides on glass
substrates. We fabricate deep (~120 nm) and shallow (~20 nm) grating filters that work in
the C and L optical communication bands. We thermo-optically change the refractive
index of a-Si using electrical Joule heating to spectrally tune the filters. We achieve 15
nm and 12 nm spectral tuning for these deep and shallow grating devices, respectively,

with a temperature increase of 100<C.

3.1 Introduction

Tunable optical filters (TOF) find applications in displays [48,49], optical
communications [52], multispectral and hyper-spectral imaging [53], and optical sensing
[54]. In optical communications, TOFs are used extensively for wavelength division
multiplexing (WDM) functions such as add-drop multiplexing, channel performance
monitoring, channel reconfiguration, noise suppression and pulse shaping. In WDM, the
capability to dynamically select a particular wavelength channel is particularly useful.
TOFs are used in tunable lasers and in imaging and display applications to select a

particular band that renders a needed wavelength or color.
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Much research has been devoted to finding a TOF with optimum size, cost,
sensitivity, resolution, tuning range, response time, compactness and economic
fabrication. A TOF with all these desired features remains a challenge. There are many
approaches to achieve spectral tuning. The tuning principle can be acousto-optic [55],
electro-optic [56], piezo-electric [57, 58], MEMS [59, 60] or thermo-optic [61-66]. The
filter structures can have Mach-Zehnder (MZ) [61], Fabry-Perot (FP) [62-64], Bragg
grating (BG) [65] or ring resonator (RR) [66] architecture.

The objective of the work reported presently is to investigate a new concept that
is potentially useful in the arsenal of tunable filters. Hence, we fabricate guided-mode
resonance (GMR) type thermo-optic tunable optical filters (TOTOF). Thermo-optic tuning
is effective due to attendant static environment, precise tuning, and freedom from
vibrations, high sensitivity, reasonable response time, electrical control and availability of
narrow bandwidth devices. Low-loss materials with comparatively high thermo-optic
coefficient are available to cover the telecom wavelength band. In these filters, the
refractive index is changed by variation of temperature and this consequently changes
the center wavelength of the filter. Examples of TOTOFs reported include FP, BG, MZ
and RR structures as briefed above. For our GMR-TOTOF, we use a subwavelength a-Si
grating along with a homogeneous a-Si waveguide on a glass substrate. In this letter, we
describe an electrically controlled thermo-optic tunable resonant filter structure that works
in the C and L optical communication bands. We demonstrate fabricated devices along
with experimentally measured tunable spectral responses. We achieve reasonable
agreement between theoretical and experimental results. A GMR-based TOTOF has not

been reported previously to our knowledge.
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3.2 Filter Structure and Operation

Our GMR-based TOTOFs consist of a subwavelength a-Si/air diffraction grating
with a homogeneous a-Si waveguide layer on a glass substrate. The schematic cross
section of the basic GMR structure is given in Figure 3-1 (a); it has lateral dimensions of
5 mm x 5 mm. A GMR occurs when diffracted light from the grating couples with a leaky
waveguide mode satisfying the phase-matching condition; as a result, a sharp resonance
peak is observed at a particular wavelength. The details of GMR filter operation are
explained in [20, 21]. The position of the resonance wavelength can be tuned by
changing the refractive index, period, thickness, incident angle and polarization of light as
discussed in detail in [20, 21].

In this study, we use the thermo-optic tuning of the refractive index to tune the
spectral response of the filter. The refractive index of a material (n) has a linear
relationship (n = ng+ aAT) with the temperature deviation (AT) limited by the thermo-optic
coefficient of the material a = dn/dT. The thermo-optic coefficient of a-Si is 3.25 x 10T
[63]. In GMR structures, the resonance wavelength has a linear relationship with the
refractive index of the associated materials across small ranges. Therefore, with increase
of temperature we observe a red shift of the resonance wavelength. The top view of the
TOTOF is given in Figure 3-1 (b). Heating is accomplished by supplying an electric
current through a 100 nm thick and 3 mm wide square aluminum (Al) metallic electrode,
which is fabricated around the device. Due to Joule heating caused by the sheet
resistance of the Al, we raise the temperature thus changing the refractive index. Copper

tape is used as contact to make the electrical connection to the power supply.
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Figure 3-1 (a) Cross section of grating structure. The device parameters are d4 = grating
depth, d,, = homogeneous waveguide thickness, F = fill factor, A = period, | = incident
light wave, T, = zero-order transmittance and R, = zero-order reflectance. (b) Top view of

TOTOF showing Joule heating arrangement.

3.3 Design and Analysis
In this study, we design and fabricate two thermo-optic tunable filters. One filter
consists of a deep (120 nm grating depth) and the other filter consists of a shallow (20
nm grating depth) gratings. There is a homogeneous Si layer beneath the grating on a

glass substrate for both structures.

3.3.1 Deep Grating Thermo-Optic Tunable GMR Filter

The spectral dependence on structural parameters of a deep grating filter is
investigated in detail in Chapter 2 and is not repeated here. We design a deep grating
filter with bandwidth exceeding a nanometer. We design the devices using RCWA

running under MATLAB as well as with RSoft software. Figure 3-2 shows the spectral
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response of a deep grating thermo-optic tunable filter with FWHM of 1.45 nm. The tuning

range is 13 nm with a temperature rise of 100TC.
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Figure 3-2 Spectral response of a thermo-optic tunable optical filter with a deep Si
grating. Design parameters are: dy = 110 nm, d, = 335 nm, A = 900 nm, F =0.45,

n = 3.73, and FWHM = 1.5 nm. Tuning range = 13 nm.

3.3.2 Shallow Grating Thermo-Optic Tunable GMR Filter

The FWHM and resonance wavelength of the deep-grating TOTOF strongly
depends on the fill factor as discussed in Chapter 2. To avoid this dependency, an
attempt is made to design a thin grating optical filter. Figure 3-3 shows the spectral
response of the thin-grating TOTOF. The design parameters are: dqy = 10 nm, d, = 460

nm, A =676 nm, F=0.5, n = 3.31. The FWHM of the designed filter is 1.0 nm.
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Figure 3-3 Narrow-band guided-mode resonant filter with shallow grating. Design

parameters are: dg = 10 nm, d, = 460 nm, A =676 nm, F =0.5, n = 3.31, FWHM = 1 nm.
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Figure 3-4 Guided mode resonances in a wide spectrum. Design parameters are: dgq = 10

nm, d, =460 nm, A=676 nm, F =0.5, and n = 3.31.
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Figure 3-4 shows different resonances that occur in the subwavelength region.
There are two resonances in the near subwavelength region and one resonance in the
deep subwavelength region. In this thin grating structure, the GMRs arise via first-order

coupling. Figure 3-5 gives the field plot associated with each resonance in Figure 3-4.
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Figure 3-5 Field plots of the GMRs shown in Figure 1.4.1.2. GMR #1 is excited by a TE; o

mode, GMR #2 corresponds to a TE; ; mode and GMR # 3 relates to a TE; , mode.
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Figure 3-6 shows the spectrum pertinent to thermo-optic tuning of the shallow-

grating TOTOF. We see a 10.2 nm wavelength tuning with an applied 100°C change in

temperature.
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Figure 3-6 Spectrum of a of thermo-optic tunable optical filter with a shallow Si grating.

Design parameters are: d; = 10 nm, d,, = 460 nm, A = 676 nm, F =0.5, n = 3.31, and

FWHM = 1 nm. Tuning range is 10.2 nm.

3.3.2.1 Fill Factor Variation

The behavior of the deep-grating TOTOF strongly depends on the fill factor. But
for the shallow grating structure, we see a very little change of FWHM and resonance
wavelength with the change of the fill factor. Figure 3-7 shows the reflectance map
showing the minor effect of the fill factor on the resonance wavelength and FWHM. This

is because the grating depth is only ~5% of the total thickness; the resonance is

dominated by the homogenous layer.
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Figure 3-7 Reflectance contour map showing the dependency of the fill factor on
resonance wavelength and FWHM. The device parameters for simulation are: dy = 20
nm, dy = 455 nm, A =680 nm, n = 3.31.
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Figure 3-8 Relation between fill factor and FWHM for shallow grating. Device parameters

for simulation are: dy = 20 nm, d, = 455 nm, A =680 nm, n = 3.31.
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Figure 3-8 shows quantitatively how the FWHM changes with the fill factor.
Unlike the deep grating filter, the value of FWHM is maximum at 50 % fill factor. It

decreases when F deviates from the value 0.5.

3.3.2.2 Variation of Grating Depth

Though the resonance wavelength and FWHM weakly depend on fill factor, they
strongly depend on the grating thickness. Figure 3-9 shows the reflectance map of the
shallow grating TOTOF for different grating depths. We observe that both the resonance
wavelength and FWHM strongly depend on the grating depth. With the increase of
grating depth, both of them increase. Figure 3-10 demonstrates the same phenomenon

by their spectral response curves.

Zero Order Reflectance

0.05 1.0
—. 0.04 _
c
o
S 1
E
< 0.03 'I
a
() —
©
2 J
'*E 0.02
5 _

0.01 |

I'I'I'I'I'I'I'I'I'I'I o
150 152 154 156 158  1600-0211814

Wavelength (micron)

Figure 3-9 Reflectance contour map showing effect of grating thickness on the resonance

spectra. Device parameters are: d,, = 455 nm, A = 680 nm, F = 0.5, and n = 3.31.
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Figure 3-10 Effect of grating thickness on the resonance spectra. Device parameters are:

d, =455 nm, A =680 nm, F=0.5, and n = 3.31.

