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Abstract. The transmittance polarization extinction ratio of fused silica substrates with random antireflective
surface structures (rARSS) was investigated. The antireflective structures were etched on both sides of the
substrates to suppress Fresnel reflection from the two surfaces, and the substrates were processed with
three different sets of etching parameters, resulting in samples with three distinct sets of surface characteristics.
In addition, three of the samples were fabricated with identical processes on both sides, while one was fabricated
with a different process on each side. Normal incidence transmission spectra, spanning wavelengths from 300 to
1900 nm, are presented for each double-sided substrate, and variable angle of incidence polarization measure-
ments were taken at 633 nm. Although the spectral Fresnel reflection suppression of all of the samples was
measured to similar levels at normal incidence, the polarized transmittance response was found to vary con-
siderably, correlating with the surface morphology differences and the front-to-back surface roughness similar-
ities between the samples. Polarization insensitivity was verified from normal incidence to Brewster’s angle.
Comparisons with the ideal single-layer thin-film antireflection coating performance calculations show that
rARSS samples are polarization insensitive over a larger range of angles and have a wide wavelength band
of transmission enhancement. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.3.037109]
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1 Introduction
Fresnel reflectivity at the surface of optical components, due
to the refractive index mismatch between the bulk material
and ambient, is a considerable issue for optical systems. In
various applications such as flat panel displays, high-perfor-
mance lenses, photovoltaic devices, screens of mobile elec-
tronic devices, and superluminescent diodes, it is essential to
reduce unwanted reflections to increase performance of opti-
cal systems.1 Conventional single-, double-, and multilay-
ered thin-film antireflection coatings (ARC) can suppress
Fresnel reflections to nearly zero.2 Random antireflecting
surface structures (rARSS) fabricated directly on a substrate
surface have been shown to considerably reduce Fresnel
reflectivity as well.3 The performance of rARSS is under-
stood as a gradient-index transition between two optical
media, caused by the gradual electromagnetic wave transi-
tion between the ambient and substrate volumes.4 The
rARSS gradient refractive index model is based on the sub-
wavelength surface-feature scale and the random-feature
surface morphology. These structures have measurable
spectral and directional antireflective (AR) properties.
The random surface structures are made of the same
material as the substrate, resulting in similar physical proper-
ties to that of the bulk material. As a result, such structures
can perform well at high incident light energies and have
been reported to withstand environmental and erosive
tests.5–10

In general, reduction in Fresnel reflectivity can be
achieved using optical boundary engineering. Some commonly
used methods include conventional thin-film layers, ordered

subwavelength-scale microstructures, random subwavelength-
textured layers, and gradient optical-index layers.

Quantitative analysis and simulations of the optical
performance of these boundaries are based, respectively,
on stratified media interference,11 subwavelength grating
evanescent mode coupling,12 effective-media approxima-
tions (EMA),13 and gradient-index wave propagation.14,15 In
all cases, scattering away from the specular light-propagation
direction is considered minimal for the wavelengths of inter-
est since the transmitted optical power through the passive
boundary is higher than the value without an antireflective
treatment. For the rARSS layer, since the subwavelength fea-
tures are random in both their transverse and longitudinal
directions (width and height), EMA analysis is based on
an effective density function, which is used to determine
the average refractive index of the layer, with an effective
depth of the order of the incident wavelength. Another quan-
titative analysis approach is to combine sequential EMA
layers to approximate a slowly increasing index profile from
the ambient to the substrate boundary index.

Random structure fabrication processing found in the lit-
erature varies,16–18 with normal incidence transmission mea-
surements having similar spectral performance for feature
distributions that are morphologically very different. Because
of this, angle-of-incidence (AOI) measurements are most
useful to identify performance differences between rARSS
samples with different structural density functions.

