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SAPPHIRE THIN FILM COATED SUBSTRATE

Cross-Reference to Related Applications:

This application claims the benefit of: (1) U.S. Provisional Patent Application Serial Number
62/405,215 filed on October 6, 2016; (2) U.S. Provisional Patent Application Serial Number
62/409,352 filed on October 17, 2016; and (3) U.S. Non-Provisional Patent Application
Serial Number 15/597,170 filed on May 17, 2017, which claims priority from U.S.
Provisional Patent Application Serial Number 62/339,074 filed on May 19, 2016 and U.S.
Provisional Patent Application Serial Number 62/375,433 filed on August 15,2016, and is a
Continuation-in-part of U.S. Non-Provisional Patent Application Serial Number 14/849,606
filed on September 10, 2015, which claims priority from U.S. Provisional Patent Application
Serial Number 62/183,182 filed on June 22, 2015, and is a Continuation-in-part of U.S. Non-
Provisional Patent Application Serial Number 14/642,742 filed on March 09, 2015, which
claims priority from U.S. Provisional Patent Application Serial Number 62 /049,364 filed on
September 12, 2014, and is a Continuation-in-part of U.S. Non-Provisional Patent
Application Serial Number 13/726,183 filed on December 23, 2012 and U.S. Non-
Provisional Patent Application Serial Number 13/726,127 filed on December 23, 2012,
which claims priority from U.S. Provisional Patent Application Serial Number 61/579,668
filed on December 23, 2011; the disclosures of all the above referenced patent applications

are hereby incorporated by reference in their entirety.

Field of the Invention:

[0001] The present invention relates to a composition of anti-reflective (AR) layer that is
aimed to match the refractive index of the underlying substrate e.g. glass, chemically

strengthened glass, plastics, etc.,, so as to maximize light transmission through it. For a
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device with a sapphire film for anti-scratch protection, because sapphire has a different
refractive index to that of the substrate, existing AR layer will not function as well as it
should. Not only the transmitted light is reduced in quantity, its transmitted range will be
changed such that imaging and/or display color are compromised. Therefore, an integrated
AR with sapphire film with the top most AR layer as Al,03 which also acts as anti-scratching
layer will eliminate this problem. Particularly, the present invention relates to methods and
apparatuses that replace one of the materials in the AR layer with Al,03 such that the top

most AR layer is Al203 which also acts as anti-scratching layer.

Background of the Invention:

[0002] Sapphire is presently being actively considered as screen for smart phones and
tablets. It is the second hardest material after diamond so using it as screen would mean
the smart phone/tablet has a superior scratch and crack resistant screen. Sapphire screen
is already being featured in Apple iPhone 5S TouchID scanner and camera lens on the rear
of the phone. Vertu, the luxury smartphone manufacturer, is also developing sapphire
screen. However, since sapphire is the second hardest material, it is also difficult to be cut
and polished. Coupled by the fact that the growth of a single large size crystal sapphire is
time consuming, this results in long fabrication time and high fabrication cost. It is the high
fabrication cost and long fabrication time of sapphire screen that limit Apple’s use of such
sapphire screen to only Apple Watch.

[0003] A current popular "tough’ screen material use is the Gorilla Glass made by Corning,
which is being used in over 1.5 billion devices. Sapphire is in fact harder to be scratched
than Gorilla Glass and this has been verified by several third-party institutes such as Center
for Advanced Ceramic Technology at Alfred University's Kazuo Inamori School of
Engineering. On the Mohs scale of hardness, the newest Gorilla Glass only scores 6.5 Mohs
which is below the Mohs value of mineral quartz. As such, Gorilla Glass is still easy to be

scratched by sand and metals. Sapphire is the second hardest naturally occurring material
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on the planet, behind diamond which scores 10 on the Mohs scale of mineral hardness.
[0004] Mohs hardness test is to characterize the scratch resistance of minerals through the
ability of a harder material to scratch a softer material. It matches one substance's ability to
scratch another, and so it is a better indicator of scratch resistance than shatter resistance.
This is shown in Figure 1.
[0005] Following is quotations from "Display Review’ on sapphire screen:
"Chemically strengthened glass can be excellent, but sapphire is better in terms of hardness,
strength, and toughness” Hall explained, adding "the fracture toughness of sapphire should be
around four times greater than Gorilla Glass - about 3 MPa-m0.5 versus 0.7 MPa-m0.5,
respectively.”
This comes with some rather large downsides though. Sapphire is both heavier at 3.98g per
cubic cm (compared to the 2.54g of Gorilla Glass) as well as refracting light slightly more.
[0006] So apart from being heavier, sapphire being the second hardest material is also a
difficult material to cut and polish. Growing single crystal sapphire is time consuming
especially when the diameter size is large (> 6 inches), this is technically very challenging.
Therefore the fabrication cost is high and fabrication time is long for sapphire screen. It is
an objective of the present invention to provide fabrication means of sapphire screen
materials that is quick to fabricate and low in cost while having the following advantages:

e Harder than any hardened glass;

e Less possibility of fragmentation than pure sapphire screen;

