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ABSTRACT

Recent work in climate science has shown the need for a polarizing spectral
bandpass filter in order to passively and remotely determine cloud water phase.
Presented here is a novel design of such a filter based on two subwavelength gold
gratings separated by a dielectric surface relief grating. It is shown that a Fabry-
Perot resonance occurs in the cavity between the gold gratings while surface plasmon
polariton resonances occur at the two metal/dielectric interfaces. It is further shown
that these two resonance effects couple together to create a spectral bandpass that is
high and narrow enough for the remote sensing application. These resonance effects
can be changed in shape and position by adjusting the width, height, period, and
separation between the gold gratings. It is further observed that the surface plasmon
polariton resonances also have the effect of suppressing light transmission at certain
wavelengths, allowing the spectral bandpass shape to be tuned, reducing out-of-band
transmission. The polarizing effect of these gratings results from the rejection of light
polarized along the grating rulings, a phenomenon that is well documented to occur
in subwavelength wire grids. Experimental data on prototype gratings show good
agreement with predicted performance calculated using numerical rigorous-coupled
wave analysis once we account for uncertainties in the material properties and device
geometry due to fabrication and processing variabilities. This numerical method is
used in conjunction with analytical approximations like zero-order effective medium
theory to develop a design process that can be extended to any wavelength in the
shortwave infrared region. All devices undergo a final global parameter optimization
procedure to account for any subtle near-field effects. Finally, I present designs of
three devices optimized for operation at wavelengths of 1550 nm, 1640 nm, and 1700
nm. These devices share characteristics that make them able to be simultaneously
fabricated on the same substrate, a crucial step if they are to be built into an array.
The final devices all have a peak transmission of greater than 80%, and spectral
widths of less than 40 nm.
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INTRODUCTION

General

Around 75% of the earth is covered by clouds at any given time, according
to a two-decade study between 1979 and 2001 [1]. In order to understand their
thermal and radiometric properties, and therefore their effect on the earth’s climate,
we must understand their composition [2], more specifically the phase of the water
they contain. While lidar techniques have already been shown to classify ice clouds [3],
it requires active illumination which limits the field of view. What is needed is an
imaging system that can determine the water phase of clouds in a large, passively
illuminated scene. Some work has already been done that suggests polarization
information of scattered sunlight off clouds can be used to determine cloud phase [4].

The polarization of an electromagnetic wave is defined as the preferred direction
the electric field vector. Light is called "unpolarized” or randomly polarized when
there is on average no predominant electric field direction. The polarization state
of light can be represented by four values called Stokes parameters, (Sy, S, S, S3).
The Sy parameter corresponds to the intensity of light while the S; and S
parameters correspond to light that is polarized along the horizontal /vertical axes and
45°/—45° axes, respectively. The S3 parameter corresponds to the degree of circular
polarization. For example, (1,0,0,0) represents unpolarized light, while (1,1,0,0)
represents light that is polarized in the horizontal direction. If S is oppositely signed,
(1,—1,0,0), then the state represents light polarized in the vertical direction [5].

Right-hand and left-hand circular polarized light are represented by (1,0,0,1) and
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(1,0,0, —1), respectively. Since the amount of linearly polarized light in scattered
sunlight is the quantity of interest, circular polarization will not be considered.

Polarization isn’t the only property of light that can be exploited to remotely
determine cloud phase. Recent modeling work at Montana State University [6] showed
that we can determine cloud phase if we make differential radiometric measurements
of scattered cloud light at two or three infrared wavelengths (1550 nm, 1640 nm, 1700
nm).

What is described in the following work is an attempt to design a device that
utilizes both the polarization and spectral characteristics of scattered sunlight. To
do this we need to introduce the concept of the polarization “Bayer” filter. We will
then expand that concept to include wavelength selectivity in order to create a filter

that can select for both polarization and wavelength.

Polarization “Bayer” Filter

To recover the first three Stokes parameters, we need to image a scene using
three different polarizer orientations. This process of determining the polarization
content of a scene is called polarimetry. Traditional polarimetry involves a time-
multiplexed signal. Multiple images of a scene are taken in succession, each with a
different orientation of a linear polarizer. A different kind of polarimeter involves
spatial multiplexing by pairing each detector pixel with a similarly sized micro-
grating. This is called wavefront division polarimetry [7,8]. By grouping four adjacent
pixels together as a superpixel similar to a color Bayer filter (Figure 1.1), one can
determine the polarization content of a scene with one image, at the expense of some
resolution (Figure 1.2). There are currently imaging polarimeters on the market,
such as the PolarCam, made by 4D Technology, which indeed utilizes a polarization

”Bayer” filter [9]. However, these polarimeters have broadband wavelength response
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which make them unable to select for wavelength, which is one of the goals of this

work.

Array of detector pixels
subdivided into superpixels

2x2 array of metal gratings
Metal grating (superpixel)

1

Grating
vector

Figure 1.1: The arrangement of a hypothetical single-wavelength imaging polarimeter:
The detector pixels are subdivided into groups of four and overlaid with 2x2 arrays of
metals gratings of four orientations. In principle we only need three grating directions,
but here we have a redundant direction to accommodate the square layout of the
detector array.

Simultaneous Wavelength Selectivity

Recent work at Montana State University has shown that that broadband
polarimetric measurements of clouds can be improved upon if we are also able
to resolve wavelength [6]. Therefore, instead of making four measurements per
superpixel, we need to make nine measurements per superpixel (three orientations for
each wavelength: 1550 nm, 1640 nm, 1700 nm). Since the polarization ”Bayer” filter
has already been demonstrated, we can extend this concept to allow for simultaneous
wavelength selectivity. For a single wavelength (or range of wavelengths) the detector
pixels need to be subdivided into groups of four (three primary orientations, three

redundant). If we add two more wavelength channels for a total of three, the detectors



Randomly polarized sunlight
(Stokes parameter S,=0)

Light scattered from ice cloud
(Stokes parameter S, ;)

. Light scattered from water cloud
(Stokes parameter S ater)

Imaging array that maps
polarization direction

(Sl,ice Sl,water) to cloud type
Figure 1.2: Unpolarized sunlight scattering off clouds will have a different direction
of linear polarization depending on whether the cloud is composed of liquid water
droplets or ice particles (This is represented by the Stokes parameter S7). By imaging
the scattered light onto an array of polarization Bayer filters, we can determine cloud
phase.
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must now be subdivided into groups of nine (three orientations, three channels)

(Figure 1.3).

Three-channel superpixel

Single-channel superpixel
& perp 1550 nm
Redundant

grating direction No redundancy

Figure 1.3: The arrangement of a hypothetical three-wavelength imaging polarimeter:
The detector pixels are subdivided into groups of nine and overlaid with 3x3 arrays
of metals gratings of three orientations. In contrast to the single-channel case, a
redundant grating orientation is not needed to accommodate the square layout of the
detector array.

While it would be possible, in principle, to simply build polarizers and spectral
filters separately and mate them together, it would be advantageous both for system
integration and light throughput to have a grating geometry that is able to select
both for polarization and for wavelength.

Spectral filtering behavior has already been documented in single-layer gratings.
For example, researchers at the University of Michigan have shown that by increasing
the period of a metal-on-dielectric nano-slit grating, the transmission spectrum
changes from that of a polarizer (wide bandpass) to a spectral filter (narrow bandpass)
[10]. Simulation results have shown that such single-grating structures can be used as
color filters, specifically for use in liquid crystal display technology [11]. The results
of both studies show spectral filters that are asymmetric, with the longer-wavelength

side (right side) of the spectral filters being more transmissive than the left side.



2 p200 |

0400 500 600 700 800
wavelength (nm)
Figure 1.4: As the period of the single-layer aluminum grating is increased from
200 nm to 400 nm, the transmission spectrum of the TM polarization changes from
broadband to a spectral bandpass. Figure courtesy of [10].

1;
g os
(a) = = ., £08
2IIG L, B -
8 0.5 0.6 0.7

Figure 1.5: A single grating layer buried in magnesium fluoride and coated with
PMMA behaves like a color filter in the visible spectrum for applications in liquid
crystal display technology. (a) Grating geometry. (b) Different values of f and A
result in different color filters. Figure courtesy of [11].



