In: Comprehensive Guide for Nanocoatings Technology. Vol. 4  [ISBN: 978-1-63482-648-8
Editor: Mahmood Aliofkhazraei © 2015 Nova Science Publishers, Inc.

The license for this PDF is unlimited except that no part of this digital document may be
reproduced, stored in a retrieval system or transmitted commercially in any form or by any
means, The publisher has taken reasonable care in the preparation of this digital document,
but makes no expressed or implied warranty of any kind and assumes no responsibility for
any errors or omissions. No liability is assumed for incidental or consequential damages in
connection with or arising out of information contained herein. This digital document is sold
with the clear understanding that the publisher is not engaged in rendering legal, medical or
any other professional services.

Chapter 8

NANOSTRUCTURED ANTIREFLECTION (AR)
COATINGS FOR OPTOELECTRONIC APPLICATIONS

Ashok K. Sood', Roger E. Welser', Gopal G. Pethuraja’,
Adam W. Sood', Yash R. Puri', E. Fred Schubert’, Pradeep Haldar’,

Nibir K. Dhar’, Dennis L. Polla’ and Priyalal W:}ewarnasuriya6
'‘Magnolia Optical Technologies Inc.. Woburn, MA
*Department of ECSE and Physics, Rensselaer Polytechnic Institute, Troy, NY
*Colleges of Nanoscale Science and Engineering
SUNY Polytechnic Institute, Albany, NY
‘Defense Advanced Project Agency. Arlington, VA
*College of Science and Engineering, University of Minnesota, Minneapolis, MN
® Army Research Labs, Adelphi, MD

ABSTRACT

This Chapter will cover recent advances in nanostructured based detector technology
i.e.. materials and device for a variety of optoelectronic detection applications. The
material used in this chapter will include the published work in a variety of journals and
research performed under various programs in the US. The authors have many years of
experience working on a variety of nanotechnologies that include a variety of
semiconductors and other advanced materials for optical applications.

One of the critical technologies that will enhance the electro-optic/infrared (EO/IR)
sensor performance is the development of high quality nanostructure based antireflection
coating. We will discuss our results on the high performance nanostructure antireflection
coatings using TiO, and SiO, graded-index nanorods deposited by oblique-angle
deposition.

In this chapter. we will show that oblique angle nanowires and nanorods growth of
$10,; and TiO, offer an innovative approach for developing high quality anti-refection
coatings (ARC) for use on next generation sensors for both defense and commercial
applications.
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1. INTRODUCTION

Electro-optic/infrared (EO/IR) sensors operate in the optical radiation portion of the
electromagnetic (EM) spectrum. These include Ultraviolet (UV), Visible, near-infrared (NIR)
and long wave infrared (LWIR) Sensors. These sensors are being developed for use in a
variety of defense and commercial applications [1-6]. Current Visible-NIR focal plane arrays
(FAP) use InGaAs and SiGe that operate in 0.4 to 1.7 micron band [2].

Similarly, mid-wave infrared (MWIR) Sensors use InSb or HgCdTe based FPA’s that are
sensitive in 3-5 micron region [3, 4]. LWIR band uses either HgCdTe. strained-layer super
lattice (SLS) structures. or Si-MEMS based Microbolometers [5. 6]. To further enhance the
performance of EO/IR sensors, radiation hardened antireflection (AR) coatings have been
studied in using multilayer coatings on Silicon and CdTe substrates for MWIR and LWIR
applications [7].

These systems have been made possible, by substantial investment by Department of
Defense (DoD) and National Aeronautics and Space Administration (NASA) in the critical
technologies for short-wave infrared (SWIR), MWIR and LWIR Focal Plane Array and
Sensor Packaging Technologies. These investments have provided the necessary building
blocks for the infrared (IR) sensors that are being deploved in the field. These efforts have
addressed the performance enhancements and producibility of the key optical components.
Table 1.1 list the various semiconductors used in the EO/IR sensor and its refractive index.

The semiconductors used in EO/IR sensors have high refractive index, leading to a
significant amount of reflection from the top surface. This will reduce the light throughput to
the sensor and also the field of view. Hence, all of these EOQ/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.

Table 1.1. Refractive index of semiconductors used in EO/IR sensors

Sensor type Semiconductors Refractive index
Visible-NIR sensors InGaAs, SiGe 3.71,3.69
Mid-wave infrared sensors InSb, HgCdTe 442,369
Long-wave infrared sensors HgCdTe, Si MEMS 3.69,3.69

The use of Oblique Angle Nanowires for developing the critical technologies that will
allow minimizing the reflection loss has recently been studied by Schubert et al.. at RPI and
reported in a paper in Nature [8]. Their work has explored the possibility of using nanowires
grown by oblique angle deposition technique. Their initial investigation was based on
studying the work by Lord Rayleigh that graded-refractive index layers have broadband
antireflection characteristics.