3.3.2.3 Variation of the Thickness of Homogeneous Layer

Figure 3-11 shows that the variation of the homogeneous layer thickness does

not change the FWHM a lot but it tunes the resonance wavelength effectively. We have

to choose homogeneous layer thickness to get narrow bandwidth and lower sidebands.
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Figure 3-11 Reflectance contour map showing effect of homogeneous thickness on the

resonance spectra. Device parameters are: dg = 20 nm, A =680 nm, F = 0.5, and n =

3.31.
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3.4 Device Fabrication

We fabricated prototype thermo-optic tunable filters using deep and shallow Si
gratings on glass substrate. Device fabrication starts with a-Si thin-film deposition on a
cleaned glass substrate. We use two methods of deposition, namely plasma-enhanced
chemical vapor deposition (PECVD) and sputtering. We use PECVD-deposited a-Si for
deep grating filters and sputtered a-Si for shallow grating filters. For our equipments, the
PECVD films are denser with a higher refractive index. The sputter-deposited a-Si films
are more uniform with a lower refractive index than the PECVD-deposited a-Si. The
ellipsometrically measured optical constants are shown in Figure 3-12 for PECVD
deposited a-Si and in Figure 3-13 for sputter deposited a-Si.

We spin coat a bottom antireflective coating (BARC) followed by a photoresist
(PR) layer. Thereafter, we record a periodic pattern using a laser interferometric
lithographic (LIL) system where the interference of two laser beams exposes the PR. The
BARC layer at the bottom edge of the PR pattern is removed using O, plasma. Then the
PR pattern is transferred to the a-Si layer by reactive-ion etching using CHF3; and SF¢ gas
mixtures. After a-Si etching, the remaining PR and BARC layers are stripped by O,
plasma followed by a nanostrip (90% H,SO, and 5% H,0,) wet stripping and O, plasma
ashing. We perform metallization to supply the electrical current for heating. For this
purpose, we again spin coat 450 nm PR on the whole device. We selectively expose the
structure to create an opening for metal deposition around the GMR device area and
deposit 100 nm aluminum using sputtering. Then we remove the surplus metal over the
PR mask using the lift-off method by soaking the sample in acetone. Lastly, copper tape
is added as contact pad. Figure 3-1 (b) shows the top view of the device

A summary of the fabrication steps is given in Figure 3-14.

36



, . , . : . , : 0.00045

3.84

- “e=h
3.82 ] eali - 0.00040
3.80 - 0.00035
3.78 1

l % - 0.00030

< 3.76 'l..' -
o _ "l... - 0.00025
5 .....

- ...

3.72 A 'I:::::....‘- 0.00020
Hy
3.70 - 3
0.00015

¥ T Y T z T X T Y
1200 1300 1400 1500 1600 1700
Wavelength (nm)

Figure 3-12 Ellipsometrically measured n, k values of PECVD deposited p-type a-Si.
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Figure 3-13 Ellipsometrically measured n, k values of sputter deposited a-Si.
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Figure 3-14 Summary of the fabrication steps from left top to bottom right.

3.5 Device Characterization

The device is characterized using an atomic force microscope (AFM) and

ellipsometer. Ellipsometry gives the refractive index and thickness of the a-Si film. An

AFM image provides the grating profile quantifying period, grating thickness, and the

width of the grating ridges.
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3.5.1 Deep Grating Tunable Filter

For deep grating filters, measured a-Si film thickness is 450 nm and refractive
index is 3.73 at 1550 nm. Figure 3-15 shows the AFM image of a deep grating TOTOF.
The device parameters from the AFM and ellipsometry measurements are dg = 115 nm,

d, =335 nm, A =901 nm and F = 0.32.
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Figure 3-15 AFM image of the deep grating TOTOF. The device parameters are n = 3.73,

dg =115 nm, d;, = 335 nm, A =901 nm and F = 0.32.

3.5.2 Shallow Grating Tunable Filter

For shallow grating filters, the measured refractive index is 3.13 at 1550 nm and
the a-Si film thickness is 520 nm. Figure 3-16 shows the AFM image of the shallow
grating TOTOF. The device parameters from the AFM and ellipsometry measurements

are dy = 20.4 nm, d, = 500 nm, A = 745 nm and F = 0.49.

39



AX{um) &Y(nm)
0.335 20388

0.745 -0.259
0.363 0.220

Figure 3-16 AFM image of the shallow grating TOTOF. The device parameters are n =

3.13, dy = 20.4 nm, dy, = 500 nm, A = 745 nm and F = 0.49.

3.6 Results and Discussion

We use a Yokogawa spectrum analyzer and a Koheras SuperK Compact
supercontinuum light source with a spectral range of 0.5-2.4 pm to measure the spectral
behavior of the fabricated device. We use graded-index multi-mode fibers with a mode
diameter of 400 pum to launch and collect light, which limits the resolution of the
measurement to 2 nm. We use a polarizer to select the polarization state and lenses to
collimate the input light and to focus the output light on the detection fiber. We calculate
transmittance by normalizing the transmitted light intensity through the sample with that
without the sample.

The period of the device is significantly smaller than the operating wavelength.

Thus, it works in the subwavelength region with only zero-order transmitted and reflected

40



output light. For convenience, we measure zero-order transmittance Ty and calculate the

zero-order reflectance as Ry = 1 - Ty. In the C and L communication bands, the loss in a-

Si can be neglected.

3.6.1 Deep Grating Filter

Figure 3-17 compares the theoretical and experimental spectral response of the

deep grating TOTOF that works in the C communication band and shows a matched

center wavelength of the filter. The theoretical FWHM is 7 nm, and the experimental

FWHM is 12 nm.
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Figure 3-17 Comparison between experimental and computed spectral response of the

deep grating TOTOF.
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To match the center wavelengths in Figure 3-17, we slightly adjust the device
parameters within estimated experimental tolerances. The parameters used for
simulation are dy = 115 nm, d,, = 335 nm, A = 895.5 nm, F = 0.25 and n = 3.73; these are
close to the fabricated device parameters: dg = 115 nm, d,, = 335 nm, A =901 nm, F =
0.32 and n = 3.73.

Figure 3-18 demonstrates the experimental thermo-optic tuning of this device.
We observe a 15 nm tuning of the resonance wavelength by a 100<C rise in temperature
that gives a tuning efficiency of 0.15 nm/C. We supply electrical current by a 12V

variable voltage source. For every 10T increase of temperature, the ap plied electrical

power is 0.2 W.
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Figure 3-18 Tunable spectral response of the deep grating TOTOF under thermal

variation.
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3.6.2 Shallow Grating Filter

Figure 3-19 compares the theoretical and experimental spectral responses of the
shallow grating TOTOF and shows a matched center wavelength of the filter. The
theoretical FWHM is 3.1 nm, and the experimental FWHM is 7 nm in the L-band. Device
parameters for the simulation are dg = 20 nm, d, = 500 nm, A =750 nm, F=05and n =
3.12; these are close to the fabricated device parameters: dg = 20.4 nm, dy = 500 nm, A =

745 nm, F=0.49 and n = 3.13.
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Figure 3-19 Comparison between experimental and calculated spectral response of the

shallow grating TOTOF.
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In Figures 3-17 and 3-19, we attribute the discrepancy between the measured
and computed spectral linewidth to measurement error caused by a slight divergence of
the light illuminating the sample. The asymmetry in the side bands and observed noise
features arise from Fabry-Perot resonances in the substrate, collimation assembly and
fiber coupling.

Figure 3-20 demonstrates the thermo-optic tuning of the shallow grating TOTOF.
The device works in the L communication band. We observe a 12 nm wavelength tuning
with 100 increase of temperature that gives a tuning efficiency of 0.12 nm/T. The

tuning range is comparable to that of published TOTOFs [62, 63].
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Figure 3-20 Spectral response of shallow grating TOTOF showing the tuning of

resonance wavelength with the change of temperature.
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Figure 3-21 Shift of resonance wavelength with temperature variation: Theory and
experiment.

Figure 3-21 shows the quantitative shift of the resonance wavelength with the
change of temperature for both theory and experiment. For theoretical calculation, we
consider only the thermo-optic effect of the a-Si. A constant thermo-optic coefficient of
3.25 x 10T [63] is used for the calculation. The discrepancy between the theory and
experiment can be attributed to the slightly different thermo-optic coefficient of the a-Si of

the fabricated device relative to that used for calculation.
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3.7 Conclusion
GMR-based thermally tunable optical filters have been fabricated with deep and
shallow gratings. The deep grating filter has a tuning range of 15 nm with a tuning
efficiency of 0.15 nm/<C working in the C communication band. The shallow grating filter
shows a tuning range of 12 nm with tuning efficiency of 0.12 nm/< in the L-band. The
filter is compact and easy to design and fabricate. It has reasonable tuning efficiency and
is electrically controlled with no moving parts. Future work aims to reduce the spectral

linewidth while obtaining higher efficiency and lower sidebands.
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Chapter 4

Design and Fabrication of Angle-Tuned Resonant Color Filters

Novel tunable color filters based on the guided-mode resonance (GMR) principle
are demonstrated experimentally. The devices are designed with numerical methods and
patterned with laser interferometric lithography. Two types of tunable color filters with
different tuning efficiency and direction are reported. They consist of a 55-nm-deep
silicon nitride/air diffraction grating along with a 110-nm-thick silicon-nitride waveguide
layer deposited on a glass substrate. The fabricated filter exhibits three primary colors at

three different incident angles, with reasonably high efficiency and narrow bandwidth.