7

Others studies show with simulation that a more complex geometry - a single-
layer metal grating with grooves carved in each ruling - could improve the bandpass
shape [12]. Surface plasmon resonances and resonances within the carved groove
suppressed transmission on either side of the transmission resonance. Nguyen-Huu et
al. [13] used a genetric algorithm to determine the parameters of a two-layer metallic
grating that had improved spectral performance of Luo’s device. However, it suffered
from high absorption and a geometry that would be difficult to fabricate since some
of the features were as small as 5 nm.

Sun et al. succeeded in designing and fabricating a polarization-selective
bandpass filter in the visible spectrum [14]. This geometry (Figure 1.6), similar

to our own final device, was designed to be a novel display technology.

g

Y Transmission (b)
f“ ' Light e
=420 nmy

2

Transmissivity (%)

-
[ =]

llncidean.\Il.ighl 450 500 550 600 650 700 750 80O
Wavelength (nm)

Figure 1.6: The left side (a) shows their two-layer aluminum grating separated by a
layer of photoresist fabricated on top of a glass substrate. The simulation results on
the right side (b) show excellent wavelength selectivity in the visible domain. Figure
courtesy of [14]

A different attempt at a color-selective polarization Bayer filter has been done
by Junger et al. by placing a nanostructured array of holes on top of a CMOS
photodiode to achieve wavelength selectivity, then overlaying the detectors with the

same four-orientation pattern discussed above [15].



Conclusion

The single-grating designs described by Zhou and Luo both produced spectra
that had very low TM transmission on the left side of the bandpass, but a non-
zero transmission on the right side. Since these filters were intended for LCD
applications, the out-of-band transmission would not be much of a problem for that
application. However, for our climate science application, we would like the out-of-
band transmission to be as low as possible.

The more complicated geometries, like the single-layer grating with grooves, or
the two-layer offset gratings, both present fabrication issues. Patterning the top of
a metal grating could be done with a focused ion beam mill, a tool which is not
present at our facilities. Nguyen-Huu’s design required line widths of around 5 nm
which might be difficult to reliably reproduce. While Sun et al. ended up utilizing
some of the same physical principles as our final design, the material they used for
fabricating the dielectric grating is electron-beam resist. High aspect ratio structures
are possible using resists such as PMMA, but they require very high voltage electron
beam lithography [16]. They are also less rigid than other materials like silicon and
silicon nitride. The individual parts of the CMOS design are not difficult to make, in
principle, but would have to be manufactured separately and then mated together,
which defeats the purpose of the single device goal.

My goal was to develop a design procedure to produce the appropriate
polarization-selective spectral bandpass filters at the three design wavelengths. These
will be used to determine the Stokes parameters of sunlight scattered from clouds at
each wavelength. In order to understand the effect that each grating parameter will
have on performance, I had to analyze the complex physical phenomena occurring

within the grating.
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With the assistance of others I also fabricated and optically characterized some
of these gratings to ascertain how well the simulation model reflects reality. Results
of the spectral measurements that would reflect differences in material properties and

non-ideal device geometry were fed back into the simulation models.
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THEORY OF OPERATION

Overview

As discussed in the introduction, the design goal was a two-layer subwavelength
grating that rejects as much incident TE light as possible. Only TM light of a
certain wavelength was to be allowed to transmit. To do this, we utilized a device
architecture that was originally intended to be a broadband polarizing beam splitter,
where TE was reflected over a broadband spectrum and TM was transmitted over
a broadband spectrum. In order to limit TE at all wavelengths and further restrict
TM transmission, we required a good understanding of the effect of changing various
parameters. There are a variety of physical phenomena that can occur when light
interacts with structures that are smaller than its wavelength and the complicated
coupling between all these phenomena make exact analytical solutions difficult or
impossible. In this section I describe various nanoscale optical phenomena as well
as analytic approximations and simulation techniques used in subsequent sections to

design the device.

Background

The basic design, seen in Figure 2.1, consists of a surface relief grating that is
coated with gold. The end result is essentially two metallic wire grids separated by a
resonant cavity. In earlier devices, the grating material in the substrate material were
the same, but in general they are different. Earlier devices with similar geometries
included a reflective quarter-wave plate to be used for ultra-compact microscopy, and

a polarizing beam splitter.
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Figure 2.1: Cross section of the device. Gold is deposited onto a dielectric grating of
index n; which lies on top of a substrate of index ny. A is the grating period, f is
the fill factor, ds is the separation between the two metallic gratings, and d; is gold
depth.

Zero-order Effective Medium Theory (EMT)

Consider periodically stratified media (Figure 2.2 where light is propagating
normal to the direction of stratification. If the wavelength of light is much larger than
the period of stratification, we can make the reasonable approximation that either
the electric field E or the electric field displacement D are constant across a period
of the media. Which field is constant depends on the polarization of the incident
light. This means we can treat the stratified medium as two different effective bulk
media for both TE- and TM-polarized light. From Maxwell’s boundary conditions we
know that the tangential component of the E is constant at the interface between two
dielectrics. For the TE case, if we consider an average D we can arrive at Equation
2.1 for the effective dielectric constant. By contrast, the normal component of D is
continuous at material boundaries. Therefore, for TM polarization, by considering

an average F, the same constitutive relation gives us a different expression for the
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bulk dielectric of the same structure. This type of birefringence that occurs with

subwavelength-scale structuring of isotropic material is called form birefringence [17].

TM-polarization
—)

TE-polarization

Figure 2.2: Periodically stratified media can be represented as a homogeneous
material when light propagates normal to the direction of stratification and when
the wavelength of light is much larger than the period of stratification.

The formulae for the TE and TM dielectric permittivities when the wavelength

of light is much greater than the period of stratification are

€ETE — f€1 + (1 — f)€2 (21)
and
LS, (2:2)
€T™ €1 €2

where €; and €5 are the dielectric constants of the two materials in the periodic layer
and f is the fill factor, the fraction of the period that is composed of material 1 [18].
For example, looking at Figure 2.1 the first layer would have €; = €4, and e; = 1.
This is known as zero-order effective medium theory (EMT) when the effective
permittivities have no dependence on period. In reality, our grating structures are
closer to the wavelength of light, so Equations 2.1 and 2.2 don’t strictly apply.
However, they will still be used to qualitatively describe device behavior. Higher-
order effective medium theories exist, but are much more complicated without giving

much more physical insight [19].
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The Wire Grid Polarizer

The polarizing effect of wire grid polarizers is well understood from a theoretical
standpoint [5] and has been well documented in the near-infrared region [20]. The
rejection of the TE mode (polarized normal to the grating vector) is high over a
large wavelength range. The high reflectivity for TE polarization is explained best
by considering the effective index according to Equation 2.1. The real part of the
dielectric of gold is -100, while it is unity for air which means that erp < 0. This
means that the TE radiation sees the first layer of the device as a metal, and is
therefore largely reflected. On the other hand, the real part of ey, turns out to be
positive, which means the TM radiation sees an effective dielectric layer which has
a much lower reflectivity. This difference in reflectivity depending on polarization is

what makes the metallic wire-grid an effective polarizer.

Diffraction Gratings

The period of our gratings have to be small enough such that we don’t get any
first-order diffraction. When light is incident on a grating, integer multiples of the
grating wave vector are added to the wave vector of the incident light, leading to
wavefronts that diffract away from the grating at angles that increase with integer
number. Transmitted light with zero multiples of the grating vector is not diffracted
at all, while transmitted light with one, two, three multiples of the grating vector
are referred to as first, second, third diffraction orders. Higher diffraction orders
deflect light at an angle determined by the surrounding refractive indices and the
integer order of diffraction. Since we want an array of these devices to be paired
with an array of detectors, beam deflection could lead to cross-talk between pixels. If
the beam is deflected at a large enough angle with respect to the surface normal, it

could internally reflect off the substrate/air interface, causing substrate modes that
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propagate in the transverse direction. If we do not want any first-order diffraction in
wavelengths longer than A then the largest grating period, A, we are allowed is given
by

A2
n

, (2.3)

where n is the refractive index of the substrate. We could also get reflective first-
order diffraction, but since the index of the substrate is larger than that of air, it is

the transmissive diffraction that places the upper limit on period [21].

Surface Plasmon Polaritons (SPP)

Surface plasmon polaritons (SPPs) are a type of electromagnetic wave that exists
at the boundary of a metal and a dielectric. They can be explained by considering
the effect of a plasma of free electrons in a metal. These oscillating electrons create
an oscillating electric field in the neighboring dielectric. The coupled oscillations can

propagate down the metal/dielectric interface with a wave number given by

1 2w Em€d
spp = —
A Ve, +ei

(2.4)

where €, and ¢4 are the relative permittivities of the metal and dielectric, and A is
the vacuum wavelength of light [22].