e Lighter weight than pure sapphire screen;

e Higher transparency than pure sapphire screen.
For hardening of sapphire (Al;03) thin film deposition, softening/melting temperature of
softer substrate should be sufficiently higher than the annealing temperature. Most rigid
substrates such as quartz, fused silica can meet this requirement. However, flexible
substrate such as polyethylene terephthalate (PET) would not be able to meet the

requirement. PET has a melting temperature of about 250°C, which is way below the
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annealing temperature. PET is one of the most widely used flexible substrates. The ability
of transferring a substrate of Al;03 (sapphire) thin films on to a softer flexible will
significantly broaden its applications from rigid substrates like glass and metals to flexible
substrates like PET, polymers, plastics, paper and even to fabrics. Mechanical properties of
transferred substrate can then be improved. Therefore, Al;03 thin films transfer from rigid
substrate to flexible substrate can circumnavigate this problem of the often lower melting
temperatures of flexible substrates.

[0007] Anti-reflection (AR) layer is commonly used in reducing optical loss or reflection in
glass or transparent plastic to improve light collection or brighten display screen.
Therefore, the function of AR layer is to improve the efficiency of, for example imaging and
information display. AR layer in general composed of at least two optically transparent
materials that have a significant difference in refractive index forming a periodic structure
from depositing alternate layer of these two materials. Then the interference created within
the periodic structure can enhance transmission with a specific transmission range.
Nonetheless, the AR layer is susceptible to scratch. Thus, it is an objective of the present
invention to design an AR layer which has both the optical properties of a common AR layer

and has a scratch-proof sapphire outer thin film coating, forming part of the AR layer.

Summary of the Invention:

[0008] In accordance with a first aspect of the present invention, there is provided a
method to transfer a layer of harder thin film substrate onto a softer, flexible substrate. In
particular, the present invention provides a method to transfer a layer of sapphire thin film
onto a softer, flexible substrate e.g. PET, polymers, plastics, paper and even to fabrics. This
combination is better than pure sapphire substrate.

[0009] In accordance with a second aspect of the present invention, there is provided a
method for coating sapphire (Al203) onto a flexible substrate comprising: a first deposition

process to deposit at least one first thin film onto at least one first substrate to form at least
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one first thin film coated substrate; a second deposition process to deposit at least one
second thin film onto the at least one first thin film coated substrate to form at least one
second thin film coated substrate; a third deposition process to deposit at least one catalyst
onto the at least one second thin film coated substrate to form at least one catalyst coated
substrate; a fourth deposition process to deposit at least one sapphire (Al>03) thin film onto
the at least one catalyst coated substrate to form at least one sapphire (Al20z3) coated
substrate; an annealing process wherein said at least one sapphire (Al203) coated substrate
annealed under an annealing temperature ranging from 300 °C to less than a melting point
of sapphire (Al203) for an effective duration of time to form at least one hardened sapphire
(Al203) thin film coated substrate; attaching at least one flexible substrate to the at least
one hardened sapphire (Al;03) thin film coated substrate on the at least one sapphire
(Al203) thin film; a mechanical detachment process detaching the at least one hardened
sapphire (Al203) thin film together with the at least one second thin film from the at least
one first thin film coated substrate to form at least one second thin film coated hardened
sapphire (Al203) thin film on said at least one flexible substrate; and an etching process
removing the at least one second thin film from the at least one second thin film coated
hardened sapphire (Al;03) thin film on said at least one flexible substrate to form at least
one sapphire (Al203) thin film coated flexible substrate.

[0010] The method according to the second aspect of the present invention, wherein said
first and/or said flexible substrate comprises at least one material with a Mohs value less
than that of said at least one sapphire (Al203) thin film.

[0011] In a first embodiment of the second aspect of the present invention there is provided
the method wherein said first and/or second and/or third and/or fourth deposition
process(es) comprise(s) e-beam deposition and/or sputtering deposition.

[0012] In a second embodiment of the second aspect of the present invention there is
provided the method wherein said at least one sapphire (Al;03) coated substrate and/or at

least one hardened sapphire (Alz03) coated substrate and/or at least one second thin film
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coated hardened sapphire (Al203) thin film on said at least one flexible substrate and/or at
least one sapphire (Al203) thin film coated flexible substrate comprise(s) at least one
sapphire (Al;03) thin film.

[0013] In a third embodiment of the second aspect of the present invention there is
provided the method wherein a thickness of said at least one first substrate and/or said at
least one flexible substrate is of one or more orders of magnitude greater than the
thickness of said at least one sapphire (Al203) thin film.

[0014] In a fourth embodiment of the second aspect of the present invention there is
provided the method wherein the thickness of said at least one sapphire (Al203) thin film is
about 1/1000 of the thickness of said at least one first substrate and/or said at least one
flexible substrate.

[0015] In a fifth embodiment of the second aspect of the present invention there is provided
the method wherein said at least one sapphire (Al203) thin film has the thickness between
150 nm and 600 nm.