In this paper, we present normal incidence transmission
spectra from 300 to 1900 nm and variable AOI polarization
measurements taken at 633 nm, for double-sided processed
rARSS substrates. Substrates were processed on both sides
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to reduce Fresnel reflection from all of the substrate
boundaries, to eliminate the polarization signature of an
unprocessed boundary from the variable AOI polarization
measurements, and to ensure that there would be no total
internal reflection caused by an unprocessed boundary’s
critical angle. Three different sets of etching parameters were
used to process the substrates, resulting in samples with three
distinct sets of surface characteristics. We characterized mor-
phologically the rARSS on the fused silica (FS) substrate
surfaces for each of the three parameter sets and used this
to understand the differences in AR performance among
the samples. Three of the samples were fabricated with iden-
tical processes on both sides while one was processed with
dissimilar processes on each side. This allowed us to explore
how the similarity of the front and back surface morphology
impacts the overall transmission of polarized light. The test-
ing protocol is presented in the following section. The results
are presented and discussed in Sec. 3; it is shown that sam-
ples with dissimilar subwavelength features on the front and
back sides will exhibit polarization insensitivity over a
smaller range of incident angles than similarly processed
samples with identical features on both sides. It is also
shown that samples with different subwavelength features
may show similar transmission enhancement performance
at normal incidence but will have different polarization
insensitivity properties when transmission is examined at
varying AOI. We measured the transmission enhancement
at normal incidence and the normalized transmission for s
and p polarizations from 0 deg to 75 deg AOI. In all cases,
these measurements were compared with plain FS identical
unprocessed substrates. The measured polarization extinc-
tion ratio was compared with results from simulations of an
ideal single-layer thin-film ARC. A Bruggeman EMA
model19,20 was used to simulate the rARSS boundaries,
resulting in good agreement with the experimental measure-
ments of the polarization extinction ratio.

2 Experimental Design
FS substrates were used after immersion in a Piranha clean-
ing solution21 for 1 h, followed by a deionized water rinse
and subsequent drying with flowing nitrogen gas. A thin dis-
continuous layer of Au (<20 nm) was deposited on all of the
substrates at once, using an AJA International Inc., sputter
deposition system (ATC 1800-F). Very thin sputtered Au
films tend to be nonuniform and in many cases discontinu-
ous.22,23 For our application, the randomness of the Au film
is used to “seed” the random etch process as a partial “per-
forated” mask. The coating thickness listed above is more
of an estimated average across the substrate surface. While
we previously reported on work in which rapid thermal
annealing of the Au layer was utilized as an etch mask,24 in
the present work, the Au layer was not annealed and the
rARSS on FS were fabricated by a reactive-ion etch plasma
using a mixture of SF6 andO2 as the process gases. The etch-
ing conditions were adjusted to obtain three distinct etched
feature profiles of rARSS.25 The recipes were multiplexed
with various substrate surfaces, as shown in Table 1. The rec-
ipe used to process both sides of sample A was taken arbi-
trarily as the comparison baseline recipe. There was no
optimization of the optical transmission enhancement as the
experimental trials were used to induce slightly different
characteristics on the optical surfaces, around an already-

established process. One surface of sample C was processed
using recipe I and the other using recipe III to produce a non-
symmetric rARSS window.

The structural and morphological study of the fabricated
rARSS used a Raith 150 scanning electron microscope
(SEM). Figure 1 shows high-resolution (2048 × 1536 pixel)
top-down, surface gray-scale images of the processed sub-
strates, obtained at 50,000 times magnification, with a con-
stant working distance and accelerating voltage for all
images. The gray-scale had 256 gray levels. The images were
analyzed using a granulometry routine,26 but they were
first put through an image processing routine that consisted
of median-gray-value thresholding, to ensure that brightness
and contrast differences during imaging would not skew the
granulometry results. The bright pixel clusters in the images
indicate elevated features, i.e., silica islands, whereas the
dark clusters identify voids. Islands and voids were classified
separately, using gray-scale inversion of the images and
counting the granule populations independently. The gran-
ules used for classification were octagons, varying from 5 to
100 pixels in diagonal and scaled to the dimensional bar for
each SEM image. Multiple areas of each surface were
imaged, and the results were averaged, per surface and proc-
ess condition. The resulting granule pattern spectrum ΦðkÞ
and its derivative dΦðkÞ, for both islands and voids of diago-
nal dimension k were computed, to obtain the FS density
distribution by granule (feature) and the granule size histo-
gram populations, respectively. The difference of island to
void distribution: ΦislandsðkÞ −ΦvoidsðkÞ, and the population
difference of islands to voids: dΦislandsðkÞ − dΦvoidsðkÞ, were
calculated to identify the effective density of FS in the
imaged surfaces and the feature size dominance. Although
the granulometry of the SEM surface images does not con-
tain depth information, it yields transverse-dimension feature
sizes that are used in the EMA model construction.

