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(57) Abstract: A system and method for diamond based multilayer antireflective coating for optical windows are provided. An antire-
flective coatings for optical windows may include an optical grade silicon substrate, a first polycrystalline diamond film on the silicon
substrate, a germanium film on the first polycrystalline diamond film, a fused silica film on the germanium tilm; and a second poly-
crystalline diamond film on the fused silica film. A method of fabricating a diamond based multilayer antireflective coating may include
the steps of cleaning and seeding an optical substrate, forming a first diamond layer on the optical substrate, forming a germanium
layer on the tirst diamond layer, forming a fused silica layer on the germanium layer, cleaning and seeding the germanium layer, and

forming a second diamond layer on the germanium layer.
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[0001]

DIAMOND COATED ANTIREFLECTIVE WINDOW SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Application No. 62/301,746,
filed March 1, 2016, which is fully incorporated herein by reference,

BACKGROUND

[0002] Field

[0003]

This invention is generally related to systems and methods for antireflective coatings
for optical windows, and more particularly to a system and method for providing diamond

based multilayer antireflective coating for optical windows.

[0004] Background

[0005]

[0006]

[0007]

[0008]

Diamond possesses favorable theoretical semiconductor performance characteristics,
inchuding the possibility of creating transparent electronics, including those related to optical
windows. However, practical diamond based semiconductor device applications for optical
windows remain limited.

SUMMARY

Disclosed herein is a new and improved system and method for diamond based
multilayer antireflective coating for optical windows. In accordance with one aspect of the
approach, a system for antireflective coatings for optical windows may include an optical grade
siticon substrate, a first polycrystalline diamond film on the silicon substrate, a germanium
film on the first polyerystalline diamond film, a fused silica film on the germanium film; and
a second polycrystalline diamond film on the fused silica film.

In another approach, a method of fabricating a transparent electronic device, may include the
steps of cleaning and seeding an optical substrate, forming a first diamond layer on the optical
substrate, forming a germanium [ayer on the first diamond layer, forming a fused silica layer
on the germanium layer, cleaning and seeding the germanium layer, and forming a second
diamond layer on the germanium layer.

Other systems, methods, aspects, features, embodiments and advantages of the system
and method disclosed herein will be, or will become, apparent to one having ordinary skill in
the art upon examination of the following drawings and detailed deseription. It is intended that
all such additional systems, methods, aspects, features, embodiments and advantages be

included within this description, and be within the scope of the accompanying claims,
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[009]

[0010]

[0011]

[0012]

[0013]

[0014]

BRIEF BESCRIPTION OF THE DRAWINGS

It is to be understood that the drawings are solely for purpose of illustration.
Furthermore, the components in the figures are not necessarily to scale, erophasis instead being
placed upon illustrating the principles of the system disclosed herein. In the figures, like
reference numerals designate correspounding paris throughout the different views.

FI1G. 1 is schematic diagram of an exemplary monolithically integrated antireflective
coating thin film structure.

FIG. 2 a block diagram of an embodiment of a method for fabricating a monolithically
integrated antircflective coating thin film structure, such as the structure of FIG. 1.

DETAILED DESCRIPTION

The following detailed description, which references to and incorporates the drawings,
describes and tllusirates one or more specific embodiments, These embodiments, offered not
to limit but only to exemplify and teach, are shown and described in sufficient detail to enable
those skilled in the art to practice what 1s claimed. Thus, for the sake of brevity, the description
may omit certain information known to those of skill in the art.

Prior medium wavelength infrared antireflective coatings may  suffer from
delamination, degradation, and fluctuating optical transmissivity. Nanocrystalline diamond
may provide high transmissivity infrared windows with high reliability. Semiconductor grade
nanocrystatline diamond material is effective in optical display applicatiouns, particularly in
tandem with fused silica thin films. Multilayer film synthesis provides nanocrystalline
diamond based antircflective coatings fabrication which is beneficial for use in medium
wavelength infrared applications, for cxample in wavelength applications from 3.0
micrometers to 5.0 mucroroeters,