[0016] In a sixth embodiment of the second aspect of the present invention there is
provided the method wherein said effective duration of time is no less than 30 minutes.
[0017] In a seventh embodiment of the second aspect of the present invention there is
provided the method wherein said effective duration of time is no more than 2 hours.
[0018] In an eighth embodiment of the second aspect of the present invention there is
provided the method wherein said annealing temperature ranges between 850 °C and 1300
°C.

[0019] In a ninth embodiment of the second aspect of the present invention there is
provided the method wherein said annealing temperature ranges between 1150 °C and
1300 °C.

[0020] In a tenth embodiment of the second aspect of the present invention there is
provided the method wherein said at least one material comprising quartz, fused silica,

silicon, glass, toughen glass, PET, polymers, plastics, paper, fabric, or any combination
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thereof; and wherein said material for the at least one flexible substrate is not etch-able by
the at least one etching process.

[0021] In an eleventh embodiment of the second aspect of the present invention there is
provided the method wherein said attachment between said at least one flexible substrate
and said at least one hardened sapphire (Al203) thin film is stronger than the bonding
between said at least one first thin film and said second thin film.

[0022] In a twelfth embodiment of the second aspect of the present invention there is
provided the method wherein the at least one first thin film comprises chromium (Cr) or
any material that forms a weaker bond between the at least one first thin film and the at
least one second thin film; and wherein said material for the at least one first thin film is
not etch-able by the at least one etching process.

[0023] In a thirteenth embodiment of the second aspect of the present invention there is
provided the method wherein the at least one second thin film comprises silver (Ag) or any
material that forms a weaker bond between the at least one first thin film and the at least
one second thin film; and wherein said material for the at least one second thin film is etch-
able by the at least one etching process.

[0024] In a fourteenth embodiment of the second aspect of the present invention there is
provided the method wherein said at least one catalyst comprises a metal selected from a
group consisting of titanium (Ti), chromium (Cr), nickel (Ni), silicon (Si), silver (Ag), gold
(Au), germanium (Ge), and a metal with a higher melting point than that of the at least one
first substrate.

[0025] In a fifteenth embodiment of the second aspect of the present invention there is
provided the method wherein said at least one catalyst coated substrate comprises at least
one catalyst film; wherein said at least one catalyst film is not continuous; wherein said at
least one catalyst film has a thickness ranging between 1 nm and 15 nm; and wherein said
at least one catalyst film comprises a nano-dot with a diameter ranging between 5 nm and

20 nm.
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[0026] In a third aspect of the present invention there is provided a method for coating
sapphire on to a substrate comprising, an e-beam evaporation or sputtering deposition
process at room temperature, wherein sapphire is deposited directly on to a substrate
selected from quartz, fused silica, silicon, glass, or toughened glass to form a sapphire
coated substrate, wherein the substrate during deposition is without external cooling or
heating; and an annealing process, wherein said sapphire coated substrate is annealed
under an annealing temperature ranging between approximately room temperature and
2040 °C for an effective duration of time.

[0027] In a first embodiment of the third aspect of the present invention there is provided
the method for coating sapphire on to a substrate wherein said substrate comprises at least
one material with a Mohs value less than that of said sapphire.

[0028] In a second embodiment of the third aspect of the present invention there is
provided the method for coating sapphire on to a substrate wherein said sapphire is
deposited as a sapphire thin film on to said substrate.

[0029] In a third embodiment of the third aspect of the present invention there is provided
the method for coating sapphire on to a substrate wherein said sapphire is deposited as a
doped sapphire thin film on to said substrate.

[0030] In a fourth embodiment of the third aspect of the present invention there is
provided the method for coating sapphire on to a substrate wherein the doped sapphire
thin film is doped with doping element comprising one or more of chromium, chromium
oxide, magnesium, magnesium oxide, beryllium, beryllium oxide, lithium, lithium oxide,
sodium, sodium oxide, potassium, potassium oxide, calcium, calcium oxide, molybdenum,
molybdenum oxide, tungsten, and tungsten oxide.

[0031] In a fifth embodiment of the third aspect of the present invention there is provided
the method for coating sapphire on to a substrate wherein the ratio of sapphire : doping
element is in the range of 1:x, wherein x ranges from 1 to 3.

[0032] In a sixth embodiment of the third aspect of the present invention there is provided
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the method for coating sapphire on to a substrate wherein a thickness of said substrate is of
one or more orders of magnitude greater than a thickness of said sapphire thin film.

[0033] In a seventh embodiment of the third aspect of the present invention there is
provided the method for coating sapphire on to a substrate wherein the thickness of said
sapphire thin film is about 1/1000 of the thickness of said substrate.

[0034] In an eighth embodiment of the third aspect of the present invention there is
provided the method for coating sapphire on to a substrate wherein the thickness of said
sapphire thin film is between 10 nm and 1000 nm.

[0035] In a ninth embodiment of the third aspect of the present invention there is provided
the method for coating sapphire on to a substrate wherein said effective duration of time is
no less than 30 minutes and no more than 10 hours.

[0036] In a tenth embodiment of the third aspect of the present invention there is provided
a method for protecting a surface of a substrate by coating said surface with sapphire using
the method according to the present invention.