Spectral transmission measurements from 300 to 1900 nm
at normal incidence were made through the center of the
samples, using a Cary 5000 (Varian) ultraviolet-visible-
near-infrared dual-beam grating spectrophotometer. The nor-
mal incidence (θ ¼ 0 deg) transmittance of the rARSS sam-
ples TARSS was normalized to the respective measured
transmittance of plain polished FS substrates TFS, and the
spectral transmission enhancement was calculated using the
relation

EQ-TARGET;temp:intralink-;e001;326;134τðλ; θ ¼ 0Þ ¼ τoðλÞ ¼
�
TARSSðλ; 0Þ
TFSðλ; 0Þ

− 1

�
: (1)

The dimensionless quantity τðλ; θÞ is the fractional
increase in transmittance above the unprocessed FS values

Table 1 Fabrication process experimental design for rARSS on FS
substrates.

Process
Variant

Side 1 of
substrate

Side 2 of
substrate

Plasma
power

Gas flow
rate

Etch
time

I A A,C Baseline Baseline Baseline

II B B þ20% −20% Baseline

III C,D D −5% þ20% þ30%
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for values of τ > 0 and a decrease in transmittance for τ < 0.
For FS optical components, since the Fresnel losses per inter-
face are an average of −3.7% of the incident intensity in the
spectral region of interest, the total maximum transmission
enhancement is an average of þ7.2%, accounting for both
substrate surfaces.

Additionally, s- and p-polarized incident light transmis-
sion was measured as a function of AOI, using a Schmitt
Industries, Inc. (Portland, Oregon) CASI scatterometer.
All processed (rARSS) samples and plain polished FS sam-
ples were measured to obtain the degree of polarization per
AOI. The CASI uses a 633-nm HeNe laser source, aligned
through the center of the sample, and measures the transmit-
ted power with a detector on a goniometer arm. The beam
spot size was 3 mm at the sample’s entry surface for all
tests. The CASI system has a typical noise-equivalent bidi-
rectional transmissive distribution function of 5.00 (10−8),
through use of variable apertures and detector bias condi-
tions. The samples were tested multiple times and in multiple
locations, and the results were averaged. The AOI was varied
from 0 deg to 75 deg, in intervals of 0.1 deg, using the auto-
mated sample stage of the CASI system. Measurements at
angles >75 deg were not possible due to the obstruction of
the beam path by the sample stage holder. To provide a com-
parison independent of the test apparatus, a plain FS sub-
strate, without any AR treatment, was used as the baseline
sample. The transmittance versus AOI was measured for
both polarization states with the plain sample, and these val-
ues were used to compute the transmission enhancement
ratios and polarization coefficient ratios from the rARSS
samples. The polarization extinction transmission ratio27

deviation from unity was calculated as a measure of polari-
zation independence

EQ-TARGET;temp:intralink-;e002;63;389eTðθÞ − 1 ¼
�
TpðθÞ
TsðθÞ

− 1

�
; (2)

where θ is the value of the AOI. The quantity in Eq. (2) is
zero for equal values of the transmitted polarized intensities
and is nonzero otherwise. Because the polarization extinc-
tion ratio is a ratio of two measured transmittances (p over
s polarizations), both taken using the same apparatus, and

not a ratio of a measured quantity over a computed one
or a reference substrate, the “tool signature” is minimized.
Positive values resulting from use of Eq. (2) indicate that the
p-polarized incident light has a higher transmission than the
s-polarized component, which is always true for bare sub-
strates, as the AOI approaches the value of Brewster’s angle.

To compare the measured performance of the rARSS on
FS samples to a baseline, we performed numerical simula-
tions of the ideal single-layer ARC. The ideal single-layer
ARC consists of a perfect index-matched single-layer film
(PAR), with a refractive index chosen as the square-root
of the substrate index value at 633-nm wavelength. The sim-
ulations consisted of fully dispersive spectral transmittance
calculations at normal incidence, with the coatings on
both sides of the FS substrate. The transmission enhance-
ment was computed using Eq. (1), with plain FS as the nor-
malization. To compare the ideal ARC simulations with the
experimental polarization extinction results, simulations
were performed for both polarization orientations with var-
iable AOI at 633 nm. The polarization extinction ratio
deviation from unit-value was calculated and compared
with the experimental results. The scalar matrix propagation
method was used for all simulations.28

3 Results and Discussion
The granule pattern normalized spectra ΦðkÞ and their deriv-
atives dΦðkÞ were calculated for both islands and voids of
diameter k, using SEM images similar to the ones shown in
Fig. 1. These two quantities correspond, respectively, to the
discrete probability distribution function of the respective
features and the discrete feature spectrum (histogram).
Both feature-type distribution functions are bound by the
condition