These oscillations are excited by the electric field of the incident light. In
order for the excitation to occur, the electric field of the incident light must have
a component that is normal to the interface since the tangential components would
vanish [23]. We will see that SPP effects occur only for TM modes.

SPPs are highly sensitive to the boundary along which they propagate and are

therefore useful in bio- and gas sensing [24]. An SPP can be observed indirectly via
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an absorption line in the transmission and reflectance spectrum of the incident light,
or directly by measuring the evanescent electric field at the interface.

We can also consider oscillations that occur in metal nanoparticles immersed in
a dielectric, rather than a uniform metal/dielectric interface. These are referred to
as localized surface plasmon polaritons (LSPPs) [25]. These can be used to confine
electric fields to regions smaller than the wavelength of light.

We will see that LSPPs play an important role in the transmission characteristics
of the devices by suppressing TM transmission at the SPP-resonant wavelengths,

allowing us to shape the spectrum more effectively.

Rigorous Coupled-Wave Analysis (RCWA)

RCWA is a semi-analytic, Fourier-space computation method that represents
periodic structures as a stack of layers that are periodic in the transverse directions
and homogeneous in the direction of propagation. The permittivities can then be
thought of as a periodic function in the tranverse coordinate. RCWA expands these
functions in their Fourier components and inserts them into Maxwell’s equations,
which then solves them and gives us the mode shapes of the fields in each layer. The
fields in each layer are related through boundary conditions. The user-input initial
condition in the input region can then be propagated through the device to the output
region [26-29]. Figure 2.3 shows how our device can be represented as three layers:
1) gold-air, 2) dielectric-air, 3) dielectric-gold.

The MATLAB code used for these simulations was developed by Dr. Vincent
Paeder [30]. Large simulations were made possible by the Hyalite Research

Computing Cluster at Montana State University [31].
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Input Region

Layer 1

Layer 2

Layer 3

Output Region

Figure 2.3: To use RCWA, we take the one dimensional grating and separate it into
layers or regions that are periodic in the transverse direction but homogeneous in the
direction of propagation.

Fabry-Perot Resonance (FP)

FP resonance between gratings

A resonance occurs in the cavity between the two gratings in Figure 2.1 when

the FP condition equation is met,

4d2neff7r

3 = m2m (2.5)

¢7"21 + ¢7’23 +

where ¢,,,, ¢, are the phases accrued upon reflection from top and bottom interfaces
surrounding Region 2, respectively, ds is the separation of the gratings described in
Figure 2.1, n.y is the effective index of Region 2, X is the vacuum wavelength of light
incident on the grating, and m is an integer [32]. The subscripts of the phase terms,

¢ij, refer to the reflection from the ith region off the interface with the jth region.
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To understand what ¢,,, and ¢,,, would be, we can take typical values of n; and
ny and calculate the effective indices for the TM and TE cases for different fill factors.
Figures 2.4 and 2.5 show that, for the TM case, (1) all three layers can be treated as
dielectrics (except for extreme values of fill factor), and (2) Region 2 is less optically
dense than the surrounding layers. Since waves reflecting off of a more optically
dense material undergo a sign flip, we can make the reasonable approximation that
Oryy = Prpy = ™. We can do a similar analysis for the TE case: Figures 2.6 and 2.7
show that while Region 2 is still a dielectric, the surrounding layers are effectively
conductive. Waves reflecting off metallic surfaces also undergo a change in sign, so
the approximation that ¢,, = ¢,,, = 7 remains valid for the TE case.

By making the proper substitutions into Equation 2.5 and by choosing a mode

index m — m + 1, we obtain the following formula for the FP peak wavelengths:

dattery (2.6)

Arp =

where n,.f¢ is polarization dependent.

Figure 2.8 uses Equation 2.6 to plot the positions of the FP peak for changing
grating separation and mode number. To achieve a first-order FP peak at 2 um,
a grating fill factor 0.5 must have a grating separation of 800 nm. A second-order
resonance would occur at the same wavelength if the grating gap was increased to 1.6
pm. Exact simulation results show remarkably good agreement with the theoretical
predictions, Figures 2.9 and 2.10. A major difference between simulation results and
EMT and 2.8 is the presence of an FP resonance that occurs at grating gaps lower
than the first-order FP resonance in the TM case in Figure 2.9. This is caused

by a resonance in the top layer of gold itself. The TE case shows much better
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agreement with theory since the dielectric-in-metal resonator is valid regardless of

grating separation.

Real part of TM zero-order effective index

|
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5 ——Region 2 - nitride/air
Region 3 - nitride/gold
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0 02 04 06 08 1

Fill factor
Figure 2.4: Real part of TM effective index of refraction for each layer of device as
a function of fill factor. Cavity between metal gratings has the lowest index. ny = 2
and ny = 1.47

2Imaginary part of TM zero-order effective index
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Figure 2.5: Imaginary part of TM effective index of refraction for each layer of device
as a function of fill factor. This shows that each layer can be approximated as a
lossless dielectric for the TM case except for extreme values of fill factor. n; = 2 and
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Figure 2.6: Real part of TE effective index of refraction for each layer of device as a
function of fill factor. n; = 2 and ny = 1.47
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Figure 2.7: Imaginary part of TE effective index of refraction for each layer of device
as a function of fill factor. For Regions 1 and 3, it is larger than the real part,
indicating metallic behavior. ny = 2 and ny = 1.47
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Fabry-Perot Resonances, n, =4,n, =2.16, f=0.5
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Figure 2.8: Plot of the positions of the FP peak wavelengths with changing grating

gap and mode number. Fill factor f is 0.5, ny = 2, ny = 1.47
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Figure 2.9: RCWA simulations showing TM transmittance as a function of grating
separation and wavelength. The presence of a first order resonance is not surprising
since the single dominant dielectric cavity approximation is not valid for such small
grating separations A = 980 nm, f = 0.5, n; = 2, ny = 1.47, and d; = 200 nm

TM Transmittance, period = 0.980 um, ff = 0.500, metal = 0.200 um
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TE Transmittance, period = 0.980 um, ff = 0.500, metal = 0.200 um

Grating gap [p:m]
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Figure 2.10: RCWA simulations showing TE transmittance as a function of grating
separation and wavelength. This shows much better agreement with Figure 2.8 than
does Figure 2.9. A =980 nm, f = 0.5, n; = 2, ny = 1.47, and d; = 200 nm

One important feature of Figure 2.9 is that the spectral full-width half-max
(FWHM) decreases as mode number increases. This a result of plotting the spectrum
in wavelength space. In frequency space, the spectral widths would remain constant
and depend mainly on the finesse of the cavity. Highly reflective mirrors produce very
narrow FWHM. The boundaries of our devices had a low dielectric contrast, making
them poorly reflective, and therefore low-finesse. This presented a fundamental

problem in having the wavelength selectivity come solely from the FP resonance.

FP Resonance in Bottom Layer

From Figure 2.4 it can be seen that the effective index of Region 3 is much higher
than the indices of the other two regions for lower fill factors. At such low fill factors

it would become much easier to excite resonant modes in Region 3, which would be
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problematic. Luckily, for high TE rejection, we tend to want larger fill factors so this

doesn’t end up being a problem in practice.

TM Transmission Minima at SPP Excitation Frequencies

The geometry of our device allows for the presence of SPPs at two different
interfaces that we can exploit to improve performance. Figure 2.11 describes where

these SPPs would exist. We want to utilize SPP resonances because Cao et al [33]

Au

SPP1

SPP2

Figure 2.11: Two different metal-dielectric interfaces allow for the presence of two
different SPP resonances (SPP1 and SPP2). SPP1 exists at the interface between the
top gold grating and n; while SPP2 exists at the interface between the bottom gold
grating and ns.

found that a TM transmission null occurs when the SPP wavelength matches the
period of the grating. This occurs even at zero incidence angle. This is useful because
it allows us to engineer the shape of the bandpass by strategically placing these
resonances on one or both sides of a FP resonance.