[0037] In an eleventh embodiment of the third aspect of the present invention there is
provided a screen fabricated by using the method according to the present invention for
use in displays.

[0038] In a twelfth embodiment of the third aspect of the present invention there is
provided a composition of sapphire coating made by the method of the present invention
used as a unique identifier of said sapphire coating.

[0039] In a thirteenth embodiment of the third aspect of the present invention there is
provided a sapphire-coated substrate made by the method according to the present
invention.

[0040] In a fourth aspect of the present invention there is provided a method for coating
sapphire on to a substrate comprising a first e-beam evaporation or sputtering deposition
process at room temperature, wherein a buffer layer is deposited directly on to a substrate

selected from polymers, plastics, paper, fabrics, PMMA, or PET to form a buffer coated
9
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substrate, wherein the substrate during deposition is without external cooling or heating;
and a second e-beam evaporation or sputtering deposition process at room temperature,
wherein sapphire is deposited directly on to the buffer coated substrate to form a sapphire
coated substrate, wherein the buffer coated substrate during deposition is without external
cooling or heating; wherein the buffer layer material has a mechanical hardness higher
than that of the substrate and lower than that of the sapphire; and wherein the buffer layer
material has a refractive index higher than that of the substrate and lower than that of the
sapphire.

[0041] In a first embodiment of the fourth aspect of the present invention there is provided
the method for coating sapphire on to a substrate wherein the mechanical hardness of said
buffer layer material ranges from 1 to 5.5 Mohs scale.

[0042] In a second embodiment of the fourth aspect of the present invention there is
provided the method for coating sapphire on to a substrate wherein the reflective index of
said buffer layer material ranges from 1.45 to 1.65.

[0043] In a third embodiment of the fourth aspect of the present invention there is
provided the method for coating sapphire on to a substrate wherein said buffer layer
material is comprising silicon dioxide and SiO.

[0044] In a fourth embodiment of the fourth aspect of the present invention there is
provided a method for protecting a surface of a substrate by coating said surface with
sapphire using the method according to the present invention.

[0045] In a fourth embodiment of the fourth aspect of the present invention there is
provided a screen fabricated by using the method according to the present invention use in
displays.

[0046] In a fifth embodiment of the fourth aspect of the present invention there is provided
a sapphire-coated substrate made by the method according to the present invention.

[0047] In a fifth aspect of the present invention, there is provided a composition of AR layer

that is aimed to match the refractive index of a underlying substrate e.g. glass, chemically
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strengthened glass, plastics etc.,, so as to maximize light transmission through it, while
having a scratch-proof sapphire thin film coating as its outer most layer. In a second
embodiment of the fifth aspect of the present invention, the sapphire thin film is part of the
AR layer for the underlying substrate. In a third embodiment of the fifth aspect of the
present invention the underlying substrate is comprising flexible materials including
plastics and metamaterials.

[0048] In a sixth aspect of the present invention, there is provided an AR coating on a
substrate comprising a layered structure comprising a topmost AR material layer
comprising of sapphire or Al;03 on top of one or more AR material layers with a matching
refractive index that is higher than the topmost AR material layer; the one or more middle
AR material layers, wherein the middle AR material layer immediately below the topmost
AR material layer is a second AR material layer and has a matching refractive index that is
higher than that of the topmost AR material layer; and a bottommost AR material layer
below the one or more middle AR material layers, wherein the bottommost AR material
layer is deposited on top of the substrate; wherein the topmost AR material layer, the one or
more middle AR material layers, and the bottommost AR material layer have alternatively
higher and lower refractive indices in respect with each other.

[0049] In a second embodiment of the sixth aspect of the present invention, the second AR
material layer has a refractive index in the range of 1.75 - 1.78 in visible light region; and
may comprise TiO>.

[0050] In a third embodiment of the sixth aspect of the present invention, the second AR
material layer has a refractive index higher than 1.75 in visible light region; and may
comprise one or more of YAG, AlAs, ZnSiAs», AgBr, TIBr, C, B4C, SiC, AgCl, TIC], BGO, PGO, Cs],
K], Lil, Nal, Rbl, CaM00O4, PbMo004, SrMo0O4, AIN, GaN, SizN4, LiNbOs, HfO2, Nb20s, Sc203, Y203,
Zn0, Zr0,, GaP, KTa03, and BaTiOs.

[0051] In a fourth embodiment of the sixth aspect of the present invention, the substrate

comprises one or more of glass, sapphire, quartz, fused silica, plastics, and PMMA.
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[0052] In a fifth embodiment of the sixth aspect of the present invention, the bottommost
AR material layer of the layered structure deposited on top of the substrate is Al;03; the
substrate is not sapphire or Al;03; the layered structured may comprise three layers of AR
material; and the second AR material layer may comprise TiO,.

