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Abstract. Antireflective nanostructured surfaces (ARSS) enhance optical transmission through
suppression of Fresnel reflection at boundaries between layered media. Previous studies show
that random ARSS (rARSS) exhibit broadband enhancement and polarization insensitivity in
transmission when applied to flat optical windows. Zinc selenide windows with rARSS treat-
ment were fully characterized (transmittance, reflectance, and angular scatter) in the midwave
and long-wave infrared range (2 to 12 um). Four morphologically different, random nanorough-
ness, antireflective surfaces were tested at: normal incidence transmission, at 15 deg angle of
incidence, and 15 deg to 45 deg angle of reflection. The angular reflectance distribution resem-
bles a diffuse dipole radiator due to the finite elongated beam cross section at the incidence
surface. Scattering diagrams with main and side lobes are presented. Partially integrated scatter
values were obtained, allowing the comparison of random antireflective boundary performance
to optically flat surfaces. Comparing axial transmission and specular reflection with the scattered
performance, an accurate determination of the redistribution of the incident energy is obtained.
Measurements of the rARSS feature topology were determined from autocorrelation of the scan-
ning electron microscope images of the nanoroughened substrates, to assess the structured sur-
faces’ feature scales. The results show differences in scattered intensity over the wavelength
bands of interest, correlating with surface random feature populations. © The Authors.
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1 Introduction

Fresnel reflection occurs when light is incident on boundaries separating dielectric regions with
different optical refractive indices. Antireflective (AR) treatments, such as thin-film coatings,
suppress reflections by destructive interference along the propagating directional axis. Recent
studies have demonstrated that random antireflective structured surfaces (rARSS) can be used as
an alternative to thin film coatings, reducing Fresnel reflections in the visible and the infrared
(IR).'~® Broadband response, high transmission across wide ranges of angle of incidence (AOI),
and polarization insensitivity have also been reported.”!® In general, the AR effects correlate
with the density and depth of the nanostructures, simulating an effective medium gradient-index
boundary profile, which reduces Fresnel reflectivity.

Optical windows with antireflective treatments are characterized in transmission or reflection
using spectrophotometers. Transmission enhancement is determined when the nanostructured
surface results are compared to that from an unprocessed sample.® Although transmission
enhancement can be achieved by the suppression of specular Fresnel reflection, the inverse argu-
ment does not hold. In cases where surface-induced scatter is evident, the on-axis spectral reflec-
tion and transmission can be reduced simultaneously. In those cases, the sum of the detected
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power along the wavevector axis is lower than the total incident power; or, if the measurements
are normalized to one of the measured quantities and extrapolated, the sum of the reflected and
transmitted powers results in more than the incident normalization (i.e., >100%). This is mainly
due to the random surface nanoroughness transverse feature size distribution (lateral cross sec-
tions), which scatters light nonspecularly and distributes irradiance within solid angles much
wider than optical quality polished substrates do.

Off-axis specular performance in optics is examined using the general fundamentals of opti-
cal scatter. Residual surface roughness, subsurface scatter from coatings, particulate scatter and
bulk scatter due to index fluctuations all need to be considered when characterizing the trans-
missive or reflective performance of an optical component.'! Scatter induced at an interface can
potentially diminish image contrast or resolution, inhibiting the performance of imaging or sig-
nal processing systems. Understanding the causes of scatter and its effects on the performance of
optical components is necessary to optimize imaging systems that use multiple optical surfaces.
While scatter can be detrimental to the performance of an optical system, it can also be used to
preferentially suppress physical properties of optical interfaces by selectively adding features to
produce a controlled scattering effect.

Topological nanoscale features on surfaces are described using statistical distributions, which
quantify their transverse-size population groupings (cross sections), their packing density, and
their height values (or depth below the original surface level). It has been shown that random
rough surfaces generally have Gaussian distributions of scaled features and can be approxi-
mately characterized by a surface root-mean-square roughness parameter.'> When feature dis-
tributions have spatial frequencies near the incident radiation value, the roughness is considered
bandlimited (or relevant) and it results in observable diffraction effects. Redistribution of light
from the wavevector axial region into wider angles correlates with the relevant high-spatial
frequencies approaching the order of the incident wavelength; conversely, midspatial frequencies
are generally responsible for broadening the near-specular beam width in the far field.'
Statistical surface profiles, therefore, give insight into the directional scatter of interfaces and
vice versa.