Graded-index coatings with different index profiles have been investigated for broadband
antireflection properties, particularly with air as the ambient medium. However, because of
the unavailability of optical materials with very low refractive indices that closely match the
refractive index of air, such high quality broadband antireflection coatings have not been
realizable.
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2. NANOWIRE ANTIREFLECTION (AR) COATING

Reducing optical reflection from surfaces is important to many applications in optics.
This is commonly achieved through coating, or texturing. the surface of interest. Numerous
applications involving dielectric or semiconducting materials use the light that is transmitted
through the material’s surface.

Examples of such application are optical lenses, windows, photovoltaic devices. and
photodetectors. Glass (amorphous Si0,) is one such dielectric material widely used in a
variety of optical applications e.g., lenses, windows, and as a cover or encapsulation for
semiconductor optoelectronic devices.

Glass is completely transparent for wavelengths longer than 400 nm. However, due to
Fresnel reflection it reflects about 4% of the incident light from its surface (~8% from two
surfaces). This reflection is undesirable in many applications as it can degrade the efficiency
of the underlying device (e.g., the efficiency of a solar photovoltaic cell). reduce signal-to-
noise ratio (e.g.. in a photodetector), and cause glare (e.g.. from LCD screens, computer
monitors, and televisions).

For such applications, it is important not only to reduce reflectance but also to improve
the transmittance through the surface. This requires that the coating material be non-
absorbing and the coating surface be specular.

Conventionally. a single-layer coating with optical thickness equal to one quarter of the
wavelength (A/4) of interest has been used as an AR coating. Ideally such single-layer A/4 AR
coating should have a refractive index, n;,4 as given by Eq. (1) [9].

14 = 5 Psubstrate ™ Mair - (1)

Often due to unavailability of materials with the desired, exact value of the refractive
index. the performance of such /4 AR coatings deviates from the optimum. This is especially
the case for low-index substrates, such as glass. An ideal single-layer /4 AR coating on glass
surface in an air ambient would require a material with refractive index of (1 .46}!”2 =1.2.

There is no conventional inorganic material that has such a low refractive index. Also,
fundamentally, these single-layer A/4 AR coatings can minimize reflection only for one
specific wavelength at normal incidence and they are inherently unable to exhibit spectrally
broadband reduction in reflectance over wide range of angles-of-incidence.

To accomplish broadband antireflection. various antireflection mechanisms explored
using wide verity of materials, process methodology and structure. Table 2.1 presents various
antireflection technologies that have been developed.

In 1880, Lord Rayvleigh mathematically demonstrated that graded-refractive-index layers
have broadband antireflection properties. Multi-layer stacks of materials with different
refractive indices have been used in order to achieve broadband reduction in reflection [10],
[11]. Anti-reflection (AR) coatings with specular surface made of multiple discrete layers of
non-absorbing materials can exploit thin film interference effects to reduce the reflectance
while improving transmittance. Recently. it was shown that discrete multi-layer AR coatings
can outperform continuously-graded AR coatings thereby offering powerful techniques to
reduce reflectance [12].



Table 2.1. Various antireflection technologies

AR mechanism AR matenals Fabrication method Structure Ref,
Step Graded ARC Nanoporous Si0 and Ti0; film Oblique Angle Deposition Nanorod arrays [8,13]
[14-16]

Graded Index ARC Photoresist He-Cd Laser Collimated Beams Sinusoidal Grating Structure [17]

Graded Index ARC Fluropolymer, Si0; Soft Lithography Hexagonal Lattice Nipple Array [ 18]
Structure

Moth-eye ARC Photoresist Krypton Laser Collimated Beams Dimpled Surface [19]

Moth-eye ARC Sol-gel Dip Coating/Holographic Exposure of’ Periodic Subwavelength [20]

photoresist/Electroforming/PVD/Replications structure

Moth-eye ARC UV curable acrylate-based resin Nanoimprint Lithography Pillar or cone type structure [21]

Moth-eye ARC AAO Membranes Nanoimprint Lithography Subwavelength nanorod [22]
structure

Moth-eye ARC Perfluoropolyether and ZrO, Thermal Nanoimprint Lithography Biomimetic Moth-eye [23]
nanostructures

Multilayer ARC Ti0y/8i10; RF Magnetron Sputlering Multilayer Film [24]

Porous ARC Si0; Sol Gel Dip Coating Porous Structure [25]

Porous ARC Porous Si0), Remote PECVD Porous S10); Film [26]

Porous ARC Polystyrene and PMMA, Selective Solvent Spin Coating Porous Film [27

(ethanol)

Porous ARC PMMA Latex Spin Coating Porous Film [28]

Quarter-Wavelength ARC TiO, Electron-Beam evaporation Single Layer Film [29]

Quarter-Wavelength ARC Polystyrene Convective Assembly Monolayer Colloidal Film [30]

Quarter-Wavelength ARC 510, Wet chemical Processing Single Layer Colloidal Film [31,32]
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Optimization of multi-layer-AR coatings is a difficult challenge because of the extremely
large and complex dimensional space of possible solutions. Analytical methods to optimize
AR coatings are not feasible due to the complexity of the problem. Heuristic methods such as
needle-optimization [33], jump-elimination [34]. and genetic algorithm [35], are commonly
used. Our approach utilizes a computational genetic algorithm method: the details of which
were recently discussed in the literature [36].
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Figure 2.1. Refractive index and porosity of oblique angle deposited SiO; versus deposition angle. The
theoretical curve is after Poxson et al. (2008) [13]. The scanning electron micrographs show a gradual
increase in porosity of SiO, starting from a dense bulk film at 0° deposition angle and to highly
nanoporous film at 75° deposition angle [37].