A log plot of the TM transmittance (Figure 2.12) allows us to see the null points
much better. One null point lies at roughly 1.5 gm. This null is independent of grating

separation and corresponds to the bottom substrate/gold interface. The second null



23

point corresponds to the top dielectric/gold interface and is certainly not independent

of grating separation since it sees an effective index of the middle region.
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Figure 2.12: Log plot of TM transmission as a function of grating gap and wavelength.
A null corresponding to the glass/Au SPP wavelength occurs exactly where it is
predicted and is independent of grating gap. The null corresponding to the silicon
nitride/Au interface depends on the grating gap since it sees an effective index of the
middle region.

SPP/FP Coupling

Away from any SPP resonance, the fields are highly confined to the air
between the dielectric pillars (Figure 2.13). Close to the SPP resonance of the top
gold/dielectric interface, more of the field is localized in the dielectric pillars (2.14).
This raises the effective index of Region 2. If the effective index then exceeds the
effective index of Region 1, then waves reflecting off that interface back into the
device will no longer undergo a 180-degree phase shift, so ¢,,, = 0. In this regime

the condition for FP resonance changes from Equation 2.6 to become

dane
App = =1L, (2.7)
m

2



24

Figure 2.15 shows simulation results that confirm this behavior. Once an FP resonant
peak crosses the threshold of the top gold/dielectric SPP resonance, it becomes an
anti-FP resonance with a new resonance appearing where the ant-FP resonance would
have been in the absence of an SPP resonance. This new resonance also appears to

be largely independent of grating separation.

Real(E), wl = 2.535 um ) Imag(E)
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Figure 2.13: Top figures show the electric field strength of a normal FP resonance,
that is, one that is far from an SPP resonance. The field is highly localized in the air
gap. The bottom plot shows transmission as a function of wavelength.

Conclusion

I used theory and numerical simulation to explain the qualitative behavior of
the two-layer subwavelength gratings when illuminated with both TE and TM light.
I have confirmed that an FP resonance occurs in the cavity between the two
gratings both for TM and TE polarizations. For TE polarization, most of the energy is

rejected at the initial air/grating interface. For TM polarization, the initial interface
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Figure 2.14: Near SPP resonance, the field becomes more localized in dielectric pillars
raising the effective index of the middle region.
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Figure 2.15: FP resonance turns off and new resonance appears where anti-FP
resonance would be in the absence of an SPP
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appears as an effective dielectric, resulting in stronger fields in the cavity. High
transmission occurs at TM resonant wavelengths.

I went on to demonstrate that, though we get a definite resonance in between
the cavity, its quality factor is low due to the low dielectric contrast at the interfaces
inside the cavity. This results in a broad spectrum with high out-of-band transmission
on the longer wavelength side of the passband. This problem was fixed by placing
the null points caused by SPP excitation on either side of the FP peak. Not only did
this improve the out-of-band performance of the device, but the proximity of the FP
peak to the SPP resonances caused its behavior to change, resulting in a narrower
and higher passband.

I have shown that this geometry is capable of meeting the two requirements
for the three-channel, polarization selective Bayer filter: (1) high TE mode rejection
caused by the subwavelength grating geometry, and (2) highly selective TM trans-

mission that is caused by the coupling between the FP and SPP resonances.
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CHARACTERIZATION AND MODEL IMPROVEMENT

Overview

An important requirement of these spectral bandpass filters is the ability to
tune their peak TM transmission wavelength to a specific wavelength band. Before
we begin the design process in earnest we need to ascertain any unaccounted-for
deviations from the simulation model and reality.

In this section I show how a discrepancy of peak transmission wavelength
between an early fabricated device and simulation can be accounted for by taking
into account the narrowing of the silicon pillars and by adjusting the gold material
properties. The results of these experiments also showed us that we can use separate

fill factors for both silicon and gold.

Background

Preliminary Design

Before the design process began, we fabricated a proof-of-concept device that
would demonstrate how, if we separated the two gold gratings by a larger distance
than the original polarizing beam splitter device, we would get a sharper TM response
due to a higher order FP resonance. This device wouldn’t have good enough spectral
performance or polarization selectivity to serve as the final device, but was used to

be an early comparison between simulation and experiment.

Fabrication
Silicon chips were coated with two layers of resist. Our grating patterns were
then transferred onto the top layer of resist using electron-beam lithography. Exposed

resist was then dissolved away, after which the now exposed bottom layer of resist
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was dissolved away. This left an undercut trench with bare silicon at the bottom. We
then deposited a 20-nm layer of aluminum onto the chips, then dissolved away the
remaining resist. This left an aluminum negative of the desired grating pattern on
the chip that would act as an etch mask. Once the chips were etched, the aluminum

was removed and a layer of gold was deposited.

B 80 microns

340-nm period §
60% fill factor

4

Figure 3.1: An SEM image of a completed 80-micron by 80-micron grating. The
period is 340 nm and the fill factor is 60%.

White Light Spectral Test System

We optically characterized our devices (Figure 3.2) by illuminating them with
pseudo-collimated white light (1 to 2.5 microns) from a fiber-coupled halogen source
(Mikropack HL-2000). We then magnified the image of the array of polarizers so that
we could select the output from only one device using an aperture. The transmitted
light was then passed through an analyzing polarizer before being imaged into a fiber

coupled spectrometer (ASD FieldSpec Pro).
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Figure 3.2: Devices were illuminated with white light. Transmitted light was passed
through an analyzing polarizer before being imaged into a fiber coupled spectrometer.

Comparison of Simulation to Test Results

Results of experiments (Figure 3.3) show a spectrum that is very similar to

simulations but shifted by roughly 300 nm. The shift occurs not only for the peak of

the FP resonance, but also for the null point, though is difficult to measure precisely

since the null point wavelength in the experimental data is lower than the wavelength

where silicon stops being transparent.

Improvement to Model

In order to use experimental results for improving our simulation models, we

had to determine the source of the discrepancy.



30

Array 44

——Experiment
—— Simulation

o
o

o
(&)

o
N

o
w

TM Transmission

o
o

o
=

: J/\ | |
1000 1500 2000 2500
Wavelength [nm]

Figure 3.3: Experimental results of a device show an offset in the spectrum of roughly
300 nm. Both the peak and the null point are shifted by the same amount.

Material Properties

Dispersive dielectric functions were taken from literature and used in our RCWA
models [34-38]. The dielectric constants for gold and silicon are roughly near —100+7i

and 12.25, respectively.

Gold Dielectric Function The dielectric function of gold in the shortwave infrared

region differs greatly from study to study, as is seen in 3.4. At a wavelength of 1.6
microns, the real part of the dielectric varies from -100 to almost -200, a change of
100%. The imaginary part also varies quite a bit, but simulations show that the
imaginary part had little effect on the location of the spectral peak. Variation of the
real part definitely had a slight effect, suggesting that gold material properties could
be partly responsible for the discrepancy.

One source of this variance is that the optical properties of thin films depend

greatly on the matter in which they were deposited [34].
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Measured gold material properties
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Figure 3.4: This figure shows that large range of measured dispersion curves for gold
in the near infrared region. [34-38].

Silicon Dielectric Function Contrary to the gold material properties, the material

properties of bulk silicon are very well known and don’t vary much at all between

studies (Figure 3.5) [39-42].

Geometry

The fact that altering the silicon optical properties had such a drastic effect on
device performance suggested that unintended device geometries were responsible for
the discrepancy between experiment and simulation. Etch profiles did indeed show
silicon pillars that were not square, but narrower in the middle than they were at
the top and bottom. From Figure 3.8 we can see that the width of the silicon pillar
in the middle was about 60% of that of the gold ruling. In simulation, the top gold
ruling width was assumed to be complementary of the width of the bottom gold ruling

(meaning their sum is the period of the grating). A deviation from that assumption
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Measured silicon material properties
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Figure 3.5: Silicon, unlike gold, has material properties that do not change much. In

this figure, the only outlier was amorphous silicon, which is not used in this device
[39-42].
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Figure 3.6: Altering the real part of the gold dielectric function indeed had an effect
on the wavelength of peak TM response.
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Array 44, pad 10, Silicon real(z) deviations from nominal values
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Figure 3.7: Altering the silicon dielectric function had an overwhelming effect on
the wavelength of peak TM response. While the possibility of the bulk silicon
properties themselves having changed was extremely unlikely (Figure 3.5), it did raise
the possibility that imperfections in the geometry of the grating could be responsible.

would affect device performance, but there did not seem to be any sign of that in
Figure 3.8. If the filling between the gold gratings had a lower effective index of
refraction, then the effect would be similar to lowering the bulk silicon index, as in
Figure 3.7.