4.1 Introduction

Color filters are useful for display devices, image sensors, and many other
applications. Common display devices include televisions, computer monitors, mobile
phones, projectors, and electronic paper. Image sensors are integral parts of digital
cameras. Liquid crystal displays are widely used often with dye-based color filters, which
transmit a particular color while absorbing the undesired surrounding spectral
components under white-light illumination [67]. Problems with this filter type include low
transmission efficiency, heating due to absorption of light, and imperfect color purity.
Attempts to improve color filter technology have led to research on diffractive color filters
[68—77]. The theory of separating colors using phase gratings is presented in [68, 69].
The grating material can be a semiconductor (silicon) [70, 71]; metal (aluminum) [72—75];
dielectric (nitride/oxide) [76, 77]; or a polymer [78].

Both transmissive and reflective display technologies incorporating color filters

are used in practice. Transmission color filters based on silicon and aluminum [70-75]
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exhibit low efficiency due to absorption loss in the visible spectral region. Dielectric GMR
reflective filters can have high efficiency with narrow bandwidth favorably impacting input
light utilization and color purity [79].

Recently, Wang et al. provided computed results pertaining to a reflection-type
color filter array using the GMR principle [77]. Prior to that, Kanamori et al. reported GMR
color filters with experimental reflection efficiency of = 50% [78]. These results ([71-75],
[77], and [78]) were obtained by deploying multiple physical filters (one filter per color) in
which pixels with different grating periods produce individual colors.

In this study, we report the design and fabrication of dielectric GMR-based
tunable reflective color filters in which a single pixel is used to produce three primary
colors using angular tuning. We discuss the structure and theory of basic GMR filters and
their application as color filters. We describe fabrication steps, measured device
parameters, and spectral measurement results. We achieve high experimental efficiency
and narrow bandwidth with good agreement between experimental and theoretical data.
We demonstrate two types of angle-tuned color filters. In one filter, with the change of
angle, the response moves from blue to red; it is termed a red-shift color filter. In the
other filter, the response moves from red to blue with the change of angle; it is denoted a

blue-shift color filter.

4.2 Structure and Device Parameters
Our tunable GMR pixel consists of a subwavelength silicon nitride grating along
with a silicon nitride homogeneous waveguide layer on a glass substrate. The device
layers and parameters are shown in Figure 4-1, where dy denotes grating depth, dj
homogeneous layer thickness, F fill factor, A period, | incident light wave, T, zero-order

transmittance, R, zero-order reflectance, 6; incident angle, and 6, angle of zero-order
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reflected light. As the period of the grating is chosen to be significantly smaller than the
wavelengths defining the visible spectral range, the device works in the zero-order
diffraction regime. A GMR takes place when diffracted light from the grating structure is
coupled with a leaky waveguide mode satisfying the phase-matching condition; as a
result, a sharp resonance peak is observed at a particular wavelength. The details of
GMR filter operation are explained in [20]. The position of the resonance wavelength can
be tuned by changing the refractive index, period, thickness, incident angle, and incident

light polarization as discussed in [20, 21].

To

Figure 4-1 Basic structure of GMR based TCF. dq = grating depth, d, = homogeneous
layer thickness, A = period, F A = width of the high index region, F = fill factor,
| = incident light wave, Tq = zero-order transmittance, R, = zero-order reflectance,

0; = incident angle, and 8, = angle of zero-order reflected light.
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4.3 Design of Angle-Tuned GMR Color Filters

At normal incidence, GMRs are excited simultaneously by evanescent orders +1
and -1, +2 and -2, and so forth. At oblique angles, the resonances are generally excited
by a single order such as +1 or -1. These orders produce different resonance
wavelengths, which is geometrically quite clear. In 1993, so called resonance regimes
were defined as reported in [21]. An example resonance regime plot is shown in Figure 4-

2 for a selected set of parameters.

90

701

N 3] o
(=) o (=]
T T T

Incidence Angle (degree)
w
(=]

20F

10

0 0.5 1 15 2 25 3
MA

Figure 4-2 Resonance regime showing resonance splitting at off-normal incidence. The
device considered for the simulation is a waveguide grating with average index, Nayg =
1.732; cover index, n. = 1, substrate index, ng = 1.47.

For color filter applications, upon oblique incidence, we design the filter such that
one resonance falls outside the visible wavelength range and thus outside the human
color perception. In this study, we design two filters: red and blue-shift angle-tuned color

filters.
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4.3.1 Red-Shift Angle-Tuned Color Filter

For the red-shift TCF, we choose design parameters such that normal incidence
resonance wavelength is close to blue wavelength. In this case, when we change the
incident angle, one resonance moves toward the smaller wavelength (UV) and falls
outside the visible range and has no effect on the eye’s color perception. The other
resonance moves toward the longer wavelength realizing a blue-to-red pixel shift by the
change of incident angle. Figure 4-3 shows such a design where at an angle of 24¢ one
resonance is at 360 nm which is out of the visible range and other wavelength is in the

550-nm green wavelength range.
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Figure 4-3 Resonance splitting of red-shift angle-tuned color filter at off-normal incidence
showing one resonance falling outside the visible region. Design parameters are: dy = 55

nm, d, =110 nm, A =260 nm, n=2.02, and F = 0.5.
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As usual, we design the device using our RCWA-based [13, 15] MATLAB code
and RSoft software. We do the forward parametric scans using RSoft to find the
parameters for a desired spectral response. Figure 4-4 shows the design of an angle-
tuned red-shifted CF. The pixel shows a blue color response at an incident angle of 7° a
green color response at an angle of 24° and a red color response at an angle of 42° A

total of 35°angular offset is required to tune the color from blue to red.
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Figure 4-4 Spectra for the designed red-shift angle-tuned color filters. Blue to red pixel
shift occurs at an angular movement of 35 degrees. Grating parameters are: dq = 55 nm,

dn =110 nm, A = 260 nm, and F = 0.5. Angular offset needed = 35 degrees.
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4.3.2 Blue-Shift Angle-Tuned Color Filter

For the blue-shift TCF, we choose design parameters such that the normal
incidence resonance wavelength is close to the red wavelength. In this case, when we
change the angle, one resonance moves toward the higher (IR) wavelengths and falls
outside the visible range and has no effect on color perception. The other resonance
moves toward the lower wavelength and we obtain a red-to-blue pixel shift by the
increase of the incident angle. Figure 4-5 shows such a design where at an angle of 8°,
one resonance is at 725 nm which is out of visible range and other wavelength is near

the 625-nm red wavelength.
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Figure 4-5 Resonance splitting of the blue-shifted angle-tuned CF. At off-normal
incidence, one resonance falls outside the visible region and the other falls within it.

Design parameters are: dy = 55 nm, d, = 110 nm, A =410 nm, n = 2.02, and F = 0.5.
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Figure 4-6 shows the designed spectral response of the blue-shift angle-tuned
CF. The design parameters are listed in the figure caption. The pixel exhibits a red-to-

blue color shift under angular variation of 25°
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Figure 4-6 Spectrum of the designed blue-shift angle-tuned color filters. Grating
parameters are: n = 2.0, dg = 55 nm, d, = 110 nm, F = 0.45 and A = 410 nm.
The angular offset needed for realizing blue-shift angle-tuned filter is 10 degrees
less than that of the red-shift filter. This can be be explained by the following relation,

which is derived from the grating equation [20, 21].

dlloc A
dae

where A is the resonance wavelength, 0 is the incident angle and & is the period of the

device. We see that the change of resonance wavelength with angular variation is
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proportional to the device period. The blue-shift color filter has a larger period and

therefore needs a smaller angular offset to cover the same spectral shift.

4.4 Device Fabrication and Characterization
The principal fabrication steps include thin-film deposition, lithographic
patterning, and reactive-ion etching (RIE). Device fabrication starts with silicon nitride
(SisNg) film deposition on a cleaned microscopic glass substrate using a sputtering
system. The optical constants and thickness of the film are measured using ellipsometry
and found to be n = 2.02 and k = 2 x 10* at 550 nm wavelength with the film thickness
being 165 nm. Figure 4-7 shows the ellipsometrically measured n, k values of the sputter

deposited SisN, for the visible wavelength range.
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Figure 4-7 Result ellipsometric measurements of sputter-deposited SizN, film for red-shift

TCF.Ithasn=2.02 and k= 2.5 x 10 at A = 550 nm.
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l Lithography
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Figure 4-8 Summary of the fabrication steps for tunable color filters.
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Thereafter, a 300-nm-thick positive photoresist (PR) is spin coated and a 1D
grating pattern is recorded using an interferometric lithography system. To increase the
adhesion of the PR to the nitride film, a hexamethyldisiloxane (HDMS) primer is spin
coated and baked before the application of the PR. To etch the nitride film, we use RIE
involving a gas mixture of trifluromethane (CHF;3) and oxygen (O,). A short 10 s descum
recipe using O, plasma is run before the etching step. After RIE, a thin PR film still exists
on the nitride grating and it is stripped using O, plasma. Wet cleaning with nanostrip
(90% H,SO, and 5% H,0,) ensures that no PR remains on the nitride grating. Figure 4-8
shows the summary of the steps used to fabricate the angle-tuned color filters. The same

steps are used to fabricate both the red and blue-shifted angle-tuned color filters.