Until recently. due to the unavailability of optical materials with very low and tunable
refractive indices (n < 1.4), near-perfect graded-index AR coatings could not be realized for
glass substrates. We have previously demonstrated refractive index as low as 1.05 for
nanoporous Si0- by using oblique-angle deposition [8, 38].

Figure 2.1 shows the refractive index and calculated porosity of oblique angle deposited
Si0- versus deposition angle following the formula developed by Poxson et al., [13]. The
figure shows the tunability of the refractive index of an optical material to virtually any value
between its bulk value and a value close to 1.0. The scanning electron micrographs in Figure
2.1 show the gradual increase in porosity of a SiO, film starting from a dense bulk film
deposited at an angle of 0° to a highly nanoporous film deposited at 75°.

Unlike any other method. the use of porous nano-materials fabricated by oblique-angle
deposition, as described in this chapter, offers advantages such as tunability of refractive
index, flexibility in choice of material, simplicity of a phvsical vapor deposition process. and
the ability to optimize the coating for any substrate-ambient material system. For multi-layer
AR coatings reported here. the refractive index of the layers is step-graded. i.e., decreased in
discrete steps. from the substrate value. 1.46, to a value of 1.18.
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Figure 2.2. Contour plots of calculated reflectance versus wavelength and angle of incidence for an
infinitely thick glass substrate with (a) no AR coating, and (b) single-side two-layer AR coating [37].

Figure 2.2 presents contour plots of the calculated reflectance as a function of wavelength
and angle of incidence for a thick glass substrate with no AR coating (Figure 2.2 a) and single
side 2 layer AR coating (Figure 2.2 b) respectively.

3. MODELING OF OBLIQUE ANGLE NANOWIRE
AR COATING

For over a century, much of the research on broadband and omnidirectional AR coatings,
motivated by Lord Rayleigh’s insight, has focused on coating-design schemes that are
continuously graded or that approximate continuous grading by utilizing multiple discrete
layers.

A computational genetic algorithm method was emploved to design optimized discrete-
layer profiles that intentionally utilize optical interference effects for AR coatings [35]. The
computational genetic algorithm method is an active optimization scheme for AR coatings.
With this method, virtually any figure of merit can be taken into consideration. It has been
shown through this method that interference coatings utilizing discrete tailored- and low-
refractive index layers are able to achieve broadband and omnidirectional AR characteristics
with reflectivity lower than what is possible for a continuously graded AR profile [39-41].

3.1. Numerical Approach

Calculations begin with the generation of a population of antireflection coatings with a
fixed number of layers whose thicknesses and compositions are randomly generated. A layer
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may be composed of either nano-porous SiO> or any combination of SiO,/TiO-,
corresponding to low-n and co-sputtered films. respectively.

The porosity of Si0; is limited to 90%. corresponding to a refractive index of 1.05, which
has previously been demonstrated [8]. For each member of the population. the largest
thicknesses are matched to compositions with the lowest refractive index, and then sorted so
that the high-index layers are adjacent to the substrate.

This increases the population near the optimum antireflection coating — which is also
expected to have monotonically decreasing refractive index and increasing thickness when
moving away from the substrate — and reduces the computation time.

After the population has been formed, the fitness of each member is evaluated. The
fitness is determined by the reflection coefficient averaged over the wavelength range and
angle range of interest, R,,.. which is given by,

1 2277 Rp(2.0)+ Ry, (2.0)
B _J' [ == %Y 49z (1)
A =4 s 2

Where Ry and Ry, are the transverse electric (TE) and transverse magnetic (TM)
reflection coefficients. In practice. the fitness function may easily be modified to give greater
weight to certain angles of incidence or to certain wavelengths to take into account the
responsivity of a particular solar cell, the solar spectrum, or the orientation of a solar cell with
respect to the sun, in order to maximize the power produced by a solar cell, for example.

The fittest member of the population is the one with lowest average reflection coefficient.
The method for calculating the reflection coefficients of a multilayer stack was described by
Born and Wolf [42]. The population is sorted by fitness. and a percentage of the worst
members are then discarded.

These are replaced by the offspring of two other antireflection coatings, which are
selected at random from the remaining members of the population. Offspring antireflection
coatings are generated by a process of crossover and mutation. In crossover, a set of layers for
the new offspring is taken from one parent, and the remainder is taken from the second
parent. In mutation, the composition and thickness of each layer is given a random
perturbation.

Once the worst members of the population have been replaced by new offspring, the
fitness of each is evaluated. and the process repeats until good convergence is achieved.
Finally, using a deterministic algorithm, the local minima near the fittest member of the
population is found.