Single layer antireflective coatings may minimize the reflectance, but may reduce it to
zero only for a certain value of film refractive index. A multi-layer antireflective coating
deposited on a substrate may reduce the reflectance from the substrate o zero for a certain
wavelength range. Optical grade silicon may have an index of refraction (n) of approximately
3.4, Lower valie index of refraction diamond (n=2.4) may be incorporated with optical
materials ot higher and lower indices of refraction, such as germanium (n=4.0) and fused silica
(n=1.4), respectfully, to produce near zero reflectance at infrared wavelengths for certain
values of film thicknesses. Utilizing optical design programs, such as open-source software

for the design, optimization, and synthesis of optical filters, for example, Opentilters, with
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inputs optimized for the medium wavelength infrared range, high transmittance at a variety of
critical angels may be realized via a 4-layer antireflective coating consisting of an optical
substrate Silicon, a first antireflective coating film layer of nanocrystalline diamond, a second
antireflective coating film layer of germanium, a third antireflective coating filim layer of fused
silica, and a antireflective coating film layer of nanocrystalline diamond with film thicknesses
of approximately 104 nm, 595 nm, 432nm and 115 nm, respectfully. Further, utilizing this
modality, the hydrophobicity and scratch resistance of diamond may enhance the performance
of connecting fused silica layer, as water accumulation ts known to cause absorption of light
in fused silica systems.

{0015] Diamond layers may provide advantageous such as ultra-hardness, seratch-resistance,
high thermal conductivity, hydrophobicity, chemical and biological ineriness, amongst others.
In part, due to difficulty in fabricating high quality thin films cost efficiently, diamond has
traditionally not been used for infrared optical window applications due to diamond’s sharp
and seroi-sharp absorption spectra in the wediom wavelength infrared region. However,
through novel multilayer combination with optical materials of larger and smaller refractive
index values, it is now possible to capture the favorable material properties of diamond in
antireflective coatings for medium wavelength infrared optical window applications. The
disclosed systems may provide a more rugged system for various applications, such as for
battlefield applications.  This disclosure provides several preferred embodiments of
fabrication, however, the performance characteristics and materials characteristics described
in this application are not necessarily performance bounds or Hmilations of the invention.
These disclosures merely demonstrate some aspects of the invention that have presently been
tested.

{0016] FIG. 1 shows a schematic diagram of an exemplary monolithically integrated
antircflective coating thin film structure 100. Structure 100 may include a substrate 102, a first
diamond thin film 104, a germanium film 106, a fused silica film 108, and a second diamond
thin film 110. Substrate 102 may be an optical grade substrate, such as, but not limited to an
optical grade silicon substrate, Diamound thin films 104 and 110 mway be polycrysialline
diamond thin films. Film structure 100 is shown as an exemplary composite film structure and
exemplary sequence for a diamound based multilayer antiveflective coating for infrared optical

windows.
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(0017} In one embodiment, the second diamond thin film 110 may be 115 nanometers, the
fused silica film 108 may be 432 nanometers, the germanium film 106 may be 595 nanometers,
and the first diamond thin film 104 may be 104-105 nanometers. In another embodiment, the
first polycrystalline diamond film 104 may be between 100 and 110 nanometers, the
germanium filim 106 roay be between 590 and 600 nanometers, the fused silica film 108 may
be between 427 and 437 nanometers, and the second polycrystalline diamond film 110 is
between 110 and 120 nanometers

F0018] FIG. 2 shows a block diagram of an embodiment of a method 200 for fabricating a
fabricating a diamond based multilayer antireflective coating, such as cxemplary
monolithically integrated antireflective coating thin film structure 100. Fabrication of such a
system can be realized utilizing a combination of chemical vapor deposition, physical vapor
deposition, and reactive ion eiching systems.

[0019] Method 200 may inchude a first step 202 of selecting an optical substrate, such as an
optical grade silicon wafer, for example, substrate 102, Method 200 may include a second siep
204 of cleaning and seeding the optical grade silicon wafer of first step 202. For example, step
204 may include exposing the optical grade silicon wafer to an acid cleaning mixture, such as
{(4:1 HoSO4/H2O0, HaOg, 5:1:1 H2O/HR0/ HCY). Step 204 may also inchude seeding the optical
grade silicon wafer with a nanoseed solution mixture and ultrasoniced in alcohol solution to
promote nucleation and fiho agglomeration,

[0020] Method 200 may include a step 206 of forming a first diamond layer. Step 206 may
imclude chemical vapor deposition growth and ctching of the diamond layer. Step 206 may
include exposing the wafer of step 204 to a methane, argonne, and hydrogen plasma gas
mixtare in a chemical vapor deposition system to produce the a thin nanocrystalline diamond
film, for example, the first diamond thin film 104, In the event the diamond growth is beyond
the target thickness, reactive ion etching via an argonne and oxygen mixture may produce bulk
planarized uniform diamond films.