4.4.1 Red-Shift Tunable Color Filter

To characterize the red-shift color filter we use SEM and AFM image along with
the ellipsometric data. We use AFM images to extract the device parameters such as
period and grating depth. Once we know the grating depth, we can calculate the
homogeneous layer thickness by subtracting the grating thickness from the total film
thickness. From the AFM image in Figure 4-9, the grating profile parameters are: dq = 55

nm, A =268 nm, F == 50%.
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Figure 4-9 AFM image of the fabricated device. From the AFM image, dy = 55 nm, A =
268 nm, F = 50%.
The homogeneous waveguide thickness can also be measured using the cross-
sectional image of the SEM. The SEM image gives more accurate grating width and

waveguide thickness due to its high magnification capability. Figure 4-10 gives the SEM
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image of the fabricated red-shift tunable device. The device parameters from the SEM

image in Figure 4-10 are: dy = 63 nm, A = 273 nm, d, = 115 nm, F = 44%.

Figure 4-10 SEM image showing device parameters: dg = 63 nm, A =273 nm, d,, = 115
nm, and F = 0.44.

From the AFM and SEM data, the device parameters are found to be dy = 55 nm,
dn = 115 nm, A = 268 nm, and F = 0.45. The fabricated device parameters are close to
the initial design parameters. The effective pixel size can be calculated using the decay
length of the leaky waveguide mode. The decay length is approximately [18],

L AL
@7 AgAd

where AA is the spectral linewidth of the color filter. Using this equation, we
estimate the decay length as ~2 um. Thus, this pixel should work well with 10x10 umz
lateral dimensions. The fabricated device presented here is considerably larger (5x5

mm?) for convenience of characterization and spectral measurement.
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4.4.2 Blue-Shift Tunable Color Filter

The grating profile of the fabricated blue-shift angle-tuned color filter device is
characterized by AFM and ellipsometry data. Figure 4-11 gives the AFM image of the
fabricated device. From the AFM image and the ellipsometry data, the device parameters
are dg = 57.3 nm, d, = 107.7 nm, A = 418 nm, and F = 0.49; these are close to the
original design parameters.

For the red-shifted filter, the period of the designed device was 260 nm. The
period is taken to be small so that the normal incidence resonance stays below the blue
wavelength. With this period, and for F = 0.4, the process linewidth, or feature size, is
approximately 100 nm. If we use a blue-shift filter, the normal incidence resonance
wavelength should be kept above the red wavelength so that under angular tuning we get
red, green, and blue pixels. To keep the normal incidence resonance above the red color,
the designed period is chosen to be 420 nm. This gives the feature size of the process
~210 nm for F = 0.4, which is twice that of the red-shift color filter. With larger features,
we have more process flexibility and easier device fabrication using the laser

interferometry lithography system.
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Figure 4-11 AFM image of the fabricated angle-tuned blue-shift color filter: The device

parameters from the AFM image are: dg = 57.327 nm, A = 418 nm, and F = 0.49.
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4.5 Spectral measurement

The spectral response of the fabricated color filter is measured using a spectrum
analyzer. A tungsten halogen lamp with a wavelength range of 360-1100 nm serves as a
light source. A polarizer is mounted in front of the light source to select a specific
polarization state. We use TE polarized light in which the electric field vector is normal to
the plane of incidence and along the grating grooves in Figure 4-1. The angular tuning of
the device is achieved by rotating the sample stage to the desired angle.

In commercial device application of angle-tuned color filter, a synchronized mirror
can be used along with the sample so that the reflected light always goes to a fixed
detector point. If the synchronized mirror is rotated at the same angle as the sample, light

always goes to the same point at the eye. Figure 4-12 shows such an arrangement.

Light Source

Synchronized
Mirror

Figure 4-12 Arrangement to direct the reflected light always to a fixed point with a

synchronized mirror.
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4.5.1 Spectral Measurement of Red-Shift Tunable Filters

Figure 4-13 demonstrates the spectral response of the red-shifted tunable pixel
at 6; = 20° It compares the original design with experi mental and simulation results. We
observe a 15-nm resonance shift between the design and experimental spectra due to
deviation of the fabricated-device parameters relative to the original design. The
simulated spectrum using the experimental device parameters matches the experimental

result well with the main discrepancy in the sideband levels.
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Figure 4-13 Spectral response of the color filter for 8i = 20°showing comparison between
the design, experimental results, and simulation results. Fabricated device parameters
are: dy = 55 nm, d, = 115 nm, A = 268 nm, and F = 0.45. Designed device parameters

are: dg = 55 nm, d, = 110 nm, A = 260 nm, and F = 0.5.
Figure 4-14 shows the pixel response under angular tuning. We observe blue,
green, and red pixel response for incident angles of 8° 20° and 35° respectively. For
these angles, the center wavelengths reported here for blue, green, and red are 505 nm,

551 nm, and 607 nm, respectively. The bandwidth of the pixel is approximately 10 nm,
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which is 5 to 8 times narrower than reported in published experimental results for
transmission filters [70-75] and ~x2 narrower than reported results in [78]. The filter has
high reflection efficiency of 95% for red, 92% for green, and 88% for blue, considerably
exceeding the experimental efficiencies of transmission filters [70-75] and reflection

filters [78] reported previously.
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Figure 4-14 Experimental spectral response of the tunable color filter showing blue,

green, and red color output with incident angles of 8% 20° and 35° respectively.

4.5.2 Spectral Measurement of Blue-Shift Tunable Filters
Figure 4-15 compares the theoretical and experimental spectral response of the
color filter showing a green pixel response. We get a reasonable match between the

experimental results and the simulated data. The fitting parameters are dg = 55 nm, dy, =
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100 nm, A = 4115 nm, and F = 0.45, which are close to the fabricated device

parameters: dq = 57 nm, d, = 108 nm, A = 417 nm, and F = 0.45.
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Figure 4-15 Spectral response of the color filter for 8; = 20°showing comparison between
experimental and fitted results. Fitting parameters are: dg = 55 nm, d,, = 100 nm, A =
411.5 nm, and F = 0.45. Experimental device parameters are: dg = 57 nm, d, = 108 nm, A
= 417 nm, and F = 0.45.

Figure 4-16 shows the color filter response under angular tuning. We observe a
red to blue pixel shift with an angular tuning of 25 degrees. The device has FWHM of 10
nm and efficiency of 75%.

The efficiency of the blue-shift color filters is not as good for the red-shift filters.
The reason behind this can be attributed to the nitride quality, which is lossy with a higher
k value in the order of 10°. The fabricated pattern is not also as smooth as that for the
red-shift filter. With improved nitride and more precise fabrication, this result can be

improved.
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Figure 4-16 Experimental RGB pixel demonstration using angular tuning. Experimental

device parameters are: dg = 57 nm, d,, = 108 nm, A = 417 nm, and F = 0.45.

4.6 Conclusion

New reflection-type tunable pixels are designed and fabricated using
subwavelength silicon-nitride waveguide gratings on glass substrate. Two alternate ways
namely red- and blue-shift tunable pixels are demonstrated. The basic pixel separates
incident TE-polarized white light into its three primary colors (red, green, and blue) that
appear at different incidence angles. It exhibits high efficiency as well as high color purity
due to narrow bandwidth. Its size can be as small as 100 um?. We find a good match
between the experimental data and theoretical simulation results. The device has

potential for applications in reflective projection display technology.
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Chapter 5

Design and Fabrication of Polarization-Controlled Tunable Resonant Color Filters

Achieving a static tunable color filter with high experimental efficiency and good
color separation is a big challenge. We demonstrate the design and fabrication efficient
GMR tunable color filters. The color output of the device is controlled by simply
controlling the polarization state of the input incident light. The device is designed using
numerical methods based on RCWA and is patterned using UV-laser interferometric
lithography. It consists of a subwavelength silicon nitride grating along with a
homogeneous silicon nitride waveguide on a glass substrate. Two color filters with
grating periods of 300 nm and 370 nm have been designed and fabricated from which we
can effectively get six output colors by changing the polarization. The device with grating
period 300 nm exhibits green color for TE polarization and blue color for TM polarization.
The device with grating period 370 nm exhibits red color for TE polarization and yellow
color for TM polarization. The pixels have a spectral bandwidth of ~12 nm with
efficiencies of more than 90% for TE polarization and 80% for TM polarization. The

devices will find application in display and imaging technologies.

5.1 Introduction
Color filters are key elements for display devices like televisions, computers,
mobile phones, digital cameras, e-readers, and multimedia projectors. They can be
transmissive or reflective depending on the display technology. Dye-based transmissive
color filters, that are very common in liquid crystal display (LCD) devices [67], are limited
by their low efficiency, heating and wastage of light due to absorption, as well as by

imperfect color selectivity. To overcome those limitations, grating-based color filters
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[70-78] are of increasing research interests on account of possible high efficiency and
improved band selection. Feasible grating materials include semiconductors (silicon) [70,
71], metals (aluminum) [72-75], dielectrics (nitride/oxide) [76, 77], or polymers [78].
Among those materials silicon- and aluminum-based transmissive color filters suffer from
low efficiency [70-75] due to high absorption in the visible spectral region. On the other
hand, dielectric reflective filters [48-49, 76] can have high efficiency with reasonably
narrow bandwidths ensuring better input light utilization and color purity.