3.2. PERFORMANCE AND SIMULATION OF NANOWIRE
AR COATING

The design of optimized AR coatings for several substrates were investigated (Si. SiGe,
GaN, CdTe) by using the genetic algorithm. The algorithm calculations were carried out in
order to optimize AR coatings on Si, SiGe, GaN. and CdTe substrates. In the calculation,
experimentally acquired refractive index values are used.
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Figure 3.1. Calculated reflectivity of AR coatings, optimized for 1 ~ 6 layers each: 0 ~ 40 degree angle
of incidence: 0.3~1.6 micron spectral range, on Si substrate as functions of angle of incidence and
wavelength [35].

Figure of merit of this calculation is average reflectivity under following conditions:
* Angle of incidence: 0 ~ 40 degree

e Spectral range: 0.3~1.6 um for Si wafer

0.3~2.5 um for SiGe wafers

0.4~2.5 um for GaN and CdTe wafer

Figure 3.1 presents calculated reflectivity of AR coatings as a function of angle of
incidence and wavelength for silicon wafer. The spectral range used for this analysis ranges
from 0.3 to 1.6 microns. Figure 3.2 presents calculated reflectivity of AR coatings. optimized
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for 1 ~ 6 layers each; 0 ~ 40 degree angle of incidence; 0.3-2.5 micron spectral range, on
SiGe substrate as functions of angle of incidence and wavelength.
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Figure 3.2. Calculated reflectivity of AR coatings, optimized for 1 ~ 6 layers each; 0 ~ 40 degree angle

of incidence: 0,3-2.5 micron spectral range, on SiGe substrate as functions of angle of incidence and

wavelength [35].

Figure 3.3 shows calculated reflectivity of AR coatings. optimized for 1 ~ 6 layers each;
0 ~ 40 degree angle of incidence: 0.4-2.5 micron spectral range, on GaN substrate as

functions of angle of incidence and wavelength.

Figure 3.4 Calculated reflectivity of AR coatings, optimized for 1 ~ 6 layers each; 0 ~ 40
degree angle of incidence:; 0.4-2.5 micron spectral range, on CdTe substrate as functions of

angle of incidence and wavelength.
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Figure 3.3. Calculated reflectivity of AR coatings, optimized for 1 ~ 6 lavers each; 0 ~ 40 degree angle
of incidence; 0.4-2.5 micron spectral range, on GaN substrate as functions of angle of incidence and
wavelength [35].

Figure 3.5 summarizes the calculated average reflectivity as a function of number of
layers on Si, SiGe, GaN and CdTe substrates. This analysis shows that high quality AR
coatings can be modeled.
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of incidence: 0.4-2.5 micron spectral range, on CdTe substrate as functions of angle of incidence and
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4. DESIGN OPTIMIZATION

Optimization of multilayer antireflection coatings is difficult because of the high cost of
evaluating the performance for a given structure. In addition. the parameter space generally
includes many local minima. which makes deterministic optimization schemes that find the
local minima unsuitable. To meet these challenges. genetic algorithms have previously been
applied in order to optimize a variety of optical coatings. Genetic algorithms mirror biological
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evolution in which the fitness of a population is increased by the processes of selection,
crossover, and mutation.

In this work, we apply a genetic algorithm to optimize antireflection coatings for silicon
image sensors. silicon solar cells. and triple-junction Ge/GaAs/GalnP solar cells with air as
the ambient medium. The calculations consider coatings composed of co-sputtered and low-n
materials and take material dispersion into account.

40 | I I | I
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L - Spectral range: 0.4 ~ 2.5um
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Figure 3.5, Calculated average reflectivity as a function of number of layers on Si, SiGe. GaN and
CdTe substrates [35].

4.1. Silicon Image Sensor

Silicon image sensors are widespread in defense and commercial applications., and
generally capture light in the visible wavelength range. Low reflection from the sensor
surface is desirable to increase the absorbed light and decrease the noise in the resultant
image. The reflection coefficient should also be low over a wide range of incident angles;
depending upon lens configuration, the angle of incidence of light on the sensor surface can
vary. Strong angular dependence of reflection can produce undesirable vignetting. Finally, the
reflection coefficient must be consistently low across the entire visible wavelength range of
400 to 700 nm.

Figure 4.1 shows the reflection coefficient of bare silicon and optimized one- and three-
layer antireflection coatings as a function of wavelength and incident angle. The reflection for
bare silicon is high throughout the range of wavelengths and angles.
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Figure 4.1. Reflection coefficient of (left) silicon and optimized (center) one- and (right) three-layer

antireflection coatings for silicon image sensors versus wavelength and incident angle [35].

The single-layer coating has a minimum near 4 = 540 nm at small angles of incidence,
where the reflection coefficient is below 0.5%. and reduced reflection coefficient values
throughout the range compared to bare silicon. The three-layer coating has three distinct
minima which combine to give reflection coefficients less than 2% for the majority of
wavelengths and incident angles: for optimized antireflection coatings for the silicon image
sensor, the number of local minima in reflection is equal to the number of layers used. The
layer compositions and thicknesses of these optimized coatings are listed in Table 4.1.