[0053] In a sixth embodiment of the sixth aspect of the present invention, the bottommost
AR material layer deposited on top of the substrate is not Al;03; the substrate is sapphire or
Al;0O3; the layered structured may comprise three layers of AR materials; the second AR
material layer may comprise TiO2; and the bottommost AR material layer deposited on top
of the substrate may comprise MgF; or SiOz, which is dependent on the substrate material
(e.g. SiO; is not necessary if the substrate material is glass).

[0054] In a seventh embodiment of the sixth aspect of the present invention, the thickness
of each of the AR material layers is at least 10nm.

[0055] In an eighth embodiment of the sixth aspect of the present invention, the thickness
of each of the AR material layers is no more than 800nm.

[0056] In a nineth embodiment of the sixth aspect of the present invention, each of the AR
material layers with a lower refractive index comprises one or more of MgF, KCl, NaCl,
RbC], CaF», KF, LaFs3, LiE, LiCaAlFs, NaF, RbF, SrFz, ThF4, YLiF4, GeO2, Si02, KH2P 04, and CSo.
[0057] In a tenth embodiment of the sixth aspect of the present invention, the topmost AR
material layer comprises sapphire or Al;03; the second AR material layer comprises an AR
material with a refractive index higher than that of the topmost AR material layer; the
bottommost AR material layer comprises sapphire or Al;03 when said substrate is not
sapphire or Al;03; and the AR material layer immediately on top of the bottommost AR
material layer comprises an AR material with a refractive index higher than that of the
bottommost AR material layer.

[0058] In an eleventh embodiment of the sixth aspect of the present invention, the topmost
AR material layer comprises sapphire or Al;03; the second AR material layer comprises an

AR material with a refractive index higher than that of the topmost AR material layer; the
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bottommost AR material layer comprises an AR material with a refractive index lower than
that of the AR material layer immediately on top of the bottommost AR material layer when
said substrate is sapphire or Al;0O3; the AR material layer immediately on top of the
bottommost AR material layer comprises an AR material with a refractive index lower than
that of the substrate; and the AR material layer immediately on top of the bottommost AR
material layer may comprise sapphire or Al;03.

[0059] In a twelfth embodiment of the sixth aspect of the present invention, the layered
structure of AR material layers are fabricated using physical vapor deposition (PVD)
methods comprising one or more of electron beam evaporation and sputtering.

[0060] In a thirteenth embodiment of the sixth aspect of the present invention, there is
provided an AR coating on a substrate comprising a layered structure comprising a topmost
AR material layer comprising of sapphire or Al;0z on top of a bottommost AR material
layer; and the bottommost AR material layer, wherein the bottommost AR material layer is
deposited on top of the substrate; wherein the topmost AR material layer and the
bottommost AR material layer have alternatively higher and lower refractive indices in
respect with each other.

[0061] Those skilled in the art will appreciate that the invention described herein is
susceptible to variations and modifications other than those specifically described.

[0062] The invention includes all such variation and modifications. The invention also
includes all of the steps and features referred to or indicated in the specification,
individually or collectively, and any and all combinations or any two or more of the steps or
features.

[0063] Other aspects and advantages of the invention will be apparent to those skilled in

the art from a review of the ensuing description.

Brief Description of the Drawings:

[0064] The above and other objects and features of the present invention will become
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apparent from the following description of the invention, when taken in conjunction with
the accompanying drawings, in which:

[0065] Figure 1 shows the Mohs scale of mineral hardness;

[0066] Figure 2 shows the top-surface hardness of “Sapphire thin film on Quartz” when
compared to ordinary glass, Gorilla Glass, quartz and pure sapphire;

[0067] Figure 3 shows the light transmittance of quartz, Sapphire thin film on Quartz and
pure sapphire;

[0068] Figure 4 shows the light transmission of quartz and 190 nm Sapphire thin film on
Quartz with and without annealing at 1300 °C for 2 hours;

[0069] Figure 5 shows XRD results for the 400 nm sapphire thin film on quartz annealed at
750 °C, 850 °C, and 1200 °C for 2 hours;

[0070] Figure 6 shows the transmission spectrum of 400 nm sapphire thin film on quartz
by e-beam with and without annealing at 1200 °C for 2 hours comparing with quartz and
sapphire substrates;

[0071] Figure 7 shows the transmission spectrum of 160 nm sapphire thin film on fused
silica by e-beam with and without annealing at 1150 °C for 2 hours comparing with quartz
and sapphire substrates;

[0072] Figure 8A shows XRD results for the 400 nm sapphire thin film on quartz prepared
by sputtering deposition and annealing at 850 °C, 1050 °C and 1200 °C for 2 hours;

[0073] Figure 8B shows XRD results for the sapphire thin film with thicknesses of 220nm,
400nm, and 470nm on quartz prepared by sputtering deposition and annealing at 1150 °C
for 2 hours;

[0074] Figure 9 shows the transmission spectra of 220 nm, 400 nm and 470 nm sapphire
thin film on quartz by sputtering deposition and annealing at 1100 °C for 2 hours
comparing with quartz substrate;

[0075] Figure 10 shows XRD results for the 350 nm sapphire thin film on fused silica

prepared by sputtering deposition and annealing at 750 °C, 850 °C, 1050 °C, and 1150 °C
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for 2 hours;

[0076] Figure 11 shows the transmission spectra of 180 nm - 600 nm sapphire thin film on
fused silica by sputtering deposition and annealing at 1150 °C for 2 hours comparing with
fused silica substrate.