Mid-wave infrared (MWIR) and long-wave infrared (LWIR) measurements of spectral trans-
mittance [7(1)] and reflectance [R(4)] are collected using spectrophotometers with temporally
incoherent and unpolarized light sources (e.g., globars). Such instruments have much larger
apertures than the wavelengths in the IR band, resulting in poor spatial coherence in addition
to their poor temporal coherence due to the thermal nature of their light-emission mechanisms.
Because of low coherence, interference phenomena induced between surfaces of relatively thick
(>5004) transparent substrates are not prominent. Additionally, spectrophotometers normalize
their measurements using a “background spectrum” or baseline, which is taken differently for
each type of data set. In transmission, the background is collected as the irradiance through the
system in the absence of the substrate to be tested. In reflection, the background irradiance of the
system includes a reflective mirror, which is a single-surface optical component. Although this
restriction is not significant for opaque substrates within the test bands, for transparent substrates
there are multiple “front-to-back™ reflections that contribute to the detected signal, and the nor-
malization is not strictly comparable. Spectrophotometric intensity measurements cannot distin-
guish between single-surface reflections and overlapping reflections from the front and back
surfaces of a transparent substrate, especially when the two surfaces are not identical. Therefore,
at off-normal-incidence reflection conditions, the “top” and “bottom” irradiance reflections will
overlap and the measured angular intensity distribution will be higher than the “top” single-
surface response alone [Fig. 1(a)]. For nanoroughened substrates, the directional distribution
of light from the front and back surfaces contribution will have additional scatter, which is differ-
ent than that of an optically flat sample. Due to the finite size of the movable collection mirror,
scattered light outside the directional collection cone (AOC) is not captured. The redistribution
of light from the specular region is quantified by measuring wide-AOC intensities and compar-
ing the angular distribution of light from a processed substrate to the optically flat (unprocessed)
substrate [Fig. 1(b)].

During a reflection measurement, the incident beam is directed at the sample surface and
reflected toward a collection mirror. The spectrophotometer used in this study is limited in
motion along the counterclockwise directional sense. Depending on the optical system’s
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Fig. 1 (a) Configuration of reflection measurement of the spectrophotometer used in this study.
Light is focused onto the transparent sample plane and the reflected cone of light (red shaded
area) is collected by rotationally scanning the collection mirror. Nanoroughened substrates may
scatter light outside of the directional cone of collection (dotted outlined area). (b) Angular intensity
distribution is presented as a directional diagram from —15 deg to 45 deg AOC on a radial log-
arithmic normalized power scale. An aluminum mirror is used as a background (dashed line). Main
lobe, side lobe, and wide-angle scatter (>+ 15 deg from specular) of nanoroughened sample’s
intensity distribution (red circles) is quantitatively examined for changes in magnitude, width, and
shape compared to the optically flat sample (black squares).
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alignment, signature data associated with the background may exhibit biasing in one angular
direction, causing an asymmetric pattern to form.'!

Transparent optical components are used exactly because of their transparency, and therefore,
suppressing this secondary contribution during measurements does not provide a good compari-
son of overall component functionality. For a transparent substrate with a nanostructured AR
surface, determination of the surface’s bidirectional scatter (BDS) due to the scale of the random
structures is desired. Since the instrument directly measures only specular spectral reflectance,
including the background and double-reflection limitations mentioned above, one cannot assume
that single-surface reflectance is to be completely determined by a single transmittance spectrum
or the inverse. To determine BDS, both R(4) and T(4) have to be measured. The subtlety is to
extract meaningful comparisons between optical single-surface reflectance, for components that
have an AR nanostructured surface with respect to the original planar polished surface condition
with the presence of the second (back) substrate surface contribution.

The purpose of this report is not to compare random surface-nanostructure fabrication meth-
ods and their relative effectiveness, nor to contrast AR performance of nanostructures compared
to conventional thin-film coatings. We present complete sets of reflection, transmission, and
near-specular angle scatter measurements due to the presence of randomly structured surfaces,
realized using a controlled fabrication process.