Table 4.1. Thickness 7 (in nm) and composition ¢ of individual layers for optimized
silicon image sensor antireflection coatings. (CS = co-sputtered layer, NP = nano-porous
low-n layer)

1-layer 2-layer 3-layer 4-layer
t 68.4 3277 3628 2934
t - 65.6 919 1156
I3 - - 42.7 75.4
1 - - - 417
P CS,36% TiO, NP, 14%Si0, NP, 10% SiO, NP, 10% SiO,
o5 . CS,42% TiO,  CS, 4% TiO, NP, 35% SiO,

CS, 98% TiO,

CS. 15% TiO,

CS, 100% TiO,
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Layer thicknesses and compositions should be within several percent of the specified
values in order to achieve performance similar to the given structure. In the optimized
antireflection structures for the silicon image sensor, generally about half of the layers are
composed of nano-porous low-n Si0,. The same is true for antireflection coatings optimized
for other applications, as will be shown later. This finding underscores the importance of low-
n materials in achieving high performance antireflection coatings.

The reflection coefficient as a function of layer number for optimized coatings is shown
in Figure 4.2. The reflection coefficient initially decreases rapidly as more layers are added,
and then becomes almost constant.

The angle- and wavelength-averaged reflectivity of the three- and four-layer
antireflection coatings are similar at 4.4% and 3.9%. respectively; the top layers of the three-
and four-layer antireflection coatings each are composed of 90% porous Si0; — which gives
the lowest allowed refractive index. while the bottom layers of both coatings are pure or
nearly-pure TiO, — which gives the highest achievable refractive index.
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5 . Angle- and wavelength-
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Figure 4.2. Angle- and wavelength-averaged reflection coefficient as a function of the number of layers
for optimized antireflection coatings for a silicon image sensor [35].

As mentioned above. the three- and four-layer coatings also have similar reflection
coefficients. This is a general characteristic for antireflection coatings: once a sufficient
number of layers is used so that the optimum stack contains layers with both the highest and
lowest allowed refractive index, increasing the layer number further has only a small effect on
the reflection coefficient.
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4.2. Silicon Solar Cell

The silicon solar cell is one of the most widespread technologies for photovoltaics: the
relevant spectral range for this application is 400 to 1100 nm. One or two-layer antireflection
coatings and surface texturing are common methods used to reduce reflection from the
surface and increase efficiency. Using the genetic algorithm approach. antireflection coatings
for silicon solar cells with up to five layers are optimized.

The reflection coefficient as a function of wavelength and incident angle is shown in
Figure 4-3 for optimized one-, two-, and four-layer antireflection coatings. As before, the
number of minima in reflection is equal to the number of layers in the antireflection coating.
The compositions of optimized coatings are shown in Table 4-2. Again, nano-porous layers
compose roughly half of the layers in an antireflection coating with a given number of layers.
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Figure 4.3, Reflection coefficient of (left) one-, (center) two-, and (right) four-layer antireflection
coatings optimized for silicon solar cells versus wavelength and incident angle [35].

Compared to the one- and two-layer coatings, the four-laver coating yields substantially
reduced reflection. particularly at the largest incident angles and shortest wavelengths. Note
that the one- and two-layer coatings feature one co-sputtered layer and both nano-porous
low-#n and co-sputtered layers, respectively, which will give enhanced performance compared
to conventional one- and two-layer coatings. The angle- and wavelength-averaged reflection.

Coefficients are plotted in Figure 4.4 as a function of the number of layers. As discussed
above. when an optimized antireflection coating includes layers with both the lowest allowed
and highest allowed refractive index. adding additional layers generally provides little benefit.

In the case of the silicon solar cell, which is identical to the image sensor with the
exception that the relevant wavelength range is broader. a larger number of layers is needed to
reach this threshold.
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Table 4.2. Thickness t (in nm) and composition ¢ of individual layers for optimized
silicon solar cell antireflection coatings
(CS = co-sputtered layer, NP = nano-porous low-n layer)

1-layer 2-layer 3-layer 4-layer S-layer
1 91.2 133.1 4328 432.6 388.7
t - 64.0 1133 145.8 159.3
3 & - 58.6 79.7 107.8
Iy - - - 51.2 70.1
s - 5 ; 5 50.5

e  CS,36%TiO; NP, 78%Si0; NP, 11%SiO; NP, 10%SiO; NP, 10% SiO,

6 - CS,70% TiO;  CS,3%Ti0, NP, 54%Si0; NP, 29% SiO,
s - : CS,82% TiO;  CS,28% Ti0z NP, 81% SiO2
— . : CS, 100% Ti02  CS,37% TiO;
- : : S CS, 100% TiO:

;\é“ 45 I I I 1 1 1
= 40} Silicon solar cell |
5 ®  Angle- and wavelength-
% 351\ averaged reflection
Sl -
© He L \ 400 <1 <1100 nm _
£ 2 : 0° < 0 < 90°
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Figure 4.4. Angle- and wavelength-averaged reflection coefficient as a function of the number of layers
for optimized antireflection coatings for silicon solar cells [35].

In the image sensor, going from three to four layers reduces average reflectivity by
[ 1.1%, while for the solar cell, reflectivity is reduced by 31.1%. Adding an fifth layer to the
solar cell antireflection coating reduces reflection by an additional 5.6%.