[0077] Figure 12 shows the transmission of fused silica and 250nm annealed sapphire thin
film with or without 10 nm Ti catalyst on fused silica annealing at 700 °C and 1150 °C for 2
hours;

[0078] Figure 13A shows the X-ray reflectivity (XRR) measurement results for different
samples with different annealing conditions;

[0079] Figure 13B shows the optical transmittance spectra for different samples with
different annealing conditions.;

[0080] Figures 14A to 14E show the EBL steps in the fabrication of the absorber
metamaterials with period of the disc-array device is 600 nm, disc diameter: 365 nm,
thickness of gold: 50 nm, and thickness of Cr: 30 nm;_Figure 14A shows that the multilayer
plasmonic or metamaterial device is fabricated on chromium (Cr) coated quartz; Figure 14B
shows that a gold/ITO thin film is deposited onto the Cr surface; Figure 14C shows that a
ZEPS520A (positive e-beam resist) thin film is spun on top of the ITO/gold/Cr/quartz substrate
and a two-dimensional hole array is obtained on the ZEP520A; Figure 14D shows that a second
gold thin film is coated onto the e-beam patterned resist; and Figure 14E shows that a two-
dimensional gold disc-array nanostructures is formed by removing the resist residue;

[0081] Figure 14F shows the scanning electron microscope (SEM) image of the two
dimensional gold disc-array absorber metamaterials;

[0082] Figures 15A to 15E show the schematic diagrams of the flip chip transfer method,
the tri-layer absorber metamaterial with an area of 500 pm by 500 um is transferred to a
PET flexible substrate; Figure 15A shows that a double-sided sticky optically clear adhesive is
attached to the PET substrate; Figure 15B shows that a tri-layer metamaterial device according

to an embodiment of the present invention is placed in intimate contact with optical adhesive and
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sandwiched between the rigid substrate and the optical adhesive; Figure 15C shows that the Cr
thin film on quartz substrate is exposed to the air for several hours after the RF sputtering
process, such that there is a thin native oxide film on the Cr surface; Figure 15D shows that the
tri-layer metamaterial nanostructure is peeled off from the Cr coated quartz substrate and
transferred to a PET substrate; and Figure 15E shows that the metamaterial nanostructure is
encapsulated by spin-coating a PMMA layer on top of the device;

[0083] Figures 16A and 16B show the flexible NIR absorber metamaterials on a
transparent PET substrate; each separated pattern has an area size of 500 pm by 500 pm;
[0084] Figure 17 shows the relative reflection spectrum of the absorber metamaterials on
quartz substrate (gold disc/ITO/gold/Cr/quartz), NIR light was normally focused on the
device and the reflection signal and was collected by the 15X objective lens, and blue line is
the experimental result and red line is the simulated reflection spectrum using RCWA
method;

[0085] Figure 18A shows that Angle resolved back reflection spectra measured on flexible
metamaterial (with curved surface), the light being incident from PET side and the back
reflection was collected by NIR detector;

[0086] Figure 18B shows that transmission spectra measured on the flexible absorber
metamaterial, the light being incident from the PMMA side was collected from the PET side;
[0087] Figure 18C and Figure 18D are simulated reflection and transmission spectra,
respectively, on flexible absorber metamaterial using RCWA method;

[0088] Figure 19 shows experiment diagram of measuring the reflection spectrum of
metamaterial device under different bending condition.; the flexible substrate was bent by

Sy
\\"ﬁ“ o

adjusting the distance between A and B, and the incident angle #  (varying from 0 to
45 degree) was defined by the slope of PET substrate and direction of incident light;

[0089] Figure 20 shows the fabrication structure for Al203 thin film transfer;

[0090] Figure 21 shows the peeling off of Al;03 thin film from the donor substrate;

[0091] Figure 22 shows the etching of sacrificial Ag layer to complete the Al;03 thin film
16
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transfer to PET substrate;
[0092] Figure 23 shows the fabrication sample of Al;03 assembly ready for thin film
transfer;
[0093] Figure 24 shows the separation of Al;03 from donor substrate;
[0094] Figure 25 shows the nanoindentation results of aluminum oxide film on Soda lime
glass (SLG) substrate with different post annealing conditions;
[0095] Figure 26 shows the structure of the sample of a doped aluminum oxide layer
deposited on top of sapphire thin film;
[0096] Figure 27 shows the nano-indentation measurement of different strengthen layer
with 300°C annealing;
[0097] Figure 28 shows the nano-indentation measurement of strengthen layeris 1:1
(aluminum oxide: magnesium oxide) on SLG and ASS in room temperature;
[0098] Figure 29 shows the transmittance of different strengthen layer with 300° C
annealing.
[0099] Figure 30 shows the transmittance results of strengthen layer is 1:1 (aluminum
oxide: magnesium oxide) on SLG and ASS in room temperature;
[00100] Figure 31 shows the GID of Al1203 : MgO at 1:1 on field silica (FS) at different
annealing temperatures.
[00101] Figure 32 shows the average transmittance of selected PMMA samples
without sapphire film, with sapphire film and with sapphire film in SiO;
[00102] Figure 33 shows the average hardness of selected PMMA samples without
sapphire film, with sapphire film and with sapphire film in SiO..
[00103] Figure 34 shows an AR structure with top most Al203 AR as well as anti-
scratch layer;
[00104] Figure 35 shows an AR structure with 2nd outermost materials which
refractive index is higher than 1.75;