EQ-TARGET;temp:intralink-;e003;326;388ΦislandsðkÞ þΦvoidsðkÞ ≤ 1: (3)

The equality is true only for k ¼ ∞, meaning that, when
all feature diameters are counted, the SEM image balance of
islands to voids is obtained. At some value kmax, the counting
will not yield new features, and the granulometry will stag-
nate. Conversely, if feature sizes smaller than kmin do not
exist, the population count will not start. This condition does

Fig. 1 SEM micrographs of the random structure AR boundary from the FS substrates tested, showing
the top-down view of the rARSS. The identifiers (a, b, and c) correspond to the process variants listed in
Table 1. All micrographs displayed are at 50,000 times magnification.
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not imply any type of interdependence of the distributions,
which are totally independent variables. In turn, the feature
spectrum is peaked at the mean value of each normalized
distribution function, i.e.,

EQ-TARGET;temp:intralink-;e004;63;425dΦðkÞ ≤ dΦðkmeanÞ; (4)

where

EQ-TARGET;temp:intralink-;e005;63;383ΦðkmeanÞ ¼
1

2
Φð∞Þ: (5)

The product of each population distribution with the cor-
responding feature spectrum ΦðkÞdΦðkÞ, for each process
variant is shown in Fig. 2. We chose to use the product of
the granulometry results instead of the individual values to
“weigh” the population histograms with the population dis-
tributions. The resulting distributed histogram displays the
feature sizes and the feature balance in a compact form.
The mean value of each feature of interest is indicated by
the histogram peak, with the population balance as the
ratio of the two population mean values. Dominance of a cer-
tain feature size over the other is indicated by the bar ratios at
the specific granule size. Figure 2(a) shows that process-I
produces a large density of large FS islands, with a mean
diameter of 48 nm and a coverage density of 60% of the sur-
face measured. FS islands with smaller diameters are “bal-
anced” with equal size voids; however, void sizes decrease
considerably for larger granules, indicating a surface that is
60% FS and 40% air. Process-II [Fig. 2(b)] results have a
different trend: larger voids surround smaller islands, with
mean diameters of 39 and 30 nm, respectively, and a
50%–50% coverage density. The trend of process-III indi-
cates that the voids are larger than the FS islands, with a cov-
erage density of 56% void to 44% FS and mean diameters of
48 and 40 nm, respectively. The feature populations in proc-
esses-I and II are more segregated, whereas the populations
of process-III are similar and have a larger breath.

The morphological differences of the three types of sur-
faces fabricated can also be quantified as actual differences
between the constituent population normalized distributions
ΦðkÞ and the differences of the products: ΦðkÞdΦðkÞ, shown
in Fig. 3. Figure 3(a) shows the differential weighted-popu-
lation ½ΦislandsðkÞdΦislandsðkÞ −ΦvoidsðkÞdΦvoidsðkÞ� evolu-
tion, and Fig. 3(b) shows the population differential
normalized distribution ½ΦislandsðkÞ −ΦvoidsðkÞ�, with respect
to granule size. The differential population shows that all
three processes have generated distinct FS features; in proc-
ess-I the predominance is FS islands (positive differential),
process-II has a feature population balance in numbers, and
process-III has more voids. The differential distribution
results [Fig. 3(b)] indicate that process-I has a balanced dis-
tribution of feature diameters from 2 to 42 nm, and from 44
to 76 nm it is predominantly a population of FS islands. In
contrast, process-III has a few small (< 40 nm) islands in
excess of voids, with a higher density of voids for larger
granules. Process-II is a mix of many small FS islands,
which is a “sea” of medium size voids (42 to 60 nm).
Combining the results shown in Figs. 2 and 3, the transverse
morphological constitution of the FS rARSS boundaries is
quantified.