We have described a method for optimizing antireflection coatings made of co-sputtered
and nano-porous low-refractive-index coatings. The method is based on a genetic algorithm
which is well suited for the task of optimizing optical thin-film coatings, given the fact that
the design space of multi-lavered optical coatings includes many local minima of the fitness
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function, i.e., the average reflectivity. The optimization method was applied to silicon image
sensors and solar cells. In each case. nano-porous layers constitute roughly half of the total
number of layers in optimized antireflection coatings. which underscores the importance of
low-refractive-index materials for high-performance antireflection coatings.

5. GROWTH AND CHARACTERIZATION OF OBLIQUE
ANGLE NANOWIRES

The use of Nanowires for developing the critical technologies that will allow minimizing
the reflection loss has recently been studied by Schubert et al.. at RPI [8]. Their work has
explored the possibility of using nanowires grown by oblique angle deposition technique as
shown in Figure 5.1. Their investigation was based on studying the work by Lord Rayleigh
that graded-refractive index layers have broadband antireflection characteristics [8].

Graded-index coatings with different index profiles have been investigated for broadband
antireflection properties. particularly with air as the ambient medium. However, because of
the unavailability of optical materials with very low refractive indices that closely match the
refractive index of air, such high quality broadband antireflection coatings have not been
realizable. The work carried out by Schubert et al.. [8] uses TiO, and SiO-, graded-index
nanowires and nanorods deposited by oblique-angle deposition, and, for the first time,
demonstrated their potential for antireflection coatings by virtually eliminating Fresnel
reflection from an AIN-air interface over the UV band. This was achieved by controlling the
refractive index of the TiO; and SiO, nanorod lavers, down to a minimum value of n = 1.05,
the lowest value so far reported [8].
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Figure 5.1. Oblique angle deposition technique for growth of nanowires/ nanorods based Anti -
Reflection Coatings by E-beam evaporation [38, 43].
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Figure 5.2. (a) Oblique angle deposition technique for growth initiation of Nanowires and Nanorods
showing the vapor flux and the self-shadowed region. (b) Growth of oblique angle nanowires as a
function of vapor flux [38, 43].

Figure 5.1 presents the detailed layout of the Oblique angle deposition technique for
growth of oblique angle nanowires by e-beam evaporation. This technique allows for highly
directional vapor flux and can be implemented with a variety of materials needed for growth
of oblique angle nanowires.

Figure 5.2 presents the Oblique angle deposition technique for growth initiation of
Nanowires and Nanorods showing the vapor flux and the self-shadowed region. Similarly the
Figure 5.2 also presents the pictorial view of non-columnar growth of oblique angle
nanowires as a function of vapor flux. Figure 5.3 presents the low index nanorods grown on
Silicon substrate using the oblique angle growth techniques using SiO-.

Vapo.r Flux Seﬂ‘ShadUWEd

200 nm - 1OP view

Cross-saction view

200 nm

Figure 5.3. (a) Oblique angle deposition technique for growth of Nanowires/ Nanorods based anti -
reflection coatings using a variety of materials i.e. SiO; and TiO; .( b) Low index SiO; nanorods grown
on Silicon substrate showing the oblique angle of 45 degrees [44].

Figure 5.4 presents the refractive index dispersion as a function of wavelength.
Measurement shown in Figure 5.4 provide dispersion curve of low index SiO; nanowire and
nanorods thin film on silicon substrate as measured by Ellipsometry. Also shown is the
comparison of experiment data with calculations. These results show, that nanowires and
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nanorods grown by oblique angle techniques provides a path for broad band high quality anti-
reflection coating for variety of Nanosensor Applications.
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Figure 5.4. (a) Measurement of dispersion curve of low index SiO; nanorod thin film on Silicon
substrate as measured by Ellipsometry, (b) comparison of experimental data with calculations [8].
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Figure 5.5. (a) Demonstration of TiO; and Si0; graded index nanowire/nanorod coating with a
modified-quintic profile. The graded-index coating consists of three TiO, nanorod layers and two SiO;
nanorods layers. (b) The source material for each layer with deposition angle, thickness and refractive
index [8].

Figure 5.5 shows the use of SiO; and TiO> nanowire and nanorods to demonstrate high
quality anti-reflection coating on AIN substrate. The feasibility of this technology has been
demonstrated for UV LED applications [8]. Our goal is to develop this technology for UV
and other bands of interest in the NIR, SWIR and MWIR bands for next generation EO/IR
Sensors.

Figure 5.6 presents reflectivity of graded-index coating on AIN substrate with a
schematic of reflectivity measurement. Also shown in Figure 5.6 b is theoretical (solid line)
and measured (dotted line) reflectivity versus incident angle of graded-index coating. Figure
5.6¢ presents wavelength dependence of theoretical (solid line) and measured (dashed line)
reflectivity of graded-index coating at normal incidence [8].
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Figure 5.6. Reflectivity of graded-index coating on AIN substrate (a) Schematic of reflectivity
measurement, (b) Theoretical (solid line) and measured (dotted line) reflectivity versus incident angle
of graded-index coating, (c) Wavelength dependence of theoretical (solid line) and measured (dashed
line) reflectivity of graded-index coating at normal incidence [8].
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microns using oblique angle nanowires, (b) Simulation of reflectivity as a function of polarization for
incident angles from 0 to 90 degrees [38].
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Figure 5.7(a) presents the simulation of reflectivity as a function of wavelength from
Visible to Near Infrared band: from 0.4 to 1.8 microns using oblique angle nanowires.