To confirm this, simulations were run that approximated this narrowing of the
silicon pillars (Figure 3.9). The spectra was blue shifted for narrower periods. This
makes sense if you think of the resonant cavity between the metallic being filled with
a dielectric. By reducing the size of the waist of the pillars, you are lowering the
effective index of that dielectric, which would result in a blue shift of the resonant
wavelength (Figure 3.10). Simulating the devices with a narrow waist required much

more simulation time since it requires more layers to approximate (seven layers in
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:

B S = ST
Figure 3.8: Image of a cross section of a grating taken with an SEM shows that the
middle of the silicon pillar was about 60% as wide as the top gold ruling.

Figure 3.9). The same result was achieved by treating the dielectric as having a

smaller fill factor than the gold grating (Figure 3.11).
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Figure 3.9: Examples of device geometries used to investigate the effect of narrow
silicon pillars on device performance.

When we adjusted the real part of the gold dielectric function to be 100% larger
(more negative) and adjusted the silicon fill factor to account for the undercut, the

experimental results matched the simulation results much more closely (Figures 3.12

and 3.13).
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Simulation of Array 44, Pad 10 with different waist factors
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Figure 3.10: Increasing the narrowness of the silicon pillars blue shifted the spectrum.
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Figure 3.11: It is sufficient to approximate pillar narrowness by using a separate fill
factor for silicon than for gold. Since this is a three layer device, we don’t have the
increase in the simulation time that a 7-layer device would have.
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Experiment vs simulation, 61% gold fill factor, 36% silicon fill factor
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Figure 3.12: Discrepancy resolved from using a realistic silicon fill factor and
increasing the real part of the gold dielectric by roughly 100%.
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Figure 3.13: The TE response peaks roughly correspond to each other after the correct
silicon fill factor and higher gold dielectrics are used.
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Discrepancy Between Experiment and Simulation from Parameter Tolerances

While the largest sources of the offset between simulation and experiment were
found to be gold material properties and non-square grating geometry, fabrication
tolerances in the device parameters could also have led to shifts in the peak

transmission wavelengths.

Grating Separation Since the position of the FP peak is most strongly coupled

to the size of the resonant cavity, any uncertainty in the etch depth could contribute
significantly to the discrepancy. Figure 3.14 shows how under-etching the devices
could shift the spectrum to be more in line with experiment. However, even at
a significant deviation of 20%, the discrepancy was not resolved and the device
performance was greatly degraded suggesting this parameter could not be solely

responsible.
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Figure 3.14: Deviations from intended grating separations do indeed result in the
wavelength shifting of the spectrum, but it is also accompanied by a reduction in
performance, and the shift is not enough to account for the entire discrepancy.
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Fill Factor Similar to grating period, fill factor is a parameter that we can easily
measure, so is unlikely to be responsible for the discrepancy. Figure 3.15 shows that

fill factor still has the ability to shift the spectrum.

Varying gold fill factor from nominal 60%
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Figure 3.15: Similar to period, fill factor is something that can shift the response, but
is known to a higher accuracy than etch or gold depth since it is measured for each

device.

Gold Depth Gold depth is very weakly coupled to the position of the spectra,

as is seen in Figure 3.16.
Conclusion

We were able to fabricate wavelength-selective polarizers out of gold and bulk
silicon and test them using the white light spectral characterization set-up.

The discrepancy between experiment and simulation can be accounted for by
including the non-square silicon grating structure and by allowing the gold material

properties to vary in a manner that is consistent with literature. [ have shown
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that slight discrepancies can also be accounted for with fabrication tolerances in
period, fill factor, and gold depth, but these are relatively minor. Understanding
how these imperfections affect device performance is critically importance since the
project depends on being able to accurately place the peak response of a filter at 1640
and 1700 nm, a difference of only 60 nm.

I validated the corrections made to the simulation by comparing updated
simulation results to experiment for a different grating that had a much broader
spectral response. While the experimental results didn’t show as high a peak as we
were expecting, the null point at for both simulation and experiment both landed on
1100 nm. Since the lower transmission could be accounted for by imperfections in
the grating, I took this to be an indication that the improvements to the simulation

model are valid.
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Figure 3.17: Here is a comparison between measurement and simulation (with model
improvements) for a grating that had a much broader spectral response. Although the
absolute transmission levels didn’t match, the null points at 1100 nm matched quite
well. The reduced transmission could be explained by imperfections in the gratings.

Not only was it important to learn the effects of non-ideal geometry and material
properties on device performance, but it gave us the insight to include the narrowness
of the silicon pillars as a design parameter. Because of fabrication concerns, up to
this point, the silicon and gold fill factors have been the same, despite the fact that
the gold grating and the dielectric grating have been the same.

I would like to take the opportunity to thank the following people for their
work in carrying out a large part of the fabrication work for these devices: Carol
Baumbauer, Orrin Boese, James Dilts. I would also like to thank Benjamin Moon
and Tristan Gray for optimizing the white light characterization set-up and for taking

a majority of the data.
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SILICON DEVICE DESIGN

Overview

This chapter discusses the design procedure for a polarization-selective bandpass
filter using a silicon-on-quartz design. The result is a device optimized for operation
at 1550 nm with a passband of 100 nm, a vast improvement over previous silicon-only

devices.

Introduction

This device was to consist of a surface relief grating fabricated on a silicon
coated quartz wafer. The period, fill factor, grating gap, and gold depth were to be
the parameters that would be tuned to create the desired performance.

A naive approach to choosing the device parameters would be to vary each
parameter independently and in parallel. This approach, however, is resource
intensive. The results could also be vastly different depending on how we weight
a merit function. Since, at the time of design, it was not known how important each
filter property (peak transmission, FWHM) would be for the ultimate application, a

more theoretical approach to design was taken.

Period and Silicon Fill Factor

The period of the grating predominantly affects two things: the existence of
first-order diffraction orders, and the wavelengths of SPP excitation. The procedure
began with locating our anchor points. To do this I plotted the resonant wavelength
for the SPP at both interfaces as a function of period. On the same plot, we show the
desired location for our anchor points. The anchor points were centered around 1550

nm and were 400 nm apart from each other. This separation was chosen because we
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would like them to be as close together as possible, but if we put them closer together,

a sufficiently strong FP peak would not appear between them.
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Figure 4.1: The silicon fill factor and period of the grating are chosen by requiring
that the anchor points must be symmetric around the design wavelength. We are
looking at the points where the bottom SPP resonance intersects the lower anchor
wavelength, and where the top SPP resonance intersects the upper anchor wavelength.
This only occurs at a fill factor of 23% and at a period of 911 nm.

0.2

We needed to bring the resonances closer together before we could determine a
period value. Since we were trying to make these devices using silicon on glass, we
could not alter the refractive index of the filling material. However, we could take
advantage of the fact that the effective index of the middle material will change with

silicon fill factor. By reducing the silicon fill factor we could see the resonances being
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brought closer together. At a fill factor of about 23%, the top SPP curve intersects
the top anchor point and the bottom SPP curve intersects the bottom anchor point

at the same period of 911 nm.

Grating Separation, Gold Fill Factor, and Gold Depth

Once we had determined the positions of our anchor points by selecting period
and silicon fill factor, we wanted to tune the resonance within the cavity so that it
appeared between the anchor points. This was not a purely FP resonance, so a precise
starting point was more difficult.

Simulations were run for a wide range of gaps, ranging from 200 nm to 750
nm. From the logarithmic plot, one can see that the null points caused by SPP
resonance occurred roughly at their predicted wavelengths (Figure 4.2). At small
gaps values, the top resonance started to shift, which is understandable since we’ll
have a large change in effective index due to stronger field coupling within the grating.
For shorter wavelengths, the null points became more complex. This is due partly to
higher order SPP resonances, but we are not concerned with it since it is outside our
band of interest.

The linear plot of TM transmission showed a very sharp maximum that is
apparently independent of etch depth (Figure 4.3). It appeared around 250 nm and
merged with another spectral peak around 720 nm.

The gold fill factor and depth that were used for these simulations was 0.55 and
130 nm, respectively. The gold fill factor value was chosen to be twice that of the
silicon fill factor since historically we have seen that much undercut in deeply etched
devices. The gold depth was chosen to be thick enough to not result in skin effects,

but thin enough to not support an FP resonance on its own. Both these parameters
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will perturb the phase of wave fronts pass through the top and bottom layers which

will in turn shift where the FP resonance lies.

