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ABSTRACT 

 

Electro-optical/infrared nanosensors are being developed for a variety of 

defense and commercial systems applications. One of the critical technologies 
that will enhance EO/IR sensor performance is the development of advanced 

antireflection coatings with both broadband and omnidirectional 

characteristics.In this paper, we review our latest work on high quality 

nanostructure-based antireflection structures, including recent efforts to 
deposit nanostructured antireflection coatings on large area substrates. 
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Nanostructured antireflection coatingsfabricated via oblique angle deposition 
are shown to enhance the optical transmission through transparent windows 

by minimizing broadband reflection losses to less than one percent, a 

substantial improvement over conventional thin-film antireflection coating 
technologies. Step-graded antireflection structures also exhibit excellent 

omnidirectional performance, and have recently been demonstrated on 6-inch 

diameter substrates. 

 
 

INTRODUCTION 

Electro-optical/infrared (EO/IR) nanosensors are being developed for a variety of 

defense and commercial systems applications [1-10]. These include ultraviolet (UV), 
visible, near infrared (NIR), mid-wavelength infrared (MWIR), and long-wavelength 

infrared (LWIR) nanotechnology-based sensors. All of these EO/IR nanosensor 

technologies will benefit from the development of advanced antireflection 

(AR)coatings that minimize reflection losses over a wide range of wavelengths and 
incident angles. 

Theoretically, it has been known for some time that Fresnel reflection losses 

can be minimized between two media by grading the refractive index across the 

interface. However, the unavailability of materials with the desired refractive indices, 
particularly materials with very low refractive indices, has prevented the 

implementation of graded and step-graded refractive index designs. Recently, 

however, a new class of optical thin-film materials consisting of porous nanorods has 

enabled the realization of ultra-low refractive index materials [11-13]. 
Oblique-angle deposition has been used to tailor the refractive index of 

porous, nanostructured SiO2 materials, and to build high-performance step-graded 

refractive index structures on glass and other relevant substrates. Step-grade designs 

enable the formation of antireflection structures that combine broadband and 
omnidirectional characteristics. In this work, we review the oblique angle deposition 

process,summarizerecent results from step-graded antireflection coatings on glass, 

and discuss our efforts to extend the nanostructured coating process to larger area 

substrates. 

 

 

OBLIQUE ANGLE DEPOSITION 

Figure 1 presents a detailed layout of the experimental setup of the oblique angle 
deposition technique for growth of porous nanostructured materials by e-beam 

evaporation. This technique creates a highly directional vapor flux and can be 

implemented with a variety of optical coating materials. Oblique-angle deposition is a 

method of growing porous thin-films, and hence thin-films with low-refractive index, 
enabled by surface diffusion and self-shadowing effects during the deposition process. 

Random growth fluctuations on the substrate produce a shadow region that incident 

vapor flux cannot reach, and a non-shadow region where incident flux deposits 

preferentially, thereby creating an oriented rod-like structure with high porosity, as 
illustrated in Figure 2. The deposition angle, defined as the angle between the normal 
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to the sample surface and the incident vapor flux, results in the formation of nanorod 
structures that are tilted relative to the sample surface. 

 

 
 

Figure 1: Illustration of the experimental setup used in the oblique-angle deposition 

technique for porous nanostructured materials. The incident physical vapor flux 

strikes the sample at an angle  relative to the surface normal. 
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Figure 2: (a) Simplified schematic of the oblique-angle deposition process for 
synthesizing porous, nanostructured films, showing (a) the initial formation of 

material islands at random locations across the substrate, followed by (b) the 

formation of self-shadowed regions and nano-columnar growth when material vapor 

flux arrives at a non-normal deposition angle ( ) to the substrate. 
 

 

Oblique angle deposition is a self-organized process that can be applied to 
many different materials. Figure 3, for example, depicts cross-sectional scanning 

electron micrographs of two nanostructured thin films: one employing silicon dioxide 

material (SiO2) and the other indium tin oxide (ITO). Both films were deposited at 

highly oblique angles (~ 80o), which resulted in the formation of well-defined nanorod 
structures. 