Figure 5.7 (b) demonstrates the simulation of reflectivity as a function of polarization for
incident angles from 0 to 90 degrees. The results show that modeling and simulation can be
used effectively for developing nanowire based high quality antireflection coating that
provides coverage form UV, Visible and to NIR bands.

5.1. Experimental Results

In this section, we describe our AR coating design as a two-layer AR coating with each
layer having a tailored refractive index fabricated by using oblique angle electron-beam
deposition. The appropriate deposition angle was then chosen for the deposition of the actual
AR coating layers based on Figure 5-8 and the required value of the refractive index [37].
Three samples were prepared: (a) a reference glass substrate with no AR coating (called
Sample A), (b) a glass substrate with two-layer AR coating on one side (called Sample B).
and (c) a glass substrate with two-layer AR coating on both sides (called Sample C).

The two-layer AR coating is composed of a 1™ layer of porous SiO> (P = 22%. n = 1.36 at
630 nm. t = 197 nm) deposited at 54° substrate angle, and a g™ layer of porous SiO, (P =
60%. n=1.18 at 630 nm, t =289 nm) deposited at 78° substrate angle.

The thickness and refractive index values of each coating are measured using variable
angle spectroscopic ellipsometry. The thickness values were also confirmed using scanning
electron microscopy. Note that all lavers of the multi-layer AR coating are made of single
material, porous silica (porous Si0-). Silica is an excellent choice as material for AR coating
on glass substrate as it is native, stable. and robust.

The optical transmittance of the multi-laver AR samples was measured using (i) a normal
incidence broadband spectrophotometer measurement setup and (ii) a variable angle and
wavelength dependent transmittance measurement setup.

The thickness of the glass substrate used is 250 um. much greater than the range of
wavelengths under consideration; therefore we do not expect optical interference effects from
the substrate. Figure 5.8 shows the measured wavelength dependent transmittance of glass
substrate with (a) no AR coating (Sample A), (b) single-side two-layer AR coating (Sample
B). and (c) double-side two-laver AR coating (Sample C). The inset shows the scanning
electron micrograph of the two-layer AR coating.

The wavelength dependent normal incidence transmittance of Sample A, B, and C is
measured between 200 nm and 2000 nm using JASCO V-570 spectrophotometer. The
measurements reveal that the average transmittance between 400 nm and 2000 nm for
uncoated glass substrate is 92.2% (Sample A) and it increases to 95.1% for glass substrate
with two-laver AR coating on one side (Sample B) and further increases to 98.1% for glass
substrate with two-layer AR coating on both sides (Sample C). The local minima seen in the
transmittance curves around 700 nm are due to the thin-film interference effects of the AR
coating. The average transmittance between 1000 nm and 2000 nm for glass substrate with
double side AR coating is measured to be 99.3%.

Angle dependent reflectance measurements between 350 nm and 1700 nm are performed
using a custom-built laboratory setup. For each sample. the reflectance data is measured for
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angles of incidence ranging between 0° and 80° with 5° increments. Figure 5.9 shows the
plots of the measured angle dependent transmittance.
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Figure 5.8. Measured wavelength dependent normal incidence transmittance of glass substrate with (a)
no AR coating, (b) single-side two-layer AR coating, and (c¢) double-side two-layer AR coating. The
inset shows the scanning electron micrograph of the two-layer AR coating [37].
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It shows very-high transmittance over a wide range of incident angles. demonstrating the
predicted broadband and omni-directional characteristics of the two-layer graded-index AR
coating. The average transmittance, for wavelengths between 350 nm and 1700 nm and
incident angles between 0° and 40°, for the uncoated glass substrate is 92% (Sample A) and it
increases to 94.6% for glass substrate with two-laver AR coating on one side (Sample B) and
further increases to 98.3% for glass substrate with two-laver AR coating on both sides
(Sample C).

While the mechanical stability of porous films can be an area of concern. we have not
observed any signs of disintegration. degradation of performance. or other adverse effects on
these samples even after several months. As a test, we immersed the three samples in an
ultrasonic water bath for 15 minutes.

The samples were then blow-dried with N; and baked at 120° C for 12 hours in an N,
ambient. The transmittance of all three samples was then re-measured using the JASCO
spectrophotometer; the transmittance showed no significant change at wavelengths longer
than 800 nm. The adhesion of the multi-laver AR coating made from nanostructured thin
films was tested using a ‘scotch tape test’” in which a piece of standard adhesive backed
packing tape was applied to the sample and then removed. The AR coating was not damaged
during the test. The measured average optical transmittance of an uncoated glass substrate
between 1000 nm and 2000 nm is improved from 92.6% to 99.3% at normal incidence by
using a two-layer AR coating deposited on both surfaces of the glass substrate.