TM Transmission - Linear scale, FFg = 0.550, FFs = 0.250, Au = 0.130
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Figure 4.2: A log plot of the transmission spectra as a function of grating gap clearly
shows transmission nulls at near 1.8 and 1.5 that correspond to SPP excitations.
As the grating gap becomes smaller, the top SPP resonance begins to shift. This
is expected since a smaller gap would result in model field coupling, changing the
effective index of the middle material.

When we altered the the gold thickness we saw the peak shift in between the
null points. If this effect were purely an FP resonance, its position in wavelength
would be sensitive to both the gold depth and the grating gap (Figure 4.4). Figure
4.4 shows the effect of changing the gold height is shifting the position of the sharp
spectral peak between the SPP minima. For gaps that are too small or too large,
spurs that follow what appears to be FP peaks began to appear. These show up as
wings on the side of the filter and are undesirable. Therefore, we want the gold depth
that keeps the filter away from the anchor points and an etch depth such the filter

shape is free from out-of-band wings (Figures 4.5 and 4.6).
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TM Transmission - Linear scale, FFg = 0.550, FFs = 0.250, Au = 0.130
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Figure 4.3: A linear plot of the transmission spectra show a sharp peak between the
anchor points. The fact that the peak is independent of etch depth would allow us
to use the etch as a parameter to improve the shape of the filter without shifting its
position.
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Figure 4.4: Holding everything else constant, changing the gold depth moves the
location of the peak in between the two anchor points. This is useful both to keep
the resonance away from the anchor points.
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TM Transmission - Linear scale, FFg = 0.550, FFs = 0.250, Au = 0.130
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Figure 4.5: If the etch depth is too small or too large, wings appear either to the
right or left of the main peak.
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Figure 4.6: Choosing a middle etch depth far away from other FP resonances results

in the best spectrum.
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Global Optimization

All the effects of individual parameters got us remarkably close to a good filter
design already. But in order to improve it further we had to do a global optimization
of all parameters in parallel. This was needed because almost every parameter was
coupled together. Altering the silicon fill factor changed the location of the rightmost
SPP resonance but it will also shifted the FP resonance, as did the gold depth and
gold fill factor. The effective index of the grating even had some period dependence
since the zero-order approximation we started with was less valid for a grating that

is greater than half the design wavelength.

Table 4.1: Global device optimization parameters

Parameter Start End | Number of points
Period 931 nm | 980 nm 7
Si fill factor | 20.7% | 25.3% 7
Gap [nm] 423 nm | 439 nm 7
Gold [nm] | 120 nm | 165 nm 10

Simulations were performed on these 2,340 devices with illumination ranging
from 1 to 2 microns in 2-nm steps and at normal incidence. I first removed any
devices that had a TM transmission of less than 60% and a FWHM of less than 120
nm. This reduced the number of passing devices to 2100.

Since it is difficult to quantify certain ideal filter properties, I went through the
2,100 remaining simulation results by hand scoring the spectra on a scale from 1 to
3. Figure 4.7 shows examples of good, decent, and bad filters. A score of 1 is given
to a filter that has more than one undesirable property, like side lobes, or very low
transmission. A score of 2 is a decent filter but might have a small out-of-band feature
that may or may not be a problem. A score of 3 is a good filter, meaning it lacks

the undesirable features described above. I then plotted these points in parameters
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space. Since I have four parameters total, I held period constant and plotted other
three parameters. But I found that the value of fill factor that produced good filters
was 48%. If I deviated from this value in any direction the performance of the device
would change drastically. Therefore it made more sense to plot period, gap, and metal
thickness.

From Figures 4.8, 4.9, and 4.10 it is clear that the devices that perform the best
form a linear region in parameter space. If we adjust the period, we must adjust
the grating gap to compensate, and to a lesser degree, the gold depth. The absolute
best devices in the region form this line in parameter space (4.11) and, when plotted,

share almost identical properties save for a shift in wavelength (4.12).

Table 4.2: Optimized family of filters designs with peak TM transmission between
1527 nm and 1679 nm

Period [nm] | Etch [nm] | Gold [nm] | Peak TM wavelength [nm)]
931 279 140 1527
947 594 140 1549
964 599 145 1581
980 615 145 1603
996 631 145 1625
1013 651 150 1651
1023 651 150 1679

Since we desired a device that would operate at 1.55 microns, we selected the
second the devices in the family of curves of Figure 4.13. This device had a gold fill
factor of 47%, silicon fill factor of 23.5%, etch depth of 595 nm, period of 947 nm and
a gold depth of 140 nm. The ratio of peak TM transmission and TE transmission at

the peak TM transmission gave an extinction ratio (ER) of 209.
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Figure 4.7: The results of the global optimization were scored by hand. A score of
1 was given to a bad filter that had multiple side lobes. A score of 2 was given to a
filter that had only one small side lobe. A score of 3 was given to a filter with no side
lobes.
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Figure 4.8: The left side of the figure is a three dimensional scatter plot of the located
of decent (yellow) and good (green) devices. The right side of the figure shows the
TM and TE spectra of the selected device along with its extinction ratio, spectral
width, peak TM transmission, and wavelength of peak TM transmission.
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Figure 4.11: T've plotted the location of the most ideal filters, selecting them for
symmetry. This shows the how devices with similar symmetry and peak transmission
form a line in parameter space.
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Figure 4.12: Plotting the spectra from the line of ideal devices, we see a family of
curves that have almost identical filter properties but are shifted in wavelength.
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Figure 4.13: This device is optimized to operate at 1.55 microns. It has a fill factor
of 47%, silicon fill factor of 23.5%, period of 947 nm, etch depth of 595 nm, and a
gold depth of 140 nm.
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Tolerance Analysis

The future performance of this device will depend on the how well each design
parameter can be controlled in the fabrication process. Figure 4.14 shows that
the tolerance in the gap between the gold gratings had minimal effect on device
performance aside from the appearance of spurs on either side of the bandpass. Figure
4.15 shows a slightly larger effect caused by the uncertainty in the gold layer thickness.
The presence of spurs reveals an effect similar to the gap tolerancing, but with the
added effect of a shifting peak wavelength. Period had a large effect on the location
of the peak TM transmission wavelength since it was the parameter that set the
location of the anchor points (Figure 4.16). Fortunately, period is one of the most
easily controlled and measured parameters. The fill factor of the gold (Figure 4.17)
is less easily controlled than the period, but is easily measured.

The parameter that is most difficult to control is also one with the largest effect
on device performance. The silicon fill factor - determined by how much undercut
occurs during etching - is shown to greatly effect the location of the peak transmission

as well as the shape of the bandpass (Figure 4.18).

Conclusion

By exploiting the narrowness of the silicon pillars, I was able to design a spectral
bandpass filter, optimized for 1550-nm operation, that consists of silicon grating on
a quartz substrate. Two of the four physical parameters were set first using theory.
The remaining parameters were chosen based on RCWA simulations. Once the four
parameters were chosen, the final device was found after a global optimization of all

parameters found a family of identically performing devices.
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Figure 4.14: Uncertainty in the etching process would lead to uncertainty in the gap

between the gratings. However, the nature of the resonance between the anchor points

does not seem to be affected except for the appearance of spurs on either side of the

bandpass.

TM, Tolerance analysis, gold =140 nm

-

——-6.45%
—-3.23% |

0%
—3.23% |4
——6.45%

e
©
T

e
™
:

Transmleslon
o o o
T S|
: -

=]
i-8
T

1 12 14 16 18 2
Wavelength [;:m]

Figure 4.15: Uncertainty in the thickness of the gold leads both to peak shifting and

the appearance of spurs on either side of the bandpass.
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Figure 4.16: Period has quite a large effect on the location of the TM transmission
peak since it determines the locations of the anchor points. However, period is an
easily controlled and measured parameter.
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Figure 4.17: The gold fill factor effects the performance mainly because, if we assume
a 2:1 undercut ratio, it will lead to an increase in the silicon pillar width. However,
the gold fill factor, while less easily controlled than period, is easily measured.
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TM, Tolerance analysis, FFs =23.8%
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Figure 4.18: The silicon fill factor, equivalently the amount of undercut, has the
largest effect both on the location of the peak TM transmission and the spectral
bandpass shape.