Display devices can be transmissive, reflective, or transflective. Transmissive
displays use an internal light source whereas reflective displays use the ambient light;
transflective displays use both internal and external light sources. Reflective displays may
be based on grating light-valves [79], digital micro-mirror devices [80], and interferometric
modulators [81]. In reflective displays, the color filters must be highly efficient to reflect
most of the light. Dielectric GMR reflective filters can have high efficiency with reasonably
narrow bandwidth [5]. Recently, we reported resonant reflective angle-tuned color filters
and color filter array with high experimental efficiency and narrow bandwidth [48,49].
Prior to that, Wang et al. [77] provided computed results of reflective color filters using
photoresist based on the GMR principle; Kanamori et al. [78] reported polymer-based
reflective color filters with experimental efficiency of 50%; Cho et al. [82] reported
reflective filters with efficiencies 30%, 75%, and 85% for the blue, green, and red colors,
respectively. A plasmonic polarization-dependent color filter using metallic nanoantenna
is reported in [83]. The authors demonstrated a blue to yellow color shift with the change
of polarization from TM to TE.

In this study, we report the design results and fabrication of a GMR-based
polarization controlled tunable color filter using subwavelength silicon nitride (SizNg)

gratings on a glass substrate. We design and optimize the filter parameters using
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numerical methods based on RCWA [25]. We fabricate the filters using laser
interferometric lithography for patterning and reactive-ion etching for pattern transfer. We
report two pixels, one of which switches between red and yellow while the other switches
between green and blue depending on the polarization state of the input light. We report
efficiency exceeding 90% for TE polarized light and near 80% for TM polarized light at
the center wavelength the respective filters. The color filters developed in this research
show static tunable response accompanied by high experimental efficiency and color
purity. Dielectric reflective polarization-controlled tunable color filters with comparable
experimental efficiency have not been reported previously. The tunable filters have

potential applications in display and imaging technology.

5.2 Theory and Design

The polarization controlled tunable color filter under consideration consists of a
subwavelength silicon nitride grating along with a silicon nitride homogeneous waveguide
layer on a glass substrate. The device layers and parameters are shown in Figure 5-1,
where d4 denotes grating depth, d, homogeneous layer thickness, F fill factor, A period, |
incident light wave, T, zero-order transmittance, and R, zero-order reflectance. A GMR
takes place when diffracted light from the grating structure couples with a leaky
waveguide mode satisfying the phase-matching condition; a sharp resonance peak with
100% reflectance is observed at a particular wavelength. The operation details of GMR
filters are explained in [20, 21].

For color filter applications, we aim to have one resonance at a particular color in
the visible wavelength range. This is possible when the device is in the zero-order regime
in the visible spectrum. Thus, we set the grating period to be significantly smaller than the

wavelengths in the visible range, which allows the device to work in the zero-order
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diffraction regime. The dimensions of the gratings such as grating-groove widths and
periods are optimized to achieve particular resonance wavelength with lower sidebands
for the unwanted part of the spectrum. The position of the resonance wavelength can be
tuned by changing the structural and material properties of the device such as refractive
index, period, thickness, and incident angle as discussed in [20, 21]. The resonance
wavelength also depends on the polarization of the input light [20, 21]. In this study, we
control the resonance wavelength (output color) by controlling the input light polarization.

In this sense, the device works as an active filter.

dn »>{FAle-  SisNs |«

Glass

To

Figure 5-1 Basic GMR color filter structure showing the materials and device parameters.
dy = grating depth, dy, = thickness of homogeneous layer, F = fill factor, A = period, | =
incident light wave, T, = zero-order transmittance, and Ry = zero-order reflectance.

We design the device using numerical methods based on RCWA [13,15]. To
achieve optimal reflectance, we adjust the device parameters including period, grating

depth, and waveguide thickness. The optimized design parameters for our pixels are
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determined to be d4 = 55 nm, d, = 110 nm, and F = 0.5. The optimized periods of the
device are 300 nm for the green-blue tunable color filter, and 370 nm for red-yellow
tunable color filter.

We change the polarization state of the input incident light to get different colors
from the same physical filter. The device possesses a symmetric grating profile exhibiting
a single resonance under normal incidence for TE or TM polarization state. But when the
polarization angle is changed, we have the superposition of the TE and TM polarization

and both resonance peaks remain active based on the following relation.
R(p,2)=Ry (1)cos’ o+ R (1)sin’ g (5.1)
where Ry, (ﬂ.) = reflectance of the TM polarized light

Re (/1) = reflectance of the TE polarized light
@ = Polarization angle; ¢ = 0° -»TM polarization, ¢ = 90° — TE polarization

The reflectance for resonance peak wavelengths can be given as,

R(4ny ) =cos’ ¢

. (5.2)
R(/lrE) =sin’g

Ay = the resonance wavelength for TM polarized light, and

Are = the resonance wavelength for TE polarized light.

Figure 5-2 shows the computed spectral response for the green-blue polarization
tunable filter. For ¢ = 0° the incident light is TM polarized and for ¢ = 90° the incident
light is TE polarized. For TE polarized light the output color is green at a wavelength of
520 nm and for TM polarized light, the output color is blue at a wavelength of 480 nm. At

@ = 45° we get 50% green and 50% blue that will gen erate a cyan output color.
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Figure 5-2 Computed spectral response of the green-blue polarization controlled tunable
color filter. At ¢ = 0° TM polarized incident light results in a blu e color. At ¢ = 90°
incident TE polarized light yields a green color. At any intermediate linear polarization,
the power is distributed among TE and TM polarization components. Design parameters
are dqg = 55 nm, dy = 110 nm, F = 0.5, and A = 300 nm.

Figure 5-3 shows the computed spectral response for a red-yellow polarization
tunable color filter. For ¢ = 0° the incident light is TE polarized, and the output color is
red centered at 620 nm. For ¢@ = 90° the incident light is TM polarized, and the output
color is yellow centered at 570 nm. At ¢ = 45 we get 50% red and 50% yellow color that

will generate an output orange color.
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Figure 5-3 Computed spectral response of the red-yellow polarization controlled tunable
color filter. At ¢ = 0% TM incident polarized light creates a yellow color. At ¢ = 90°,
incident TE polarized light results in a red color. At any intermediate linear polarization,
the power is distributed among TE and TM polarization components. Design parameters

are dg = 55 nm, d, = 110 nm, F = 0.5, and A = 370 nm.

Figure 5-4 shows the reflectance map of the green-blue tunable color filter for the
whole polarization range of 0 to 360° We can see the symmetric nature at the

polarization angle of 180°
Figure 5-5 shows the reflectance map of the red-yellow polarization tunable color

for the change of polarization from 0 to 360°
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Figure 5-4 Reflectance map of a green-blue polarization-tunable pixel for a polarization

angle sweep of 360 degrees. The map is symmetric around the angle of 180°
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Figure 5-5 Reflectance map of a red-yellow polarization-tunable filter for a polarization

angle sweep of 360° The map is symmetric around th e angle of 180°
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Using the reflectance of the color filters, the displayable red, green, and blue
primary colors can be calculated using standard equations as provided in [84]. The first
step is to calculate the Commission Internationale de I'Eclairage (CIE) XYZ tristimulus

values of a color as expressed by,
X = p[D(4)R(2)X(4)dA
y
Y =p[D(A)R(4)¥(2)dA (5.3)
2

Z=p|D(4)R(4)Z(2)dA

Here X,Y, and Zare CIE 1931 standard observer color-matching functions,

D(A) is the energy distribution of the illuminant, and we use CIE normalized illuminant
D65 that closely matches the characteristics of daylight. For convenience we use a
fourth-order polynomial approximation of this function; p is the normalizing coefficient that
can be obtained using Eq. (5.4), which is defined in such a way that an object with a

uniform unity reflectance will have the Y component of the tristimulus value equal to unity.
%z!D(ﬂ)V(ﬂ)dﬁ (5.4)

Then, a linear matrix multiplication is performed using Eq. (5.3) to calculate the
intermediate linear RGB colors. The numerical values used for the conversion matrix
match those specified in the IEC 61966-2-1: 1999 standard.

R | [32406 -15372 —0.4986] X
G |=|—0.9689 1.8758 —0.0415|Y (5.5)
B.. | |00557 -02040 10570 |Z

Thereafter, using Eq. (5.4) below, these linear RGB values are converted into

standard RGB components (sRGB). In Eq. (5.4), a = 0.055, Cgq, represents Rggp, Gsrgb,

Or Bggn, @nd Cipear represents Riinear, Giinears O Biinear. Finally, the values of Cgg, are
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changed to the 8-bit range of 0 to 255 by multiplying it with 255 and rounding off to the

closest integer. The perceived color then can be constructed from the integer Cgyqp

values.
12.92C, ., - <0.0031308
= 5.6
" l@+a)C¥® -a G, >0.0031308 60

5.3 Device Fabrication and Characterization

To fabricate the proposed color filters, we first deposit SizN4 thin-film using a
sputtering system on a cleaned microscopic glass substrate. Thereafter, we spin-coat a
300-nm-thick positive photoresist (PR) on SisN4.To increase the adhesion between PR
and Si3N,4 , we spin coat a very thin layer of hexamethyldisiloxane (HMDS) on Si3N, film
before applying the PR. HMDS crosslinks PR with SisN, and increases the adhesion.
Then we record a 1D grating pattern on the PR using a laser interferometric lithography
system. Our laser interferometric lithography system is based on a classic Lloyd-mirror
geometry with a pattern period conveniently controlled by a simple stage rotation. The
exposing laser has a 266-nm wavelength; it is well polarized and provides up to 200 mW
output power in a very narrow spectral band. To etch the nitride film, we use reactive ion
etching (RIE) involving a gas mixture of trifluromethane (CHF3) and oxygen (O,). After
RIE, a thin PR film still exists on the nitride grating and it is stripped using O, plasma.
Finally, we use wet cleaning with nanostrip (90% H,SO, and 5% H,0,) followed by O,
plasma ashing to ensure that no PR remains on the nitride grating. Figure 5-6 shows a

clear summary of the steps used to fabricate the color filter.
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Figure 5-6 Summary of the fabrication steps applied to realize the color filters under

study.