[0021] Method 200 may inchude a step 208 of forming a germanium layer. Step 208 may
mnclude sputiering physical vapor deposition and etching. Step 208 may inchude high purity
germanium targets properly loaded inte a magnetron sputtering physical vapor deposition
system to produce germauniam film, such as, for example, germanium film 106. Step 208 may

inchude ton milling in the event the germanium growth is beyond the desired thickness.
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[0022] Method 200 may include a step 210 of forming a fused silica film. Step 210 may
include sputtering physical vapor deposition and etching. Step 210 may include a high purity
fused silica target loaded into a sputtering physical vapor deposition system to produce fused
silica films, such as, for example, the fused silica film 108. Step 210 may also include ion
milling in the event of fused silica growth is beyond the desired thickness,

[0023] Method 200 may include a step 212 of cleaning and seeding. Step 212 may include
cleaning the product of prior steps with an ultrasonic bath. Step 212 may inclade seeding with
nanocrystalline diamond seed solation and ultrasoniced with an alcohol solution mixture

[0024] Method 200 may include a step 214 of forming a second diamond layer. Step 214 may
inchude chemical vapor deposition growth and etching of the diamond layer to produce a
nanocrystaliine diamond film, for example, the second diamond thin film 110.

[0025] The commercially available optics design software suite, Open Filters, was atilized to
simulate the transmittance of the proposed system. Embodiments of the system and method
were shown to have beneficial transtoissivity in the infrared spectrum ranges between 3700
nanometers and 4900 nanometers in wavelength with tranamittance shown to be in excess of
94% at critical incident angles of 0°, 15°, 30°, and 45°,

00261 Structure 100 and method 200 may incorporate systems and methods previously
disclosed and described in U.S. Patent Publication WNo. 2013/0026492, by Adam Khan,
published on January 31, 2013, U.S. Patent No. 8,354,290, 1ssued to Aniradha Sumant, et al,
on January 15, 2013; U8, Patent No. 8,933,462, issued to Adam Khan on January 13, 2015;
U.S. Patent Publication No, 2015/0206749, by Adam Khan, published on July 23, 2015, and
U.S. Patent Publication No. 2015/0295134, by Adam Khan, et al, published on October 15,
2018, all of which are fully incorporated herein by reference.

{00271 The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration.” Any embodiment or variant described hercin as “exemplary” is not necessarily
to be construed as preferred or advantageous over other embodiments or variants. All of the
embodiments and variants described in this description are exemplary embodiments and
variants provided to enable persons skilled in the art to make and use the invention, and not
necessarily to limit the scope of legal protection afforded the appended claims.

[0028] The above description of the disclosed embodiments 1s provided to enable any person
skilled in the art to make or use that which is defined by the appended claims. The following

claims are not intended to be limited to the disclosed embodiments. Other embodiments and
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modifications will readily oceur to those of ordinary skill in the art in view of these teachings.
Therefore, the following claims are intended to cover all such embodiments and modifications

when viewed in conjunction with the above specification and accompanying drawings,
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WE CLAIM:

i An antireflective coating for optical windows, comprising:

an optical grade silicon substrate;

a first polyerystalline diamond film on the silicon substrate;

a germanium film on the first polycrystalline diamond filim;

a fused silica {ilm on the germanium {ilm; and

a second polycrystalline diamond film on the fused silica film.

2. The antireflective coating of claim 1, where the first polyerystalline diamond {ilm is
between 100 and 110 nanometers, the germanium filim is between 590 and 600 nanometers, the
fused silica film is between 427 and 437 nanometers, and the second polyerystalline diamond film is
between 110 and 120 nanometers.

3. The antireflective coating of claim 1, wherein for infrared spectrum wavelengths
between 3700 and 4900 nanometers the transmittance is in excess of 94% at incident angles of 0
degrees, 15 degrees, 30 degrees, and 45 degrees.

4. A method of fabricating a diamnond based multilayer antireflective coating, the
method including the steps of:

cleaning and seeding an optical substrate;

forming a first diamond layer on the optical substrate;

forming a germanium layer on the first diamond layer;

forming a fused silica Iayer on the germanium layer;

cleaning and seeding the germanium layer; and

forming a second diamond layer on the germanium layer,

5. The method of claim 4, wherein the optical substrate is an optical grade silicon
subsirate;
6. The method of claim 4, wherein forming the first diamond layer includes a chemical

vapor deposition.
7. The method of claim 4, wherein forming the germanium layer includes a sputtering

physical vapor deposition,
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