To provide a performance comparison, the spectral
transmission of unprocessed FS substrates at normal inci-
dence was measured and averaged to compute transmission
enhancement of the rARSS surfaces [Eq. (1)]. Figure 4
shows the transmission enhancement at normal incidence
for the simulated ideal PAR and the measured double-side
etched FS samples A, B, C, and D listed in Table 1. The
results are compared with the theoretical maximum transmis-
sion for a plane FS substrate. Realistically, the PAR is unat-
tainable as the material for the ideal index-match does
not exist. To allow for comparisons, we arbitrarily chose τ ≥
þ6.0% (TARSS ≥ 0.984) as the performance benchmark.
Spectral performance of simulated or fabricated components
above this benchmark is considered within the target AR

Fig. 2 Distributed histograms of voids (in black) and islands (in red) from the feature sizes corresponding
to the SEMmicrographs of the random structure AR boundaries shown in Fig. 1. The identifiers (a, b, and
c) correspond to the measured process types from Table 1. The histograms were computed using
granulometry.
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bandwidth. Data in Fig. 4 indicate that the PAR has an AR
bandwidth of 340 nm, with peak performance (τ ¼ þ7.2%)
at 633 nm. Of note is the gradual enhancement reduction of
the PAR at wavelengths longer than 900 nm, whereas the
short wavelength transmittance is sharply rising after 300-nm
wavelength due to the single-layer design. A more detailed
comparison of the transmission enhancement above 6%,
namely the peak enhanced wavelength and the enhancement
bandwidth, is shown in Table 2.

The rARSS samples tested (Fig. 4) demonstrated trans-
mission enhancement ranging from τ ¼ þ6.1% to þ6.9%,
near the 633-nm wavelength. The different morphologies
of the subwavelength structures, which depend on the
process parameters, determined the broadband antireflective
property and the optical performance of the surface. Sample
A has the widest AR bandwidth. The highest transmission
enhancement was measured using sample B, within an
AR bandwidth of 575 nm, second highest in the set. As
shown in Table 2, the asymmetrically processed sample C
has the narrower enhanced bandwidth. Sample C has also
the lowest transmission enhancement at 633 nm, compared
with the other three FS rARSS substrates. Overall, the proc-
essed substrates show mutually comparable spectral trans-
mission responses.

The polarized transmission measurements yielded the
results shown in Fig. 5. The angular resolution of our mea-
surements was ∼0.1 deg, and multiple measurements were
conducted for each AOI. The average maximum-to-mini-
mummeasurement deviation was <0.007% for all data points
and the average standard deviation was <0.08% for all data
points. The dynamic detection range of the CASI system is
capable of resolving smaller deviations, which allows for
high confidence in the measurements. All samples had higher
polarized transmittance than the unprocessed FS, from
0 deg to 36 deg AOI. Sample B had the highest polarization

insensitivity, with Tp ¼ Ts from 0 deg to 57 deg AOI.
Sample C was found to be underperforming all rARSS
substrates.

The fact that the samples processed with the same features
on both sides (samples A, B, and D) showed polarization
insensitivity from at least 0 deg to 30 deg AOI is comparable
with both theoretical and experimental results found in the
literature for periodic AR surface structures.29,30 However,
these periodic examples do not show polarization insensitiv-
ity near the Brewster’s angle like sample B does here. Poitras
and Dobrowolski31 have shown that polarization insensitivity
is possible to achieve at extreme angles of incidence using a

Fig. 3 Differential population (a) and differential normalized distribution (b) of the granule sizes measured
from the FS sample random AR surfaces. The identifiers (I, II, and III) correspond to the measured proc-
ess types from Table 1. Positive numbers indicate a plurality of silica islands, where negative numbers
indicate more voids (air) than islands. The trend lines are for ease in viewing.

Fig. 4 Measured spectral transmission enhancement in percent (τ),
for FS samples processed with rARSS on both sides. The four sam-
ples depicted by solid lines (A, B, C, and D) were etched as shown in
Table 1. The transmission spectra were measured at normal inci-
dence. The enhancement scale is logarithmic. The horizontal dashed
line indicates the theoretical maximum transmission enhancement
value for FS, and the vertical dashed line indicates the HeNe laser
wavelength at 633 nm. The PAR simulation result is shown as the
dashed line.
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gradient refractive index with the appropriate refractive
index profile. Since these rARSS are modeled as a gradient
refractive index material, rather than as a subwavelength gra-
ting, which is the periodic AR surface structures standard
model, it appears that this polarization independence ability
can be understood as the result of a gradual index increment
from the superstrate value to the substrate index value. It
can also be assumed that rARSS that have different polari-
zation independence performances must have different gra-
dient refractive index profiles.

Sample A, which has the widest transmission enhance-
ment bandwidth at normal incidence and a τ comparable
with sample B, is polarization insensitive to about 50 deg
AOI, with a measurable difference in polarized enhancement
beyond that angle. Of note is the inability of all rARSS sub-
strates to match the Brewster’s angle transmittance for the
p-polarized state, where the unprocessed substrate has a
~100% value. This can be interpreted as a physical manifes-
tation of a silica “dilute” layer, conceptually equivalent to the
EMA layer.