[00105] Figure 36 shows an AR structure with TiO; on glass substrate;
17
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[00106] Figure 37 shows the transmission simulation of the AR structure with TiO>
on glass substrate;

[00107] Figure 38 shows an AR structure with ZrO; on glass substrate;

[00108] Figure 39 shows the transmission simulation of the AR structure with ZrO;
on glass substrate;

[00109] Figure 40 shows an AR structure with HfO; on glass substrate.

[00110] Figure 41 shows the transmission simulation of the AR structure with HfO;
on glass substrate;

[00111] Figure 42 shows an AR structure with GaN on glass substrate.

[00112] Figure 43 shows the transmission simulation of the AR structure with GaN
on glass substrate;

[00113] Figure 44 shows an AR structure on sapphire substrate;

[00114] Figure 45 shows the transmission simulation of the AR structure on

sapphire substrate;

[00115] Figure 46 shows an AR structure on PMMA substrate;

[00116] Figure 47 shows the transmission simulation of the AR structure on PMMA
substrate;

[00117] Figure 48 shows a 3-layer AR structure on a substrate of materials other

than sapphire;

[00118] Figure 49 shows a 3-layer AR structure on sapphire substrate;

[00119] Figure 50 shows the transmission simulation of a 3-layer AR structure on
glass substrate;

[00120] Figure 51 shows the transmission simulation of the 3-layer AR structure on
sapphire substrate;

[00121] Figure 52 shows the refractive index from ]. Lopez et al. prepared at
substrate temperature 150°C;

[00122] Figure 53 shows a 3-layer AR structure with TiO; 2" outermost materials on
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glass substrate;

[00123] Figure 54 shows the transmission simulation of a 3-layer AR with increasing
inner Al;03 thickness;

[00124] Figure 55 shows a 3-layer AR structure with SiO; on sapphire substrate;
[00125] Figure 56 shows the transmission simulation of the 3-layer AR structure
with SiOz on sapphire substrate.

[00126] Figure 57 shows a 3-layer AR structure with LiF on sapphire substrate;
[00127] Figure 58 shows the transmission simulation of the 3-layer AR structure
with LiF on sapphire substrate;

[00128] Figure 59 shows a 3-layer AR structure with KCI on sapphire substrate;
[00129] Figure 60 shows the transmission simulation of the 3-layer AR structure

with KCl on sapphire substrate;

[00130] Figure 61 shows a 5-layer AR structure on glass substrate;
[00131] Figure 62 shows a 6-layer AR structure on sapphire substrate;
[00132] Figure 63 shows the transmission simulation of the 5-layer AR structure on

glass substrate;

[00133] Figure 64 shows the transmission simulation of the 6-layer AR structure on
sapphire substrate;

[00134] Figure 65 shows a general AR composition on a substrate of materials other
than sapphire;

[00135] Figure 66 shows a general AR composition on sapphire substrate;

[00136] Figure 67 shows the transmission spectra for simulated and experimental
AR structure on glass; and

[00137] Figure 68 shows the transmission simulation of 5-layer AR structure on

glass substrate.

Detailed Description of the Invention:
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[00138] The present invention is not to be limited in scope by any of the specific
embodiments described herein. The following embodiments are presented for
exemplification only.

[00139] Without wishing to be bound by theory, the present inventors have
discovered through their trials, experimentations and research that to accomplish the task
of transferring a layer of harder thin film substrate onto a softer, flexible substrate e.g. PET,
polymers, plastics, paper and even to fabrics. This combination is better than pure
sapphire substrate. In nature, the harder the materials, the more brittle they are; thus,
sapphire substrate is hard to scratch but it is easy to shatter, and the vice versa is also often
true wherein quartz substrate is easier to scratch but it is less brittle than sapphire
substrate. Therefore, depositing a harder thin film substrate on a softer, flexible substrate
gives the best of both worlds. Softer, flexible substrates are less brittle, have good
mechanical performance and cost less. The function of anti-scratch is to be achieved by
using the harder thin film substrate. For hardening of sapphire (Al203) thin film deposition,
softening/melting temperature of softer substrate should be sufficiently higher than the
annealing temperature. Most rigid substrates such as quartz, fused silica can meet this
requirement. However, flexible substrate such as polyethylene terephthalate (PET) would
not be able to meet the requirement. PET has a melting temperature of about 250°C, which
is way below the annealing temperature. PET is one of the most widely used flexible
substrates. The ability of transferring a substrate of Al,03 (sapphire) thin films on to a
softer flexible will significantly broaden its applications from rigid substrates like glass and
metals to flexible substrates like PET, polymers, plastics, paper and even to fabrics.
Mechanical properties of transferred substrate can then be improved. Therefore, Al>03 thin
films transfer from rigid substrate to flexible substrate can circumnavigate this problem of
the often-lower melting temperatures of flexible substrates.