We have also fabricated and tested a number of different step-graded antireflection
structures on glass substrates [8, 14, 16, 37-39. 44]. In particular, oblique angle deposition
has been used to deposit both two- and three-layer structures comprised of nanostructured
S$i05. These multi-layer antireflection structures have been deposited both on one and on two
sides of a glass substrate, and the transmittance characterized as a function of wavelength and
incident angle.

Figure 5.10 compares the measured broadband performance of an uncoated glass slide to
a glass slide coated on two sides with a multi-layered, nanostructured SiO, 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 5.10 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%. in-line 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. implving an average broadband reflection loss of less than 1% at each glass/air
interface.

As shown in Figure 5.10, the transmittance through the nanostructured Si0» 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
65°, the glass slide with the double-sided coating still maintains a transmittance above 95%.
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Figure 5.10. Angle-of-incidence dependent broadband transmittance measurement through a glass slide
coated on both sides with a step-graded, nanostructured Si0, 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 [38].
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Figure 5.11. Wavelength dependent transmittance measurement of a step-graded. nanostructured Si0,
antireflection coating on a glass substrate using a JASCO V-570 spectrophotometer [38].

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 5.11. 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-
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sided. nanostructured coated glass. Moreover, the transmittance through the glass coated with
a nanostructured Si0, 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 MgF, coating over all wavelengths and incident
angles [14].

We have demonstrated a multi-layer, broadband, Omni-directional AR coating made of a
single material with tailored-refractive-index layers on a glass substrate. The availability of
the nanostructured low- and tunable-n materials deposited by using oblique-angle deposition
has allowed the fabrication of highly effective AR coatings for low index substrates such as
glass.

6. GROWTH OF LAB-SCALE NANOWIRE AR COATING

Nanowire AR layers are grown in an electron-beam evaporation system. A fixture
modification on the evaporation system allowed demonstrating potential growth on a 3-inch
wafer. Figure 6.1 presents the overview of the oblique angle nanowire growth svstem. The
sample is kept at an oblique angle and the crucible that contains the source material or
multiple crucibles containing Si0; or TiO,.

Figure 6.1. Thin Film and Oblique angle Nanowire growth Facility.
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Figure 6.2 shows the inside view of growth chamber that shows how the sample holder is
configured in the growth chamber and the crucible location for the growth of oblique angle
nanowire growth. We designed a fixture modification that will allow us to demonstrate
potential growth on a 3-inch wafer. Figure 6.2, 6.3 and 6.4 shows the details of the sample
holder that is used for growth of oblique angle nanowires. We designed a fixture modification
that allowed us to demonstrate potential growth on a 3-inch wafer. Figure 6.5 is an optical
photograph of a 3-inch AR-coated glass sample. The substrate is 3-inch diameter N-BK7
glass, a common optical glass used for high-quality optical components. The AR coating
consists of a 2-layer step-graded structure of nanostructured Si0,, similar in design to the one
described in Reference [37]. Modified sample mounting procedures were employed to
accommodate the larger (and heavier) substrate during the oblique angle deposition.

r—

Figure 6.3, Enlarged view of the Nanostructure AR Coating sample holder.
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Figure 6.4. Cleaned sample holder and loading of the sample for nanostructure AR- Coating fabrication.

Figure 6.5. Optical photograph of a nanostructured antireflection coating on a 3-inch glass substrate.

7. LARGE AREA AR COATING DEVELOPMENT

Large area AR coating has been demonstrated on a 6 inch diameter large substrate. using
a larger e-beam evaporation system with high power e-beam gun and thickness monitor.
Necessary modifications were made in this system to grow large area AR layers. Figure 7.1
shows the photograph of the electron-beam system used for the growth of large area AR
coatings.

Nanostructured AR coatings deposited using the large area AR layer deposition system
has the nanostructures similar to the lab-scale samples. Figure 7.2 shows the cross-sectional
micrographs of a bi-layer AR layer structure deposited using the large area AR-laver
deposition system.

The micrographs in Figure 7.2 show the layers of slanted nano-columns similar to the
layer structure observed on lab-scale AR coating. It also demonstrates the controllability of
the layer porosity. The bottom layer was grown at a substrate tilt of 54 degree and the top
layer was grown at 78 degree resulting two different porosities in these layers.

Figure 7.3 and 7.4 demonstrate growth of oblique angle nanowire AR coatings on 6-inch
glass and silicon substrates. The results show that the new larger system is capable of
fabricating the nanostructure AR coating on 6-inch substrates. These samples will be
characterized in detail and the results will be discussed in future publications.
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Figure 7.1. E-beam system with modifications for large area nanostructured anti-reflection layer
deposition.
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Figure 7.2. Cross-sectional SEM micrographs of a bi-layer AR laver deposited on a 5 inch long silicon
substrate. Micrographs were taken on both ends of the sample showing thickness non-uniformity of the
layers,
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Figure 7.3. Optical photograph of a nanostructured antireflection coating on a 6-inch glass substrate.
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Figure 7.4. Optical photograph of a nanostructured antireflection coating on a 6-inch silicon substrate.
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