 

 
 

Figure 3: Cross-sectional scanning electron micrographs of nanostructured optical 

thin-films deposited by oblique angle deposition using (a) silicon dioxide and (b) 

indium tin oxide materials. 
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Because the gaps between the nanorods can be much smaller than the 
wavelength of visible and infrared light, the nanostructured layers typically act as a 

single homogenous film with a refractive index intermediate between air and the 

nanorod material, decreasing in refractive index with increasing porosity. Figure 4 
presents the measured refractive index dispersion curve as a function of wavelength 

from a layer of nanostructured SiO2 deposited at a highly oblique angle [12]. This 

low-index nanostructured SiO2 film was deposited on a silicon substrate and 

measured by ellipsometry. Also shown is a comparison of experimental reflectivity 
data with theoretical calculations. These results illustrate that nanowires and nanorods 

grown by the oblique angle deposition technique provide a pathway for fabricating 

high-quality broadband anti-reflection coatings for a variety of nanosensor 

applications. 

 

 
 

Figure 4: (a) Refractive index dispersion curve of a low-index SiO2 nanorod thin film 

on a silicon substrate as measured by ellipsometry, with (b) a comparison of the 

measured and calculated reflectivity spectrum. 

 
 

Figures 5 and 6 demonstrate the use of SiO2 and TiO2 nanowire and nanorods 

to achieve a high-performance step-graded antireflection coating on an AlN substrate. 

The feasibility of this technology has been demonstrated for UV light-emitting diode 
(LED) applications [12]. In the next section, we summarize our recent efforts to 

extend this technology to other substrates and other bands of interest in the visible, 

NIR, and MWIR spectrums for next-generation EO/IR sensors. 

 

(b)
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Figure 5: (a) Cross-sectional scanning electron micrograph of a TiO2 and SiO2 step-

graded index nanowire/nanorod coating which approximates a modified-quintic 

profile. The graded-index coating consists of three TiO2 nanorod layers and two SiO2 
nanorod layers. (b) The physical targets for each layer in the graded index coating, 

including deposition angle, thickness and refractive index. 

 

 
 

Figure 6: Reflectivity of the graded-index coating on an AlN substrate summarized 

above in Figure 5, including (a) Schematic of the reflectivity measurement; (b) 

Theoretical (solid line) and measured (dotted line) reflectivity of polarized light 

versus incident angle; and (c) Wavelength dependence of theoretical (solid line) and 
measured (dashed line) reflectivity at normal incidence. Further details can be found 

in reference [10]. 

(b)

Layer No. 1 2 3 4 5

Source TiO2 SiO2

Deposition 

angle 25 40 65 –68 –87

Thickness 

(nm) 77.4 80.2 99.3 145.0 223.0

Refractive 

index, n 2.03 1.97 1.67 1.27 1.05
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NANOSTRUCTURED ANTIREFLECTION COATINGS ON GLASS 
We have fabricated and tested a number of different step-graded antireflection 

structures on glass substrates [14-16]. In particular, oblique angle deposition has been 

used to deposit both two-and three-layer structures comprised of nanostructured SiO2. 
These multi-layer antireflection structures have been deposited on both one and two 

sides of a glass substrate, and the transmittance characterized as a function of 

wavelength and incident angle. 