2 Experimental Procedure and Results

Optical-quality ZnSe windows were used to fabricate and measure random antireflective nano-
structure scatter effects in the bands of interest mentioned before. The 25.4-mm-diameter round
substrates had an optical quality polish, with a measured 7-nm average roughness, 9-nm root
mean square (rms) roughness, and a thickness of 3 mm. The random nanostructuring of the
surfaces was achieved using the “thermodot” method described in detail elsewhere.'* For com-
pleteness, the method is outlined in brief below.

Figure 2 shows scanning electron-microscope (SEM) images of four, randomly nanostruc-
tured, zinc selenide surfaces (ZnSe:A-D), a common material used for IR optics. The optical
substrates were coated with a thin, hard dielectric film (in this case AIN) at an empirically deter-
mined thickness, which is sufficient to mask the substrate from the reactive-ion plasma etching
radicals for the duration of the fabrication etch process. A thin layer of metal (Ni) is deposited on
top of the dielectric film, and it is rapidly annealed to form nanoscale islands on the dielectric
surface. The density of the metallic islands is controlled by the rapid thermal annealing process
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Fig. 2 For each of the four ZnSe-panels: top-down (left side) and 45 deg tilt view (right side) SEM
images of nanostructured ZnSe pillars from the tested substrates.

schedule and the surface energy between the metal and the dielectric, whereas the island height is
a function of the deposited metal-film thickness. In Fig. 2-ZnSe:A, a top-down SEM image of the
thermodots on the dielectric surface is shown. The dots, controlled by the thermal process param-
eters, can vary in footprint shape and diameter—with an averaged-diameter population distri-
bution that is statistically repeatable. The nanoisland statistical description (averaged diameter,
proximity, and density) is measured using a numerical autocorrelation of the top-down SEM
images. The transverse spatial frequency upper and lower limits are determined by this calcu-
lation, corresponding to nanoisland average cell size and diameter, respectively, which is then
used to compute the average spacing dimension between the metal dots. Although the autocor-
relation method is not as descriptive as granulometric histograms,” comparative results within the
set of measurements allow classification of the samples by feature scales.

The hard dielectric (AIN) is etched completely from the metal-vacant areas in a reactive-ion
plasma (RIE), resulting in transfer of the random island metal-footprint patterns in the AIN layer.
The random surface pattern is then etched through using a substrate-selective plasma, resulting in
pillars with a “top-capped” profile (Fig. 2-ZnSe:A-right panel). The thermodot Ni masking caps
were removed after the substrate etch step using a commercially available wet chemical Ni-
etchant solution. The residual AIN caps remain on the original substrate pillars. The height
of the pillars is controlled by the total etch time, whereas the chamber pressure and applied
rf-power RIE parameters control the sidewalls of the pillars. The random-surface feature scale
values for each of the four samples used in this study were measured and are listed in Table 1.

Table 1 Surface randomness averaged dimensions for ZnSe samples featured in Fig. 1.

Surface parameter

(for islands/pillars) ZnSe:A ZnSe:B ZnSe:C ZnSe:D
Diameter (nm) 214 233 175 174
Cell size (nm) 487 457 360 368
Spacing (nm) 273 224 185 194
Height (nm) 653 1600 2500 1600
Density ratio (%) 44 51 49 47
Aspect ratio 3.05 6.87 14.29 9.20
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Fig. 3 Measured normal incidence (axial) transmission (T) and specular reflection at 15 deg (R),
for the single-surface rARSS processed samples (red solid lines) and an optically flat ZnSe sub-
strate (black dashed lines).

The pillar density ratio, calculated as the ratio of the average diameter to cell size, and their
height-to-diameter aspect ratio, are comparative indicators of the random pattern density and
effective depth. The pillar height is measured from the 45-deg-tilted, wide-field-of-view
SEM images, with the appropriate geometrical corrections. For the representative sample group
shown in this report, the pillar density varies from 44% (ZnSe:A) to 51% (ZnSe:B), and the
aspect ratio from 3 (ZnSe:A) to 14 (ZnSe:C). Qualitatively, we can describe the samples tested
as ranging from shallow and sparse (ZnSe:A) to deep and dense (ZnSe:C).