Though this device resulted in a spectral bandpass of 100 nm, it is not an ideal
design because any deviation from the ideal silicon fill factor would greatly alter the
device performance. This involves precisely controlling the undercut of the device

during etching, which would be difficult.
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GENERAL DIELECTRIC DESIGN

Overview

Here I outline a deterministic design procedure that produces high TE rejection,
narrow bandpass filter that has square grating walls provided we are able to create
the dielectric grating between the gold gratings out of a material with an arbitrary

refractive index.

Design Considerations

The silicon-on-glass design was capable of producing a bandpass filter of 100 nm.
However, it suffered from one main drawback: the large dielectric constant of silicon
required a small silicon fill factor in order to achieve the desired spectral selectivity.
This wouldn’t be a problem if the gold fill factor did not need to be large to achieve
the desired TE rejection. The fact that we needed a large gold layer required the
design to be undercut, which is difficult to control in fabrication. Moreover, the
design achieved in the previous section was not easily tuned to a different wavelength
as any change in the fill factor of the desired grating would very quickly destroy the

resonance since the effective index of the cavity would be drastically altered.

Square Side Walls

Since it has been discussed that an undercut design has fabrication difficulties
(albeit necessary for the silicon-on-quartz design) we will attempt to design for a
device that has square side walls. We have the freedom to do this because we are free
to choose the refractive index of our intermediate grating material. Recall how the
undercut shape for the silicon-on-quartz design required an undercut because of the

high index of silicon.
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High Fill Factor

Recall that the largest contributer to high TE reflectivity is the rejection from
the initial air/grating interface. The easiest way to ensure high TE rejection is by
simply having a larger amount of that initial layer be metal. This is done by having
a large fill factor. A higher fill factor has the added benefit of resulting in sharper
TM peaks.

Variable Dielectric Constant for Grating

Since we have fixed, or at least restricted to a small range, the fill factor of the
gratings, the parameter we will use to alter the relative position of the anchor points

is the grating dielectric.

SPP Resonance Separation

Using zero-order effective medium theory, we can predict the position and more
importantly the relative position of the SPP resonances. Working the other way, for a
given SPP separation, we can compute the permittivity of the grating that would be
required (We are assuming 1550-nm operation and that our substrate is still glass and
therefore has a dielectric constant of around 1.5). Figure 5.1 shows how, for a given
fill factor, smaller separations require a smaller permittivity. For a given separation,

a larger fill factor requires a smaller permittivity.

Fill Factor Selection

Since the grating dielectric is a free parameter, fill factor is now decoupled from
concerns of spectral selectivity. The walls of the device are square, so increasing the
gold fill factor would also increase the silicon fill factor, but then the permittivity of

the dielectric could be lowerd to compensate. Of course it is strictly true that the top
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Figure 5.1: The required dielectric of the grating increases as a function of desired
width between the SPP resonant wavelengths. For the same desired anchor point
separation, a grating with a larger fill factor will require a lower dielectric.
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and bottom gold layers will still perturb the phase of the TM modes, but in practice
this effect is quite small. So now the fill factor is driven largely by TE rejection and

should therefore be as large as possible.

Design Procedure

The design procedure started with a dielectric of variable index and depth
deposited onto a glass substrate. Since we wanted filters at three wavelengths (1550
nm, 1640 nm, 1700 nm), we began with designing the 1700 nm filter. This was done
so that we could ensure that no first-order diffraction occurred at wavelengths within
the high pass filter; the designs at 1640 nm and 1550 nm will have smaller periods
than the 1700-nm design. We also started with a 90% fill factor. This value is chosen
so that we can ensure that any designs have the highest amount of TE rejection
possible. The reason I didn’t choose a value higher than 90% was to leave room for
optimization. Since wavelength of peak response positively correlates to fill factor, the
other two channels will have smaller fill factors. Were I to start the design procedure
from lower fill factor, adjusting the fill factor to tune to a lower wavelength would
destroy the polarization selectivity.

Figure 5.2 shows how the desired dielectric increases with SPP separation. This
means for smaller SPP separations leading to narrower filters, we need a small as
possible dielectric permittivity. However, smaller SPP separations require a larger
period in order to keep them placed symmetrically around the design wavelength.
Since we have a constraint that says we can’t have first order diffraction above 1400
nm, we had a hard upper limit on the period we are able to use. From Figure 5.2,
that limit is 942 nm, which corresponds to an anchor point separation of 600 nm and

a grating dielectric permittivity of 4.68. Using values of gold thickness of 120 nm
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Figure 5.2: While the required grating dielectric will decrease as the anchor point
separation decreases, the period must be increased in order to keep the anchor points
symmetric about the design wavelength. Since we have a constraint of period at
around 940 nm, this places a lower bound of 600-nm on the anchor point separation.
600-nm anchor point separation corresponds to a grating dielectric permittivity of
4.69.
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that has achieved good results, we vary the grating gap until a symmetric resonance
occurs between the two points (Figure 5.4)

From Figure 5.3 we see that the anchor points didn’t appear at the exact location
we predicted, but their separation is indeed 600 nm. To account for the offset, one
could simply reduce the period, but it makes more sense to lower the permittivity of
the grating which will blue shift the right anchor point until the midpoint of the two

is located at 1700 nm. This new grating permittivity is found to be 3.68.
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Figure 5.3: Separating the anchor points by 600 nm produced a very nice filter shape
when the grating gap was at 650 nm and a gold thickness of 120 nm. The SPP anchor
points were indeed separated by 600 nm, but their position, along with the FP peak,
was off from theory by roughly 190 nm. Decreasing the grating dielectric from 4.69
to 3.68 was enough to bring the peak response to 1700 nm.

The gold thickness has two different main effects: 1) it changes that optimal
grating gap value that produces the largest and narrowest passband, and 2) it changes

the skewness of the that bandpass. Like in the previous chapter, the gold thickness
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dictates where between the SPP resonances, the FP resonance occurs. The the
most symmetric filters have the FP resonance occurring exactly in between the SPP

resonances. Figure 5.5 shows that the optimum thickness is 100 nm of gold.
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Figure 5.4: The proper grating gap separation is found by letting it vary until the
most symmetric shape is found. Here I show the case for 100 nm of gold, a dielectric
of 3.68. A grating gap of 564 nm creates a broader spectral response. The most
symmetric shape is found at a gap of 665 nm. If we increase much further, the
response begins to roll off (767 nm).

From this 1700-nm design, the period can be adjusted to change the peak
response wavelength. This reduces the transmission peak slightly, so fill factor is
used to correct this. This is an iterative process since fill factor also slightly shifts

the wavelength of peak response.
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Figure 5.5: Gold depth effects the symmetry of the FP peak between the anchor
points. For each depth of gold, the gap was varied to produce the most symmetric
spectral peak. For 30 nm of gold, the "best” shape is highly asymmetric, with the
top spectral peak closer to the left anchor point. For 180 nm of gold, the peak is
asymmetric but now closer to the right anchor point. 100 nm of gold was found to
produce the most symmetric shape.
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Figure 5.6: Since I planned on the maximum fill factor and period to be at the 1700
nm wavelength, we are left with plenty of room to change both parameters to arrive
at filters for the other two wavelengths, 1640 nm and 1550 nm. All the filters nave a
peak transmission of roughly 85% with a FWHM of between 40 and 50 nm.

Parameter Optimization

Each channel was optimized individually around the design parameters from
Figure 5.6. Period was held constant since it was most weakly coupled to bandpass
shape and since we have strict requirements on first order diffraction that restrict
us to a maximum period. It was used at the end to tweak the wavelength of peak
response if necessary.

The parameters used in the optimization can be seen in Tables 5.1, 5.2, and 5.3.
The only difference between each channel is the period value used and the range of
fill factors.

The results of the simulation were sifted by selecting only results that met certain
criteria. The first three criteria in Table 5.4 ensured all results had high and narrow

bandpass shapes around the corresponding design wavelength. The final criterion
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Figure 5.7: Since we are using such high fill factors, the TE response is very low, with
peak extinction ratios of between 550 for the 1550-nm channel, to almost 1500 for
the 1700-nm channel. Nowhere in the band of interest does the TE transmission rise
about 0.2%

Table 5.1: 1700-nm parameter optimization

Parameter | Start | End | Number of points
€ 3.54 3.92

Fill factor | 85.5% | 94.5%
Gap [nm] 632 698
Gold [nm] 90 110
Period [nm] | 942 942

RS BN RN BN

Table 5.2: 1640-nm parameter optimization

Parameter | Start | End | Number of points
€ 3.54 3.92

Fill factor | 84.5% | 93.5%
Gap [nm] 632 698
Gold [nm] 90 110
Period [nm] | 913 913

e S IESIEN
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Table 5.3: 1550-nm parameter optimization

Parameter | Start | End | Number of points
€ 3.54 3.92

Fill factor | 82.7% | 91.4%
Gap [nm] 632 698
Gold [nm] 90 110
Period [nm] | 864 864

e (BN IESIEN

was based on the fact that we have to fabricate these three channels on the same
substrate. The reason that gold is not included at this stage is because it is weakly

coupled to performance.