Figure 7 compares the measured broadband performance of an uncoated glass 
slide to a glass slide coated on two sides with a multi-layered, nanostructured SiO2 

coating. The nanostructured coatings were prepared in an electron-beam evaporator 

using different deposition angles to form distinct layers with a step-graded refractive 

index profile. The inset in Figure 7 shows a representative cross-sectional scanning 
electron micrograph of a two-layer structure. The transmittance of the coated and 

uncoated glass slides was measured using an angle-dependent transmittance 

measurement setup consisting of a Xenon lamp light source and an Ando AQ6315A 

optical spectrum analyzer calibrated to detect transmitted photons over a broadband 
spectrum (400 nm – 1800 nm). The measured peak broadband transmittance at normal 

incidence of the uncoated glass slide is 92%, inline with the expected approximate 4% 

reflection loss at each glass/air interface. The peak transmittance increases to 98.3% 

for the double-sided, nanostructured coated glass, implying an average broadband 
reflection loss of less than 1% at each glass/air interface. As shown in Figure 7, the 

transmittance through the nanostructured SiO2 coated glass is also significantly higher 

than the uncoated glass across a wide range of incident angles. While the 

transmittance of the uncoated glass slide falls below 80% at an incident angle of 65o, 
the glass slide with the double-sided coating still maintains a transmittance above 

95%. 

The transmittance of coated and uncoated glass slides has also been measured 

as a function of wavelength at normal incidence using a JASCO V-570 
spectrophotometer. As seen in Figure 8, the measured transmittance through a glass 

slide is dramatically improved over the entire 400 nm to 1800 nm spectrum by the 

application of a nanostructured antireflection coating. In particular, the average 

measured broadband transmittance between 350 nm and 1800 nm increases from 
92.2% for the uncoated glass to 98.6% for the double-sided, nanostructured coated 

glass. Moreover, the transmittance through the glass coated with a nanostructured 

SiO2 coating exceeds 97.8% at all wavelengths between and 440 nm and 1800 nm, 

implying a glass-air interface reflectivity below 1.1% over a wide range of 
wavelengths. Optimized nanostructured antireflection coatings have been shown to 

outperform an ideal quarter-wavelength MgF2 coating over all wavelengths and 

incident angles [16]. 

 



64  Ashok K. Sood et al 

 
 

Figure 7: Angle-of-incidence dependent broadband transmittance measurement 
through a glass slide coated on both sides with a step-graded, nanostructured SiO2 

antireflection structure. Also shown is the measured broadband transmittance of an 

uncoated glass slide, and a cross-sectional scanning electron micrograph of a two-

layer nanostructured coating. 
 

 
 

Figure 8: Wavelength-dependent transmittance measurement of a step-graded, 

nanostructured SiO2 antireflection coating on a glass substrate using a JASCO V-570 

spectrophotometer. 
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LARGE AREA GROWTH 
The scalability of nanostructured, self-assembled antireflection (AR) coatings has 

been demonstrated on 6-inch glass and silicon wafers[17]. AR coatings with specular 

surfaces comprised of multiple layers of porous SiO2 layers have been deposited on 6-
inch glass and silicon wafers. The specific target thickness and refractive index values 

for the step-graded structure were chosen to minimize adipin transmittance near 550 

nm, observed in our earlier work and caused by an interference effect [14]. 

Double-sided structures were prepared in an electron-beam evaporator using a 
multi-step process that included two or three different deposition angles and two-step 

deposition at each angle. The two-step deposition enhances the thickness uniformity 

of each layer, as the deposited layer typically shows a linear non-uniformity in 

refractive index. A slight off-set of the deposition angle was employed to achieve 
graded refractive index of the layers for the entire area of the wafer. Figure 9 shows 

an optical image of the large-area AR-coated glass wafer with a 6” diameter. 

 

 
 

Figure 9: Photograph of the large-area AR-coated glass wafer that was fabricated and 

tested during this study. 
 