Spectral T(4) and R(A) were measured for all ZnSe substrates shown in Fig. 2. The mea-
surements were collected using a spectrophotometer (Bruker, Vertex-V80), across the MWIR
and LWIR spectrum (2 to 12 ym), at normal incidence for 7'(1) and at 15 deg AOI for
R(1), sweeping AOC from 15 deg to 45 deg. For unpolarized and incoherent light, specular
reflectivity is not appreciably changing for angles between normal incidence and the substrate’s
Brewster angle value. This allows a good approximation, pairing the 15-deg AOI R(4) data with
the normal-incidence T'(4) measurements. The results of the specular reflection and axial trans-
mission are shown in Fig. 3.

Three of the four ZnSe nanostructured substrates, ZnSe:A, B, and C, have axial transmission
enhancement within the wavebands measured, due to the presence of the rARSS on a single
facet. At MWIR wavelengths (3 to 5 ym), summing the normalized axial transmission and
reflection from the processed samples does not yield unity (100%) within our measurement’s
degree of uncertainty (£0.5%), suggesting there is an additional mechanism that is removing
light from the axial light-propagation direction. Transmission is enhanced by 7% for sample A at
MWIR wavelengths, whereas samples B and C have increased transmission (4-10%) in the
LWIR (8 to 12 ym). Sample D shows no improvement across the measured wavelength bands.
Although the measured spectra of samples B and C are similar, it is noted that the surface features
of the two samples shown in Fig. 2, and the surface randomness scale descriptors in Table 1, are
morphologically distinct. The most noticable difference between the two samples is their pillar
aspect ratio, which is more than twice as large for sample ZnSe:C, whereas the pillar density ratio
is more comparable between the two. The transverse-feature cell size is smaller for ZnSe:C
compared to ZnSe:B, and almost identical to ZnSe:D. On the other hand, ZnSe:A and B have
the same cell size and clearly different pillar aspect and density ratios.

Total integrated scatter (TIS) is a measure of all scattered intensity outside the region strictly
defined by the light beam along the axial or specular direction. TIS can be useful for reducing
large amounts of scattering data to a single comparative quantity, which defines the general
scattering performance of optical interfaces. Due to the finite size of the spectrophotometer’s
collection mirror, the specular region is taken as the cone of collection spanned by the mirror,
defining a limited integrated scatter region (Fig. 1). When testing transparent windows, surface
scatter propagates in both the reflection and transmission directions; therefore, the spectrome-
ter’s detector mirror collects integrated scatter data in the transmission mode over the finite col-
lection aperture as well. By combining the data of both the transmitted partial integrated scatter
(contained in our normal incidence axial direction), as well as the integrated scatter cone of the
specular reflection, BDS can be determined to further distinguish between the scattering induced
by the various roughened surfaces.
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As mentioned earlier, wide-angle scattered light escapes the spectrometer’s cone-of-collec-
tion. To calculate the BDS, due to a single nanostructured surface on a transparent substrate, the
unprocessed sample’s double-sided (UDS) intensity measurements Typg(4) and Rypg(4) are
first summed to quantify the instrument’s total measured irradiance reference. This value is used
as a renormalization

Typs(4) + Rups(4) = Iy(4) = 1. (1)

In general, these quantities are normalized independently by the instrument and may not add
to unity (100%), as their respective “baseline” normalizations are different: in the Rypg(4) case
there is a front surface metal mirror, whereas in the Typg(4) case it is the unobstructed incident
light beam. We assumed that the unprocessed substrates, having a high-quality optical polish,
have no appreciable scatter within the dynamic range of the spectrophotometer’s detector.
Following Eq. (1), the nanostructured surface sample’s measurements Tppg(4) and Rppg(4) can
be added to give

Tpps(4) + Rpps(4) + Zpss(4) = Ip(4) + Zpss(4) = 1, ()

where Zpgs(4) is the noncaptured single-surface BDS and Ip (1) is the total irradiance measured
by the instrument. Dividing Eq. (2) by Eq. (1), we proceed to calculate the net scattered irra-
diance ratio opgg(4), which is normalized to the nonscattering, unprocessed substrate’s total
irradiance

3)

opss() =1 — {I”u)}.