Table 2 Comparative performance list of the simulated ARC and fabricated rARSS on 1-mm-thick FS substrates.

Data type Sample τ > 6% bandwidth (nm)
Peaked τ at

wavelength (nm)
τ at peak

wavelength (%)
τ at 633 nm

wavelength (%)

Simulation PAR 340 633 þ7.2 þ7.2

Fabricated A 710 765 þ6.8 þ6.6

B 575 760 þ6.9 þ6.7

C 175 715 þ6.1 þ6.0

D 310 710 þ6.4 þ6.3

Fig. 5 Measured normalized transmitted power for s (green points) and p (red points) polarized light
through both surfaces of the FS samples, taken at 633 nm. Dashed lines shown are the theoretical
S and P transmission for an unprocessed FS slab. Brewster’s angle (55.4 deg) is also indicated by
the vertical dashed line. The labels A, B, C, and D correspond to the substrates listed in Tables 1
and 2. The maximum and minimum measurement values are indicated by the vertical limit bars for
each AOI.
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To make a clear quantitative comparison of the polarized
transmission response of the rARSS substrates, as mentioned
previously, we calculated the deviation from unity of the
polarization extinction coefficient. Figure 6(a) shows the
results from the measured set A, B, C and D, where
Fig. 6(b) shows the same results compared with the com-
puted performance of the ideal PAR. Displaying the data
obtained using Eq. (2) on a semilogarithmic scale allows
for direct comparison of the polarization insensitivity, as
the range of 0.1 to 0.0001 is magnified. The unprocessed
FS substrate is also plotted for reference in Fig. 6(a).

Apart from the deviation of measured values for
AOI > 65 deg, the four rARSS samples have distinguish-
able performance traits. As the desired polarization inde-
pendence is indicated by measurements as close to zero
as possible, sample B is outperforming all other substrates.
The B polarization extinction transmission ratio deviation
from unity (eT − 1) value from Fig. 6(a) is below 0.01 for
AOI < 61 deg. Substrates A and D, with different surface
processing but identical processing on the front and back
of the sample, show a similar value for AOI < 50 deg,
where substrate C bifurcates beyond 35 deg. Of note is
the difference in the slope of eT − 1 for A and D beyond
50 deg, an indication that the AR layers are not identical
in nature. At low AOI < 30 deg, the simulated PAR has bet-
ter polarization insensitivity than the measured samples,
mainly due to the absence of a limiting value for the simu-
lation. The substrates A, D, and C have an extinction ratio
deviation: 0.0001 < eT − 1 < 0.01, in the range of 0 deg and
30 deg. Tested sample B can be best simulated using a strati-
fied EMAmultilayer boundary, with conical random features
of a maximum height of 400 nm and 40 sequential strata.

4 Conclusions
The four samples discussed in this paper show that rARSS
with quantitatively different morphological features can have
very similar transmission spectra at normal incidence. At

normal incidence, these samples had peak transmission
enhancement values comparable with PAR thin-film simula-
tions. This could lead to the assumption that many different
rARSS fabrication morphologies will act identically to each
other and comparably to a PAR thin film. However, when the
transmission through the rARSS samples is investigated at
varying angles of incidence and with separate polarization
states, differences between the various rARSS feature mor-
phologies and their performance become apparent. Our
results show that FS substrates processed with rARSS have
high transmission enhancement for AOI of 0 deg to 55 deg,
for the desired wavelength of performance. The rARSS sam-
ples were also shown to have a lower degree of polarization
(measured on the order of 10−3) than PAR thin-film simula-
tions and polarization insensitivity from 0 deg to 60 deg.
When the samples were compared with each other, our
results show that samples with different feature morpholo-
gies on each side of the substrate will only have polarization
insensitivity at low AOI. For samples with identical features
on both sides of the substrate, some may perform similarly
at low AOI, but they will eventually show two distinct
polarization extinction deviation curves as AOI increases.
Ultimately, the best performing rARSS sample (the sample
with the polarization independence results as close to zero
for the largest AOI possible) was the sample that was best
simulated by an EMA multilayer boundary, which adds fur-
ther validity to using this method for rARSS simulation in
the future. These results can have considerable impact on
the AR treatment of FS optical surfaces for polarization sen-
sitive applications in the future.
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