 

A light transmittance analysisindicates that the light transmitted through the 

AR-coated glass wafer yields up to 20% higher transmittance signal at off-angle light 
incidence and 5% higher transmittance signal at normal light incidence compared to 

the light transmitted through the uncoated glass wafer. In this experiment, a small area 

photovoltaic device has been used as a light signal detector and the short circuit 

current of the detector is used to evaluate the AR coating induced transmittance 
enhancement. 
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Figure 10 compares the detector current observed under various illumination 
conditions and light incident angles. In the case of light transmitted through the 

uncoated glass wafer, the normalized detector current varies from 1 to 0.87 as the 

light incident angle changes from 90° to 25°, respectively. In the case of light 
transmitted through the AR-coated glass wafer, the detector current varies from 1.06 

to 1.05 for the same light incident angles. This significant improvement in the 

detector current is due to enhancement of light transmitted through the glass wafer. It 

is thus evident that the ultra-high performance of AR coating has been scaledup to a 
larger area substrate for wider angle of light incidence. 

 

 
 

Figure 10: Comparison of normalized detector current for light transmitted through 
AR coated and uncoated glass wafers over a range of light incident angles. At normal 

incidence, light transmitted through AR coated glass yields 5% more current than 

light transmitted through uncoated glass. At off-angles, the AR coated glass yields up 

to 20% more current than light transmitted through uncoated glass. 
 

 

Broadband and high performance antireflection coatings have been 

demonstrated on large area flexible polycarbonate substrates. Polycarbonate is an 
excellent plastic for display filters, plastic lenses, and face shields, and is commonly 

utilized in commercial and defense applications. It provides high impact resistance 

combined with an excellent flammability rating. Nanostructured SiO2 multilayer AR 
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coatings with an optimized step-graded index profile have been deposited on both 
sides of polycarbonate sheets. 

The AR coating on polycarbonate eliminates nearly all the reflection loss and 

yields ultra-high optical transmittance. Figure 11 compares the optical transmittance 
spectra of AR-coated and uncoated polycarbonate sheets. The expanded transmittance 

spectrum over the visible band is plotted in the inset of Figure 11. As seen in the inset, 

the uncoated polycarbonate sheet shows approximately 90% transmittance over the 

visible spectrum (~400-800 nm). The AR coating on the polycarbonate sheet 
increases the transmittance to almost 100%, nearly a 10% enhancement in optical 

transmittance. The enhancement in the optical transmittance is observed for the entire 

visible and part of the near-infrared (NIR) band. 

 

 
 

Figure 11: Optical transmittance spectrum of a transparent polycarbonate sheet (5 mil 

thickness) before and after application of the large-area AR coating. The AR coating 
yields nearly 100% transmittance. 

 

 

Magnolia has designed and optimized step-graded index profiles for n-BK7 
lenses and windows. Nanostructured SiO2 layers of the desired refractive index were 

deposited on the surface of the optical components by an oblique angle deposition. 

Multilayer step-graded index profiles were created and optimized by controlling the 

refractive index and thickness of the individual layers. Figure 12compares the 
transmittance of uncoated and nanostructured SiO2 multilayer coated n-BK7 lenses. 

The nanostructured AR coating significantly improved optical transmittance through 

the lens from 94% to almost 100%. This optical transmittance enhancement has been 

preserved over the entire visible, and majority of the NIR, spectrum. Hence, the AR-
coated lens can transmit the near-total optical signal to a sensor over a broader 
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spectrum by eliminating the vast majority of unwanted reflections, enabling 
significantly higher responsivities in detector devices and thereby enhancing their 

effectiveness. This approach can be expanded to various infrared optical components 

and significantly improve imaging, sensing and detection capabilities of infrared 
systems. 

 

 
 

Figure 12: Measured wavelength-dependent transmittance of a nanostructured SiO2 

coated lens compared to an uncoated lens. 
 

 

SUMMARY 

This paper has shown that the growth of oblique angle SiO2 nanowires and nanorods 
offers an innovative approach for developing high quality antireflection coatings for 

use on next-generation sensors and optical windows to minimizing reflection losses 

for both defense and commercial applications. Step-graded nanostructured SiO2 

antireflection technology has been shown to be both broadband and omnidirectional 
in nature. Continued efforts are underway to demonstrate nanowire-based 

antireflection coatings for spectral bands from the UV to the IR for next-generation 

sensors, and to extend their functionality to larger area substrates. 
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