We characterize the devices using an atomic force microscope (AFM). From the
AFM image, we verify the period, grating thickness, and fill factor. We find the

homogeneous waveguide thickness by subtracting the grating thickness from the film
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thickness, which is measured by ellipsometry. The AFM image in Figure 5-7 shows the
grating profile of the green-blue polarization-controlled tunable pixel. From the AFM
image, the fabricated device parameters are dy = 54 nm, A = 301 nm, and F = 0.5. The
ellipsometrically measured parameters for the nitride film used for green-blue tunable
filter are d = 160 nm, n = 2.05, and k = 2x 10™ at wavelength of 550 nm where d is the
film thickness, n is the refractive index and k is the extinction coefficient. From the AFM
data and ellipsometry measurement, we get the homogeneous layer thickness as dy =
106 nm. Figure 5-8 shows the grating profile of the red-yellow tunable filter; the fabricated
device parameters are dq = 60.5 nm, A = 369 nm, and F = 0.46. The ellipsometric
parameters for the nitride film used for the red-yellow tunable filter are d = 165 nm, n =
2.02 and k = 2x 10 at wavelength of 550 nm. From the AFM results and ellipsometry

data the homogenous waveguide thickness is d,, = 104.5 nm.

Cursor &%(m) &Y(nm)

W Red 0.152 -54.280
W Green 0.149 1.349
M Blue 0.301 1.758

Figure 5-7 AFM image showing the grating profile of the green-blue PCTCF. Device

parameters are: dg =54 nm, d, = 106 nm, A =301 nm, and F = 0.5.
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Figure 5-8 AFM image showing the grating profile of the red-yellow PCTCEF pixel. Device

parameters are dq = 60 nm, d, = 105 nm, A =369 nm, and F = 0.46.

The fabricated devices parameters found from AFM and ellipsometry
measurement are close to the design parameters. The fabricated pixels presented here
are considerably large (5x5 mm?) for convenience in characterization and spectral
measurements. But to apply this technology in devices, the pixel size should be finite and
smaller in dimension. The effective pixel size can be calculated using the decay length of
the leaky waveguide mode. The decay length is approximately Lq = AA/4AnAN, where AL is
the spectral linewidth of the color filter [18]. Using this equation, we estimate the decay
length as ~2 um. Thus, this pixel should work well with, for example, 10x10 um2 lateral
dimensions, which significantly exceed this decay limit. Fabricated device dimensions
can be reduced subsequently to ~10-um scale devices using, for example, smaller

apertures in the laser interferometric lithography system.
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5.4 Results and Discussion

The reflectance as a function of wavelength of the fabricated color filters is
measured using a spectrum analyzer. A tungsten halogen lamp with a wavelength range
of 360-1100 nm serves as the light source. A polarizer is mounted in front of the light
source to select a specific polarization state. We can change the polarization from 0 to
360 degrees using our measurement setup. But looking at the reflectance for 0 to 90
degrees will give us the picture for whole polarization range; we only measured for this
range of polarization angles. 0° polarization angle means that the electric field is in
parallel with the plane of incidence, which is known as TM polarized light. 90°polarization
angle means the electric field is in orthogonal direction with the plane of incidence
resulting a TE polarized light. At first, we measure the reflected light intensity as a
function of wavelength from a reference mirror. Then, we measure the reflected light
intensity from the color filter. Finally, we calculate the reflectance of the color filter by
taking the ratio of reflected intensity from the sample to the reflected intensity from the
reference mirror for each wavelength.

Figure 5-9 shows the experimental and theoretical reflectance of the fabricated
blue-green tunable filter. For ¢ = 0° the output color is blue and the center wave length is
480 nm for both theory and experiment. For ¢ = 90° the output color is green with the
center wavelength 518 nm for experiment and 525 nm for theory. The measured FWHM
or spectral width is 14 nm for TE polarized light and 12 nm for TM polarized light. The
theoretical spectral width is 12 nm for TE and 10 nm for TM polarized light. The simulated
reflectance is calculated using the device parameters found by AFM and ellipsometry.
The fabricated device parameters are A = 301 nm, dq = 54 nm, F = 0.5, d, = 106 nm, and

n = 2.05 and these same parameters are used for simulation.
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Figure 5-9 Spectral response of the green-blue polarization-tunable color filter. Blue filter:
Ac =480 nm for theory and experiment, Ry = 80 % (experiment) green filter: A, = 518 nm
(experiment) and 525 nm (theory) Ry = 90% (experiment). Theoretical R, for both blue
and green filter is 100%; A, = center wavelength of a pixel, where the efficiency is

maximum.

Figure 5-10 compares the experimental and simulated reflectance of the
fabricated red-yellow tunable pixel. For ¢ = 09 the output color is yellow and the center
wavelength is 570 nm for both theory and experiment. For ¢ = 90° the output color is red
with the center wavelength 620 nm for experiment and 625 nm for theory. The measured
full width at half maximum, or spectral width, is ~ 14 nm for TE polarized light and 12 nm

for TM polarized light. The theoretical spectral width is 12 nm for TE and 10 nm for TM
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polarized light. The simulated reflectance is calculated using the device parameters
found by AFM and ellipsometric measurements. The fabricated device parameters are A\
= 369.5 nm, dy = 60.5 nm, F = 0.46, d, = 104.5, and n = 2.02 nm and these same
parameters are used for simulation. The resonance shift between the theory and

experimental results is due to the inaccuracy in the AFM measured data.
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Figure 5-10 Spectral response of the red-yellow polarization tunable color filter. Yellow
filter: A = 570 nm for theory and experiment, R, = 82%(experiment) red filter: A. = 620 nm
(experiment) and 625 nm(theory) Ry = 98% (experiment). Theoretical R, for both red and

yellow filter is 100% ; A. = center wavelength of a pixel, where the efficiency is maximum.
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Figure 5-11 shows the CIE chromaticity diagram displaying the color gamut of
the polarization controlled tunable color filter. Due to the availability of four RGYB colors
from two pixels, it shows a quadrilateral color gamut instead of the conventional triangular
color gamut from RGB pixel. The coordinates of RGYB colors in the chromaticity diagram
are calculated from the calculated CIE tri-stimulus values (XYZ) from equation (5.3) by

using the following equation,

X
X=—/
X+Y+Z (5.7)
yo Y
X+Y+Z

CIE Chromaticity

u 1 1 1 1
0 0.2 0.4 0.6 0.8

Figure 5-11CIE chromaticity diagram showing the color gamut of the prototype tunable

color filters.
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From the experimental reflectance values, standard RGB components (SRGB)
values are calculated using Egs. (5.1) - (5.4). The sRGB values are 105, 107, and 133
for the blue pixels; 0, 145, and 85 for the green pixels; 162, 85, and 27 for the red pixels
and 128, 123, and 27 for yellow filter. Figure 5-12 shows the perceived colors using the

sRGB values of the pixels found from the experimentally observed reflectance values of

the pixels.
Blue Green
Yellow Red

Figure 5-12 Perceived colors constructed from the experimentally observed reflectance

values.
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5.5 Conclusion

An efficient GMR-based reflective tunable polarization-controlled tunable color
filter is designed and fabricated using a subwavelength SisN, grating along with a
homogeneous SisN,4 layer on a glass substrate. A red color filter with TE polarized light
can produce yellow color for TM polarized light. A green filter for TE polarized light can
produce blue color with TM polarized light. Therefore, the two pixels can successfully
generate four colors without any intermediate mixing. The fabricated filters possess high
experimental efficiency with narrow bandwidth. We find a reasonably good match
between the experimental data and theoretical simulation results. The device has

potential for applications in displays, image sensors and biomedical imaging.
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Chapter 6

Highly Efficient Color Filter Array Using Resonant SisN, Gratings

We demonstrate the design and fabrication of a highly efficient guided-mode
resonant color filter array. The device is designed using numerical methods based on
RCWA and is patterned using UV-laser interferometric lithography. It consists of a 60-nm-
thick subwavelength silicon nitride grating along with a 105-nm-thick homogeneous
silicon nitride waveguide on a glass substrate. The fabricated device exhibits blue, green,
and red color response for grating periods of 274, 327, and 369 nm, respectively. The
pixels have a spectral bandwidth of ~12 nm with efficiencies of 94%, 96%, and 99% at
the center wavelength of blue, green, and red color filter, respectively. These are higher

efficiencies than reported in the literature previously.

6.1 Introduction

Electronic devices such as televisions, computers, mobile phones, digital
cameras, e-readers, and multimedia projectors contain various color filters for image
display. The liquid crystal display (LCD) is a dominant technology primarily using dye-
based color filters, which transmit a particular color under white light illumination [67].
Limitations include low efficiency, heating due to light absorption, and imperfect color
selectivity. The class of grating-based color filters [70-78] is an interesting alternative,
potentially overcoming these limitations on account of high efficiency and improved band
selection. Feasible grating materials include semiconductors (silicon) [70,71], metals
(aluminum) [72—75], dielectrics (nitride/oxide) [76,77], or polymers [78].