Iy(4)

Renormalization of the processed window reflection and transmission to the unprocessed
sample values eliminates the unprocessed back-surface intensity contributions, common to all
tested substrates, and produces a value for the radiative BDS, depending only on the presence of
the processed single-sided surface. If the sum from Eq. (1) results to values near unity across the
entire spectral range of measurements, then the single-surface scatter Zpgs(4) in Eq. (2) and the
scattered irradiance ratio opgg(4) from Eq. (3) are going to be within the instrument’s measure-
ment uncertainty, and we can consider them equal. Proceeding with this assumption and
rearranging Eq. (2), we can relate the processed samples Rppg(4) to the unprocessed sample
double-sided intensity measurements Rypg(4) by a wavelength-dependent scaling factor f(4)

1 = opgs(4) = Tpps(4) ® Rpps (1) = f(4) - Rups(4). “4)

In this sense, the processed scattering substrate is a “lossy” version of the double-sided pol-
ished substrate, with the losses attributed only to the single processed face. We note that
f(4) < 1, since the randomly nanostructured surface reflectance can only decrease along the
specular direction as the scattered power will distribute over a solid angle of 2z steradians.
Because all scatters are due to the single nanostructured surface, the same scaling factor could
apply to the processed single-side reflectance Rpgg(4) relating it to the unprocessed single-side
value Rygg(4)

®)

Rpss(2) ~ £(2) - Russ(2) = £(A) { Ryps(4) }

[2 = Ryps(4)]

The last step in Eq. (5) is obtained by algebraic manipulation of the polished double-sided
reflectance equation that relates the single side Tygs(4) and Rygs(4) to the double-sided quan-
tity Ryps(4)."*

Using the preceding estimations, the total BDS: Zpgg (1), the single-side reflectance: Rpgg(4),
and transmittance: Tpgg(4), for each ZnSe rARSS sample in Fig. 1 were calculated and shown in
Fig. 4. As expected, the scatter is high for shorter wavelengths (MWIR) and decays as wave-
lengths increase (LWIR). Some qualitative comparisons are evident. The surface of sample A has
fine and sparse nanoroughness inducing almost uniform low scatter across the wavebands.
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Fig. 4 Calculated BDS (%) (dash-dotted line), single-surface reflectance (R), and single-surface
transmittance (T) for each single-surface processed ZnSe substrate (red solid line), and the opti-
cally flat ZnSe window (dashed line) in Fig. 1, using Fig. 3 measured spectra and Egs. (3)-(5).
Light scatter from the optically flat substrate was negligible over the wavelength band of interest.

Consequently, the transmittance of ZnSe:A in Fig. 3 shows a transmission enhancement
result in the MWIR, and some scattering losses at the LWIR. In contrast, sample ZnSe:D, with
larger and wider features, shows strong scattering in the MWIR, which affects its transmittance
considerably.

Off-axis reflectance was measured as the collection mirror was swept from 6, = 15 deg to
45 deg, keeping AOI fixed at 15 deg. The variation in the collected radiance is due to the angular
dependence of the reflected area-solid angle product dA,dQ;. Due to the elongation of the inci-
dent beam’s finite cross section in one direction dA,/ cos 6;, the signature of the tool (single-
surface mirror) appears to be similar to a diffuse dipole radiator. For transparent substrates, the
double reflection will extend the apparent radiator length due to overlapping front-to-back
reflected elliptical spots, accentuating the radiator’s characteristic shape.

Verification of the spectrophotometer set up alignment was conducted by taking measure-
ments at 25 deg and 30 deg AOI, sweeping AOC (15 deg to 60 deg) to determine the symmetry of
the tool’s signature intensity angular distribution. In those test cases, the clockwise and counter-
clockwise power distributions measured were approximately equivalent within the sensitivity of
the instrument. After verification of the optical system limitations, the angular reflection data
taken at 15 deg AOI, 15 deg to 45 deg AOC, was mirrored over the specular ray axis to produce a
complete directional view of the scattered light distribution; however, we note that the data
shown here consist only of counterclockwise-sense (increasing positive angle) reflectance meas-
urement distributions.