Table 5.4: Selection criteria

Parameter Criterion
Peak TM transmission greater than 75%
FWHM less than 40 nm
Wavelength of peak transmission +/- 1 nm of design
Gap distance and grating e Must be common between three wavelengths

The results (Table 5.5) of this selection process show that a gap of 687 nm and
a grating dielectric of 3.69 are optimal. The optimal gold values were different for

each channel (93 nm, 97 nm, 107 nm).

Table 5.5: Optimization results

Channel | Period [nm] | FF [%] | Gap [nm] | ¢ | Gold [nm]
1550 864 88.5 687 3.69 93
1640 913 90.5 687 3.69 97
1700 942 91.5 687 3.69 107

Since the gold depth must be common between all three channels, I chose use the
average gold depth (99 nm) and adjust the period by 1-4 nm to account for the slight

wavelength shift that occurred at the 1550-nm and 1700-nm channel. A negligible
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shift occurred at the middle wavelength because the gold depth had changed by only
2 nm.

Figure 5.8 shows the spectra before and after this parameter optimization
process. The major improvement is the FWHM on each channel was reduced by
8-10 nm while suffering only a slight decrease in absolute transmission. Table 5.6

shows the design parameters and spectral width of each channel.

0.8

06

04rf

TM Transmission

0.2

T
1.5 1.6 1.7 1.8 1.9
Wavelength [m]

Figure 5.8: Spectral shapes of the three channels before (dashed) and after (solid)
optimization: 1550 nm in red, 1640 nm in gree, 1700 nm in blue. The optimization
led to a decrease in bandpass width. 1550-nm design has a peak transmission of
80% and a FWHM of 32 nm. 1640-nm design has a peak transmission of 85% and a
FWHM of 36 nm. 1700-nm design has a peak transmission of 86% and a FWHM of
38 nm.
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Table 5.6: Final optimization results

Channel | Period [nm| | FF [%] | Gap [nm] | € | Gold [nm] | FWHM [nm| | ER
1550 863 88.95 687 3.69 99 32 1687
1640 913 90.5 687 3.69 99 36 1567
1700 946 91.5 687 3.69 99 38 1393

Conclusion

What was achieved are three devices with peak transmission greater than 80%
with a FWHM of less 40 nm. The extinction ratio at the peak TM transmission
wavelength were all well above 1000. Three devices were designed such that they
could be fabricated on a single chip. Each device shared the same etch depth, gold
depth, and grating dielectric, requiring only a different period and fill factor to tune
between channels. High TE rejection (TE transmission less than 0.2%) was achieved
by having the fill factors as close to 90% as possible.

In addition to great spectral performance, the devices had the added benefit
of being easier to fabricate than the silicon-on-quartz device that was designed in
the previous chapter. Recall that the undercut in the silicon-on-quartz device was
necessary in order to reduce the effective index of the cavity. Since we are free to
choose the grating dielectric, we are free to force the device to have square walls,
which is easier to control in fabrication. The devices would require a 786-nm layer of
dielectric deposited on a quartz substrate. The cross sections of the final devices can
be seen in Figures 5.9, 5.10, and 5.11. Although the final fill factors were high, they
would result in an 8:1 etch ratio which is achievable.

The grating dielectric of 3.69 (n = 1.92) that we arrived at is achievable since
we know that non-stoichiometric silicon nitride (normally n = 2) films are possible

using Si doping after chemical vapor deposition [43].
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Figure 5.9: A cross section of the 1550-nm design.
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Figure 5.10: A cross section of the 1640-nm design.
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Figure 5.11: A cross section of the 1700-nm design.
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CONCLUSION

Summary

The project called for a family of optical filters that are capable of measuring
the first three Stokes’ parameters (S, S1,52) of incident light at three wavelengths,
1550 nm, 1640 nm, and 1700 nm using wavefront division multiplexing. 1 have
demonstrated that this is possible using two-layer, two-material metallic gratings.

I outlined the theory of how these devices function as both polarizers and spectral
bandpass filters. By strategically placing the SPP resonances on either side of the
FP, we can reduce the out-of-band transmission and narrow the passband.

For the single material polarizing bandpass filters I demonstrate that we have
good agreement between experiment and simulation once we account for the non-
square shape of the silicon grating rulings and the highly uncertain gold material
properties.

I show how a silicon-on-quartz polarizing bandpass filter is possible if we
intentionally introduce an undercut design to reduce the effective index of the cavity.
Through global optimization of all parameters I was able to arrive a device optimized
for operation at 1550 nm with a FWHM of 100 nm.

By choosing a dielectric material for the grating that is closer to that of silicon
nitride, I was able to design, in a mostly deterministic fashion, three devices optimized
for operation at 1550 nm, 1640 nm, and 1700 nm that are able to be fabricated on
the same chip. All three passband shapes had a peak TM transmission of higher than
80% and TE transmission of less than 0.2%. All three had a FWHM of less than 40
nm.

The fact that the optimization process in the previous chapter resulted in an

only slight improvement in device performance is evidence of the robustness of the
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design procedure. With slight modification, this procedure could be used to design
filters at arbitrary wavelengths, though the dispersion of the materials must be taken

into account.

Discussion

This work has presented a family of devices that can be used in recovering the
first three Stokes’ parameters of incident light at three different wavelengths which
would be crucial in remotely and passively determining the phase of cloud water.
These devices share design parameters that make them ideal for fabrication on a
common substrate, meaning they can be easily made into an array for mating with
a matched array of detectors. This array of detectors would have to be paired with
a longpass optical filter that would block out any wavelengths shorter than 1400 nm.
This is done to ensure that light of a short enough wavelength does not diffract off
the devices or introduce additional noise into the spectral-polarimetric measurement.
The gratings begin to transmit again at wavelengths longer than 1900 nm, but typical
InGaAs photodetectors cutoff around that region.

In arriving at these designs I have illustrated the effect that each grating
parameter has on the transmission spectra, both in TE and TM. Since each parameter
often affects more than one characteristic (peak transmission, spectral bandpass, TE
rejection), it was further necessary to develop a design process that nearly decoupled
them.

One major contribution I made to this NASA project include identifying the
importance of SPPs and how they can be used to improve the spectral bandpass shape
by suppressing the TM transmissions at desired wavelengths. This would ultimately

lead to the two-material design. Another contribution was identifying the cause of
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the discrepancy between simulation and experiment. This would lead to having a

deeper understanding of the role each parameter played in device performance.

Future Work

The final three device designs were done without considering dispersion. This
was done intentionally to highlight the physics of device operation. Moreover, the
materials were chosen to be minimally dispersive over the range of 1400 nm to 1900
nm. [ am confident that a global parameter optimization of the device parameters
that includes dispersion starting from my dispersion-less design will yield good results
without much of a change in performance.

Currently, the fabrication process for fabricating the two-material devices is
underway at Montana State University. Changing from the silicon substrate to
quartz substrate introduced difficulties in lithography since the substrate is no longer
conductive. We are also still investigating ways of coating quartz substrates with
doped silicon nitride.

Once we have fabricated and optically characterized multiple single arrays at
various orientations, the next step would be to send the design to a different facility for
large scale array fabrication. There also remain higher system design considerations
to account for (configuration of superpixels, method of mounting to detectors, optics)
before this system will be ready for field testing.

The specific wavelengths used in this design process were chosen specifically for
the cloud phase application. In principle, any wavelength or range of wavelengths
could be used. This design could easily be modified to function in the visible
spectrum. Instead of making spectral bandpass shapes as narrow as possible, they
could intentionally be made to cover a entire color ranges (red, green, blue). These

could be used for visual polarimetry or for LCD technology.
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It is also worth exploring the possibility of adding another layer to the device in

order to discern right-hand or left-hand circular polarized light.
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