Displays can be transmissive, reflective, or transflective. In transmissive displays,
an internal light source is required whereas reflective displays can work with ambient

light; transflective displays use both internal and external light sources to augment low
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ambient light levels. Transmissive displays often apply silicon and aluminum with
attendant low efficiency [70-75] due to high absorption in the visible spectrum region.
Well-known transmissive displays are LCD televisions and computer monitors. Reflective
display technologies may be based on grating light-valves [79], digital micro-mirror
devices [80], and interferometric modulators [81]. These displays use micro-electro-
mechanical systems-based control of the pixels. In reflective displays under ambient light,
the color filters must be highly efficient to reflect most of the light. We define efficiency as
the ratio of the intensity of the reflected output light to the intensity of the input light at a
particular wavelength, which is also known as reflectance. Dielectric guided-mode
resonance (GMR) reflective filters can have high efficiency with reasonably narrow
bandwidth [20, 21], favorably impacting input light utilization and color purity. Recently,
we reported an angle-tuned highly efficient color filter [48] for projection display
applications. Prior to that, Wang et al. [77] provided computed results of a reflection-type
color filter array using photoresist material based on the GMR principle; Kanamori et al.
[78] reported a polymer-based reflection color filter array (CFA) with experimental
efficiency of 50%. Cho et al. [82] reported an a-Si-based reflection CFA with experimental
efficiency of 30% for the blue, 75% for the green, and 85% for the red color filter.

In this study, we report the design results and fabrication of a GMR-based CFA
using subwavelength silicon nitride (SisN,4) gratings on a glass substrate. We design and
optimize the filter parameters using numerical methods based on RCWA [13,15]. We
fabricate the filters using laser interferometric lithography for patterning. We realize three
pixels on the same substrate with differing periods and attendant resonance
wavelengths. We report efficiency exceeding 94% at the center wavelength of the
fabricated blue, green, and red color filters. A dielectric reflective CFA with comparable

experimental efficiency has not been reported previously. The color filters developed in
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this research show improved input light utilization due to higher efficiency and higher
color purity due to narrower bandwidth. The CFA can be incorporated with existing
reflective LCD display technology to produce colored displays. It may also find use in

reflective projection display technology.

6.2 Theory and Design

The color filter array under consideration consists of a subwavelength silicon
nitride grating along with a silicon nitride homogeneous waveguide layer on a glass
substrate. The device layers and parameters are shown in Figure 6-1, where dy denotes
grating depth, d, homogeneous waveguide thickness, F fill factor, A period, | incident light
wave, T, zero-order transmittance, and Ry zero-order reflectance. A GMR takes place
when diffracted light from the grating structure couples with a leaky waveguide mode
satisfying the phase-matching condition; a resulting sharp resonance peak with 100%
reflectance is observed at a particular wavelength. GMR filter operation details are
explained in [20, 21]. We set the grating period to be significantly smaller than the
wavelengths in the visible range, which allows the device to work in the zero-order
diffraction regime. The dimensions of the gratings such as grating grooves and periods
are optimized to achieve particular (RGB) resonance wavelengths and attendant lower
sidebands for the unwanted part of the spectrum. The position of the resonance
wavelength can be tuned by changing the refractive index, period, thickness, and incident

angle as discussed in [20, 21].
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Figure 6-1 Basic GMR color filter structure showing the materials and device parameters.
dg = grating depth, dy = thickness of homogeneous layer, F = fill factor, A = period, | =
incident light wave, T, = zero-order transmittance, and Ry = zero-order reflectance.

In this study, we use different grating periods of the GMR filter, keeping other
device parameters constant to obtain three primary colors. The device possesses a
symmetric grating profile exhibiting a single resonance under normal incidence. We
design the device using numerical methods based on RCWA. To achieve optimal
reflectance, we adjust the device parameters including period, grating depth, and
waveguide thickness. The optimized design parameters for all pixels are dy = 55 nm, dy, =
110 nm, and F = 0.5. The optimized periods of the device are 275 nm for the blue, 325
nm for the green, and 375 nm for the red color. Computed reflectance of the designed
CFA for the normally incident transverse-electric (TE) polarized light is given in Figure 6-

2. The center wavelengths for blue, green, and red pixels are 484 nm, 555 nm, and 626
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nm, respectively, with FWHM of = 10 nm. We use the wavelength-dependent dispersive

optical constants of SisN, as shown in Figure 6-3 for the design of the filters.
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Figure 6-2 Reflectance of the designed color filter array for normally incident TE polarized
light. Design parameters are dq = 55 nm, d, = 110 nm, and F = 0.5; Ais 275 nm for blue,
325 nm for green, and 375 nm for red color. TE polarized light has an electric field vector

normal to the plane of incidence and along the grating grooves in Figure 6-1.

Using the reflectance of the color filters, the displayable red, green, and blue
primary colors can be calculated using standard equations as provided in [86]. The first
step is to calculate the Commission Internationale de I'Eclairage (CIE) XYZ tristimulus

values of a color as expressed by,
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X = p[D(A)R(2)%(4)dA
Y =p[D(A)R(4)¥(4)dA (6.1)

Z=p[D(4)R(4)Z(2)dA

Here X,Y, and Zare CIE 1931 standard observer color-matching functions,

D(A) is the energy distribution of the illuminant, and we use CIE normalized illuminant
D65 that closely matches the characteristics of daylight. For convenience we use a
fourth-order polynomial approximation of this function; p is the normalizing coefficient that
can be obtained using Eq. (6.2), which is defined in such a way that an object with a

uniform unity reflectance will have the Y component of the tristimulus value equal to unity.
%:{D(ﬂ)y(ﬂ)dx (6.2)

Then, a linear matrix multiplication is performed using Eq. (6.3) to calculate the
intermediate linear RGB colors. The numerical values used for the conversion matrix
match those specified in the IEC 61966-2-1: 1999 standard.

R. | [32406 -15372 -0.4986] X
G |=|—0.9689 18758 -0.0415|Y 6.3)
Biinear 0.0557 -0.2040 1.0570 ||Z

Thereafter, using Eq. (6.4) below, these linear RGB values are converted into
standard RGB components (sRGB). In Eq. (6.4), a = 0.055, Cgq, represents Rggp, Gsrgb,
Or Bggp, @nd Ciinear represents Rinearr Giinears OF Biinear. Finally, the values of Cgyqp, are
changed to the 8-bit range of 0 to 255 by multiplying it with 255 and rounding off to the

closest integer. The perceived color then can be constructed from the integer Cgyqp

values.
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6.4
(1+a)C’** —a G, >0.0031308 64

12.92C, ., o <0.0031308

srgb =
inear

6.3 Device Fabrication and Characterization

Device fabrication starts with SizN, thin-film deposition on a clean microscopic

glass substrate using a sputtering system. The optical constants and thickness of the film

are measured using ellipsometry. The film thickness is 165 nm and the measured optical

constants for the SizN, film in the visible spectral region are given in Figure 6-3.
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Figure 6-3 Ellipsometry measured n, k values of sputter-deposited SizN, in the visible

region.
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Thereafter, a 300-nm-thick positive photoresist (PR) is spin coated at 2000 rpm
on SisN4. The adhesion of PR with SisN, is not very strong. To increase the adhesion, a
very thin hexamethyldisiloxane (HMDS) layer is spin coated at 3000 rpm on SisN, film
before applying the photoresist. HMDS crosslinks PR with SizN, and increases the
adhesion. The HMDS is baked at 120°C for 120 seconds, and the PR is baked at 110°C
for 90 seconds. Then a 1D grating pattern is recorded on the PR using a laser
interferometric lithography system. Our laser interferometric lithography system is based
on a classic Lloyd-mirror geometry with a pattern period conveniently controlled by a
simple stage rotation. The exposing laser has a 266-nm wavelength; it is well polarized
and provides up to 200 mW output power in a very narrow spectral band. The exposed
PR is developed for 50 seconds in AZ 917 MIF developer followed by DI water rinsing for
60 seconds. To etch the nitride film, we use reactive ion etching (RIE) involving a gas
mixture of trifluromethane (CHF3) and oxygen (O,). We run a short 10-s descum recipe
using O, plasma before the etching step to ensure no PR remains at the bottom of PR
pattern. After RIE, a thin PR film still exists on the nitride grating and it is stripped using
O, plasma. Finally, we use wet cleaning with nanostrip (90% H,SO, and 5% H,0,)
followed by O, plasma ashing to ensure that no PR remains on the nitride grating. Figure

6-4 shows a clear summary of the steps used to fabricate the CFA.
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Figure 6-4 Summary of the fabrication steps of CFA.
The device is characterized using an atomic force microscope (AFM). From the
AFM image, we verify the period, grating thickness, and fill factor. The waveguide
thickness is calculated by subtracting the grating thickness from the film thickness, which

is measured by ellipsometry. The AFM image in Figure 6-5 shows the grating profile of
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the blue pixel. From the AFM image and ellipsometric data, the fabricated device
parameters are dq = 58.5 nm, d, = 106.5 nm, A = 274 nm, and F = 0.46. Figure 6-6 shows
the grating profile of the green pixel; the fabricated device parameters are dy = 59.2 nm,
dn = 105.8 nm, A = 327 nm, and F = 0.46. Figure 6-7 shows the grating profile of the red
pixel; the fabricated device parameters are:dy = 60.5 nm, d,, = 104.5 nm, A = 369 nm, and
F = 0.46. We see that for devices with larger periods, the grating depth is a bit larger than
that of the lower period devices. This phenomenon is known as the macroscopic loading
effect [85]. For higher periods, due to the larger opening area, a higher density of gases
reacts with the material to be etched. This creates a larger grating depth for devices with

larger periods even though the etch time is the same.
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Figure 6-5 AFM image showing the grating profile of the blue pixel. Device parameters

are dg = 58.5 nm, d, = 106.5 nm, A = 274 nm, and F = 0.46.
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Figure 6-6 AFM image showing the

are dg = 59.2 nm, d, = 105.8 nm, A = 327 nm, and F = 0.46.
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Figure 6-7 AFM image showing the grating profile of the red pixel. Device parameters

are: dg = 60.5 nm, d, = 104.5 nm, A = 369 nm, and F = 0.46.
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The fabricated devices have an approximate grating thickness of 60 nm and a
waveguide thickness of 105 nm, which are close to the initial design parameters (grating
thickness of 55 nm and waveguide thickness of 110 nm). The periods (274 nm, 327 nm,
and 369 nm) of the fabricated pixels are also close to the initial design parameters (275
nm, 325 nm, and 375 nm).