Samples of the polar logarithmic-scale intensity distributions, at 4 and 10 um wavelengths,
are presented in Figs. 5 and 6. These figures show main- and side-lobe directional diagrams for
each nanoroughened sample, the optically flat window, and the aluminum mirror. By examining
the width (angular spread) and magnitude (reflection suppression) of the main and side lobes in
the directional diagrams, we can make qualitative comparisons of the nanotextured surface per-
formance compared to the optically flat sample. At an incident wavelength of 4 ym (Fig. 5),

0°

—15° 15° —15°

30°

A=4 um

Reflectance Reflectance Reflectance Reflectance

Fig. 5 Measured reflected directional intensity distributions at 4-um wavelength, including scat-
tered light outside of the directional cone (+3 deg < 6, < +27 deg). The processed surface (red
circles) is compared to its unprocessed counterpart (black squares) and the mirror signature
(dashed line).
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Fig. 6 Measured reflected directional intensity distributions at 10-um wavelength, including scat-
tered light outside of the directional cone (0 deg < 6, < +30 deg). The processed surface (red
circles) is compared to its unprocessed counterpart (black squares) and the mirror signature
(dashed line).

redirected light is observed at wide angles for samples B, C, and D, within
—15 deg < 6. <43 deg and +27 deg < 8. < +45 deg, including the elimination of the side-
lobe signature shape and increased wide-angle scatter, which is an order of magnitude higher
than the optically flat sample at similar AOC. Additionally, samples B and C show a redistrib-
ution of light within the directional cone of collection (+3 deg < 6. < +27 deg), signified by
the respective widening and narrowing of the main-lobe shape. Sample A shows reduction of
main- and side-lobe magnitudes without significant redistribution of light from the specular
region into the wide-angle region (+3 deg < 6.0rf. > 427 deg) or change in signature shape
compared to the unprocessed window. In the LWIR band (Fig. 6), the directional diagrams of all
samples resemble the signature of the optically flat sample, with reduction in magnitude of the
main lobe and side lobe due to suppression of the processed substrate’s Fresnel specular reflec-
tivity. Wide-angle scatter of all samples is on the order of the optically flat substrate scattered
intensity values.

3 Analysis and Discussion

Polar representation of scattering data is useful to visualize the directionality of light within an
optical system. Logarithmic-scale intensity distinguishes between the reflectivity of the main and
side lobes of the directional diagrams, which can have four or more orders of magnitude differ-
ence. The angle of collection (6,.) can be scaled in a semilogarithmic format, similar to conven-
tional scattering formatting used by Harvey.!' Using the parameter § = sin(é.,.), scattering data
can be compared over multiple AOI due to the shift invariance of radiometric radiance. The
reflectance ratio presented here may not be considered radiance in a strict sense; however, plot-
ting as a function of # allows for efficient examinations of the axial, narrow, and wide-angle
scatter distributions compared to the polar representation, which can obfuscate wide-angle
(> £ 15 deg from specular) low-intensity data near the polar origin, such as in Figs. 5 and
6. We investigated the spectrum data using this representation. Selected scattering profiles at
4 ym (Fig. 7) and 10 ym wavelengths (Fig. 8) are presented below.

Reflectance
>

10 v, : ".
AT (0 hAt
A=4um : -«':«W.\“"
10— AL Aol ol BB
02 04 06 0802 04 06 0802 04 06 0802 04 06 08
B=sin(6) B=sin(0) B=sin(6) B=sin(6)

Fig. 7 Measured reflected angular intensity distribution at 4.0-um wavelength, from the rARSS
substrates (red circles), the unprocessed ZnSe window (black squares), and the reference mirror
(dashed line), presented as logarithmic reflectance functions of parameter f.
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Fig. 8 Measured reflected angular intensity distribution at 10-um wavelength, from the rARSS
substrates (red circles), the unprocessed ZnSe window (black squares), and the reference mirror
(dashed line) presented as logarithmic reflectance functions of parameter .

Main and side lobes of the unprocessed sample measured scattering distribution are propor-
tional to the measurement mirror performance (background), with a uniformly reduced mag-
nitude due to the lower Fresnel reflectivity of ZnSe. Scaled conformity of the angular
reflectance distribution signifies that scatter due to the presence of particulate contamination
is minimal for the optically flat window. The mirror’s and unprocessed sample’s main lobe
angular extent remains constant for 0.26 < # < 0.45 (15 deg < 6. <27 deg+0.5 deg) over
the measured wavelength band, whereas the side-lobe intensity increases proportionally with
wavelength, and its angular extent does not change appreciably (7 deg +£0.5 deg). Samples
ZnSe:A, B, and D all exhibit broadening of the main lobe angular extent. The side lobes for
samples B, C, and D are suppressed at the 4.0-um wavelength, and the wide-angle scatter is an
order of magnitude higher than the optically flat substrate. At the 10-um wavelength, sample
ZnSe:B shows broadening of the main lobe angular extent. Sample A performance matches the
optically flat substrate in magnitude and shape, and samples B, C, and D have reduced main-
and side-lobe values, while maintaining the general shape of the signature of the mirror. Globar
IR-sources generally emit as blackbodies; therefore, uncertainty in the spectrophotometer
normalization occurs when the background and measured data approach three orders of
magnitude difference at longer wavelengths and large angles of collection. This agrees with
the elevated “noise” on our LWIR band measurements for f > 0.55 compared to the MWIR
measurements.

Global spectral reflectance contour maps, as functions of AOC and wavelength, were
assembled from all measurements to determine the performance of each sample with respect
to the measured parameter set in a continuous parameter space (Fig. 9). Characteristics of the
optically flat sample reflectance include: a near uniform spectral performance over the MWIR
and LWIR with respect to wavelength. The flat sample’s radiance map (Fig. 9-ZnSe:O) has a
clear separation between main and side lobes at # = 0.45 in the MWIR and a consistent loss of
contrast between the lobes as the wavelength increases into the LWIR. At wide angles (§ > 0.5),
the floor value of our reflectance measurements (10™*) is distinguishable across the entire wave-
length band, with minor measurement fluctuations due to the source instability in the LWIR and
at large AOC.

Processed samples (ZnSe:A-D) are characterized by comparing their reflectance distribution
contour gradients to that of the optically flat sample (ZnSe:O). The spectral radiance maps show
noticeable differences in performance for each sample at shorter wavelengths (2.0 to 5.0 ym) for
all AOCs. Sample ZnSe:A exhibits a side-lobe reduced magnitude while samples B, C, and D all
have a homogenization of the scatter distribution outside of the main lobe (§ > 0.45). Main lobes
of all samples measured decrease as the angular extent widens and the § = 0.45 boundary dif-
fuses. For samples B, C, and D, scatter at higher angles in the MWIR is an order of magnitude
larger than samples O and A. Longer wavelength measurements (5.0 to 12 um) of all samples
resemble the optically flat sample with reduced magnitude values. Contrast between main and
side lobes of processed samples diminishes for samples A, C, and D, whereas sample B has a
clearly defined separation between lobes at longer wavelengths.

A qualitative discussion of reflectance trends for each sample is necessary due to the large
parameter space within which the samples were measured. Generally, comparison of relative
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Fig. 9 Spectral reflectance contour maps for each ZnSe sample tested. The contour bands re-
present logarithmic reflectance values. ZnSe:O is the optically flat (unprocessed) window.