The effective pixel size can be calculated using the decay length of the leaky
waveguide mode. The decay length is approximately Ly = AM4nAk, where AL is the
spectral linewidth of the color filter [18]. Using this equation, we estimate the decay length
as ~2 um. Thus, this pixel should work well with, for example, 10x10 pmz lateral
dimensions, which significantly exceed this decay limit. The fabricated pixels presented
here are considerably larger (5x5 mm?) for convenience in characterization and spectral
measurements. Fabricated device dimensions can be reduced subsequently to ~10-um
scale devices using, for example, smaller apertures in the laser interferometric

lithography system.

6.4 Results and Discussion

The reflectance or efficiency as a function of wavelength of the fabricated color
filters is measured using a spectrum analyzer. A tungsten halogen lamp with a
wavelength range of 360-1100 nm serves as the light source. A polarizer is mounted in
front of the light source to select a specific polarization state. We use normally incident
TE polarized light in which the electric field vector is normal to the plane of incidence and
along the grating grooves in Figure 6-1. At first, we measure the reflected light intensity
as a function of wavelength from a reference mirror. Then, we measure the reflected light

intensity from the color filter. The computer stores these data in separate files. Then, we
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calculate the reflectance of the color filter by taking the ratio of reflected intensity from the
sample to the reflected intensity from the reference mirror for each wavelength.

Figure 6-8 shows the reflectance of the fabricated blue, green, and red pixels.
For the blue pixel, efficiency is 93.7% at the center wavelength of 479.5 nm; for the green
pixel, efficiency is 95.9% at the center wavelength of 551 nm; for the red pixel, efficiency
is 99.6% at the center wavelength of 607 nm. The measured FWHM or spectral width is ~
12 nm. The pixels have the same grating thickness, homogeneous layer waveguide

thickness, and fill factor, but three different grating periods, as shown in Figure 6-8 to

reflect the three primary colors.
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Figure 6-8 Spectral response of the tunable CFA. Blue filter: A, = 479.5 nm, Ry = 93.7%;
green filter: A, = 551 nm, Ry = 95.9%; red filter: A= 607 nm, Ry = 99.6%. A, = center

wavelength of a pixel, where the efficiency is maximum.
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Figure 6-9 Experimental, simulated, and fitted results for the fabricated blue pixel. The
fabricated device parameters are A = 274 nm, dy = 58.5 nm, F = 0.46, and d,, = 106.5 nm;
the fitting parameters are A = 273.15 nm, dg = 58.5 nm, F = 0.46, and d,, = 106.5 nm.

Figure 6-9 compares the experimental, simulated, and fitted reflectance of the
fabricated blue pixel. The simulated reflectance is calculated using the device parameters
found by AFM and ellipsometry measurements. To fit the reflectance data, we slightly
adjust the device parameters to take into account the measurement errors in AFM and
ellipsometry so that the calculated and experimental curves match more closely. The
fabricated device parameters are A = 273.15 nm, dg = 58.5 nm, F = 0.46, and d, = 106.5
nm and these same parameters are used for simulation; the parameters for fitted curve

are A =276 nm, dg = 58.5 nm, F = 0.46, and d, = 106.5 nm.
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Figure 6-10 Experimental, simulated, and fitted results for the fabricated green pixel. The

fabricated device parameters are A = 327 nm, dg = 59.2 nm, F = 0.46, and d, = 105.8 nm;

the fitting parameters are A = 323.5 nm, dgq = 59.2 nm, F = 0.46, and d;, = 105.8 nm.
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Figure 6-11 Experimental, simulated, and fitted results for the fabricated red pixel. The

fabricated device parameters are A = 369 nm, dy = 60.5 nm, F = 0.46, and d,, = 104.5 nm;

the fitting parameters are A = 363.6 nm, dy = 60.5 nm, F = 0.46, and d, = 104.5 nm.
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Figure 6-10 compares the experimental, simulated, and fitted reflectance of the
fabricated green pixel. The fabricated device parameters are A = 327 nm, dg = 59.2 nm, F
= 0.46, and dy = 105.8 nm and these same parameters are used for simulation; the
parameters for fitted curve are A = 323.5 nm, dq = 59.2 nm, F = 0.46, and d, = 105.8 nm.

Figure 6-11 compares the experimental, simulated, and fitted reflectance of the
fabricated red pixel. The fabricated device parameters are A = 369 nm, dq = 60.5 nm, F =
0.46, and dy = 104.5 nm and these same parameters are used for simulation; the
parameters for fitted curve are A = 363.6 nm, dq = 60.5 nm, F = 0.46, and d, = 104.5 nm.

Table 6-1 summarizes the measured and fitted device parameters used in
Figures 6-9 to 6-11. All the device parameters except the periods are kept same.

Adjusting the device periods by a few nanometers provides the appropriate fitting of the

experimental results, with the exception of the slight deviation in the sidebands.

Table 6-1: Experimental and fitted device parameters for color filter array

Blue Green Red

Measured | Fitted | Measured | Fitted | Measured | Fitted

dg (nm) 58.5 58.5 59.2 59.2 60.5 60.5
dp (nm) 106.5 106.5 105.8 105.8 104.5 104.5
A (nm) 274 273.15 327 3235 369 363.6
F 0.46 0.46 0.46 0.46 0.46 0.46

Ac (Nm) 479.5 479.5 551 551 607 607
RO(;/Z) atl 937 08 95.9 99.1 99.6 99.7

Ac = center wavelength of a pixel, where the
efficiency is maximum

From the experimental reflectance values, standard RGB components (SRGB)
values are calculated using Egs. (6.1) — (6.4). The sRGB values are 90, 98, and 154 for

the blue pixels; 92, 148, and 82 for the green pixels; and 162, 83, and 82 for the red
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pixels. Figure 6-12 shows the perceived colors using the sRGB values of the pixels found

from the experimentally observed reflectance values of the pixels.

Blue Green Red

Figure 6-12 Perceived colors constructed from the experimentally observed reflectance

values.

6.5 Conclusion
A highly efficient GMR-based reflective CFA is designed and fabricated using a
subwavelength SisN,4 grating along with a homogeneous SisNg4 layer on a glass substrate.
The array separates incident TE-polarized white light into its three primary colors: red,
green, and blue. It exhibits high efficiency ~95% as well as high color purity due to the
narrow bandwidth of ~12 nm. We find a good match between the experimental data and
theoretical simulation results. The device has potential for applications in compact

reflective LCD display and generally in projection display technology.
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Chapter 7

Future Research Directions

This chapter briefly discusses some future research opportunities based on the

work done in this thesis.

7.1 Fabrication of GMR LCD display
A GMR color filter array with high efficiency and narrow bandwidth is designed
and fabricated in this study [48,49]. We can use this GMR color filters to fabricate a LCD

display as shown in the following figure.

Top Glass ———»

Column [— .|
electrode
Spacers
Liquid Crystal
Row electrode

Bottom Glass ————»

Bottom polarizer _

Oxide Overcoat ———»

Glass substrate —»

Color Filters

Figure 7-1 Proposed GMR LCD display.
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Traditional reflective displays use transmissive color filters and a bottom mirror.
As the GMR filters are reflective by nature, in our proposed display we eliminate the

bottom mirror.

7.2 Design and Fabrication of Angle Independent GMR Color Filters
The GMR filters developed in this study are angle sensitive in nature. Though
this angle dependency produces angle-tuned color filters, it limits the viewing angle and
size of the display devices. By careful and appropriate design it is possible to achieve
angle independent or angularly tolerant GMR color filters [32]. These angle independent

color filters will facilitate the manufacturing of larger GMR display devices.

7.3 Design and Fabrication of Polarization Independent GMR Color Filters

The GMR color filters developed in this study are polarization dependent. This
polarization dependency gives rise to a new type of tunable color filter as investigated in
this study. But depending on the application requirement, we might need polarization
independent operation of the filters. Some research has been carried out to realize
polarization independent color filters [86]. By careful and appropriate design it is possible

to have polarization independent operation of GMR color filters [32].

7.4 Fabrication of Ultra-Narrowband Thermo-Optic Tunable Filter
In Chapter 2, we demonstrated the design of an ultra-narrow band GMR filter
working in the C communication band. The ideal realization of this device needs nearly
lossless Si, very precise fabrication techniques, and very high resolution measurement
setup. With those facilities available, the fabrication of this ultra narrow-band GMR filter is

possible in the future.
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