scattering trends between samples is important in the context of rationalizing the performance of
an optical window due to the presence of roughness. In cases of randomly roughened window
surfaces, modeling of the absolute scattering performance is difficult due to the limits of the
statistical parameters with which we define the random surface. The conventionally used
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rms-roughness measure is useful to qualify nanosurfaces due to the Gaussian distribution of
depth features; however, extending the rms measure as a single-quality parameter can mask dis-
tinct surface scattering effects when the surface feature size distribution is on the order of the
incident wavelength. The results shown in Fig. 9 show that a surface with shallow and sparse
nanoroughness (ZnSe:A) has better MWIR antireflective performance than a shallow and dense
surface (ZnSe:B), although in Fig. 3 the measured specular reflectance is lower for B compared
to A. The AR-apparent reflective effect does not result in a transmission enhancement, just a
redistribution of the incident energy in angular scatter reverse directions. Of note is that deep and
sparse random nanostructures increase the wide-angle scatter considerably (ZnSe:D). Finally,
for nanoroughness of the same density, comparing shallow (ZnSe:B) to deeper features
(ZnSe:C), is not mitigating the MWIR wide-angle scatter losses. At the LWIR, deep nanorough-
ness is not enough to provide higher transmission enhancement. ZnSe:D and ZnSe:B have aver-
age feature depths of the order of 0.14 and ZnSe:C is deeper at 0.251, yet B and C have very
similar spectral responses strictly on-axis (Fig. 3). The fact that B and C have almost identical
nanostructure densities, although their depths are dissimilar, seems to control the specular reflec-
tance suppression. Given specular reflectivity and random surface depth measurements only, our
results indicate that the axial transmission of random AR nanosurfaces cannot be accurately
determined.

4 Conclusions

A method to quantify in detail the performance of randomly nanostructured AR surfaces on
optical windows using single-sided-surface directional scatter reflectance and transmission
measurements was presented, with the aim to remove normalization inconsistencies from mea-
surements limited to nanostructured surface specular reflection alone. ZnSe windows with
controlled AR-nanostructure variability were measured in specular reflection and axial trans-
mission modes and normalized to optical-polished quality ZnSe surfaces. The nanostructured
surfaces have cross-sectional features, which are, on average, dimensionally within one order
of magnitude to the incident wavelength, a scale that requires measurement of directional scat-
ter to determine the incident irradiance redistribution beyond the optical surfaces in both the
forward and backward directions. The proposed method determines the surface-induced
Fresnel reflectivity reduction, including the additional bidirectional scatter. The method
requires axial transmission and specular reflection measurements of both the nanostructured
surface and the optically flat equivalent material substrate, in order to remove the “backside”
contribution of the transparent substrate and accurately determine the scatter due to the nano-
structured surface alone.

Addition of surface nanoscale features on an optical surface provides suppression of Fresnel
reflectivity in and at narrow-angle to the specular direction, and measurable off-axis redistrib-
ution of light into the wide-angle region. As the wavelength of light increases compared to the
size of the surface features, the suppression of the directional radiation is less prominent, while
the side lobes maintain comparable values to the optically flat substrate. This trend is evident
when examining the magnitude of scattering at single wavelengths or angles of collection; how-
ever, this does not uniformly scale with light scatter from short to long wavelengths. We show
these results, presenting reflectance measurements as a function of the directional parameter
and the incident wavelength for a selected set of sample surfaces. This analysis is only valid for
single-side nanostructured substrates due to the backside contribution and the uncollected scatter
in the axial transmission direction.

Suppression of the specular direction intensity does not imply an absolute enhancement of
axial transmission through a nanostructured window; rather, an increase on the main- and side-
lobe directional irradiance and angular spread is observed. MWIR scattering reflection distri-
butions show an increase in specular scatter for all processed samples (Fig. 4). The directional
angular irradiance distribution increases by 1 deg to 3 deg for all samples tested compared to the
unprocessed sample, signifying a redistribution of the specular irradiance out of the 12 deg
narrow angle of collection shown in Figs. 5 and 6. Additionally, samples ZnSe:B, C, and D have
narrow-angle distributions replaced by uniform scatter, which resembles an inverse power law
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function. In the LWIR, processed sample scattering distributions are closer to the values expected
from an optically flat sample, with some reduction in the main- and side-lobe magnitudes. Wide-
angle scatter (> =20 deg from specular) is reduced to our measuring tool’s noise level, sig-
nifying the feature sizes are too small to cause diffraction effects.

Measurements of the reflected angular intensity distribution of each processed substrate show
the redistribution of light outside the specular direction, aligning with expectations based on the
calculated BDS (Fig. 4). In the MWIR and LWIR, Fresnel reflectivity is shown to be suppressed
in the specular region, because light is redistributed from that specular region. As the wavelength
of incident light increases, the effects of scattering are less pronounced, yet measurable in the
narrow axial direction regime.
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