[00140] In accordance with a first aspect of the present invention, there is provided a

method to coat/deposit/transfer a layer of a harder thin film substrate onto a softer
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substrate. In particular, the present invention provides a method to deposit a layer of
sapphire thin film onto a softer flexible substrate e.g. PET, polymers, plastics, paper and
fabrics. This combination is better than pure sapphire substrate.

[00141] In accordance with a second aspect of the present invention, there is
provided a method for coating sapphire (Al203) onto flexible substrate comprising: a first
deposition process to deposit at least one first thin film onto at least one first substrate to
form at least one first thin film coated substrate; a second deposition process to deposit at
least one second thin film onto the at least one first thin film coated substrate to form at
least one second thin film coated substrate; a third deposition process to deposit at least
one catalyst onto the at least one second thin film coated substrate to form at least one
catalyst coated substrate; a fourth deposition process to deposit at least one sapphire
(Al203) thin film onto the at least one catalyst coated substrate to form at least one
sapphire (Al203) coated substrate; an annealing process, wherein said at least one sapphire
(Al203) coated substrate is annealed under an annealing temperature ranging from 300 °C
to less than a melting point of sapphire (Al203) for an effective duration of time to form at
least one hardened sapphire (Al;03) thin film coated substrate; attaching at least one
flexible substrate to the at least one hardened sapphire (Al203) thin film coated substrate
on the at least one sapphire (Al;03) thin film; a mechanical detachment process detaching
the at least one hardened sapphire (Al203) thin film together with the at least one second
thin film from the at least one first thin film coated substrate to form at least one second
thin film coated hardened sapphire (Al;03) thin film on said at least one flexible substrate;
and an etching process removing the at least one second thin film from the at least one
second thin film coated hardened sapphire (Al;03) thin film on said at least one flexible
substrate to form at least one sapphire (Al203) thin film coated flexible substrate.

[00142] The method according to the present invention, wherein said first and/or
said flexible substrate comprises at least one material with a Mohs value less than that of

said at least one sapphire (Al203) thin film.
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[00143] In a first embodiment of the second aspect of the present invention there is
provided the method wherein said first and/or second and/or third and/or fourth
deposition process comprise(s) e-beam deposition and/or sputtering deposition.

[00144] In a second embodiment of the second aspect of the present invention there
is provided the method wherein said at least one sapphire (Al203) coated substrate and/or
at least one hardened sapphire (Al;03) coated substrate and/or at least one second thin
film coated hardened sapphire (Al203) thin film on said at least one flexible substrate
and/or at least one sapphire (Al203) thin film coated flexible substrate comprise(s) at least
one sapphire (Al203) thin film.

[00145] In a third embodiment of the second aspect of the present invention there is
provided the method wherein a thickness of said at least one first substrate and/or said at
least one flexible substrate is of one or more orders of magnitude greater than the
thickness of said at least one sapphire (Al203) thin film.

[00146] In a fourth embodiment of the second aspect of the present invention there is
provided the method wherein the thickness of said at least one sapphire (Al203) thin film is
about 1/1000 of the thickness of said at least one first substrate and/or said at least one
flexible substrate.

[00147] In a fifth embodiment of the second aspect of the present invention there is
provided the method wherein said at least one sapphire (Al;03) thin film has the thickness
between 150 nm and 600 nm.

[00148] In a sixth embodiment of the second aspect of the present invention there is
provided the method wherein said effective duration of time is no less than 30 minutes.
[00149] In a seventh embodiment of the second aspect of the present invention there
is provided the method wherein said effective duration of time is no more than 2 hours.
[00150] In an eighth embodiment of the second aspect of the present invention there
is provided the method wherein said annealing temperature ranges between 850 °C and

1300 °C.
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[00151] In a ninth embodiment of the second aspect of the present invention there is
provided the method wherein said annealing temperature ranges between 1150 °C and
1300 °C.

[00152] In a tenth embodiment of the second aspect of the present invention there is
provided the method wherein said at least one material comprising quartz, fused silica,
silicon, glass, toughen glass, PET, polymers, plastics, paper, fabric, or any combination
thereof; and wherein said material for the at least one flexible substrate is not etch-able by
the at least one etching process.

[00153] In an eleventh embodiment of the second aspect of the present invention
there is provided the method wherein said attachment between said at least one flexible
substrate and said at least one hardened sapphire (Al203) thin film is stronger than the
bonding between said at least one first thin film and said second thin film.

[00154] In a twelfth embodiment of the second aspect of the present invention there
is provided the method wherein the at least one first thin film comprises chromium (Cr) or
any material that forms a weaker bond between the at least one first thin film and the at
least one second thin film; and wherein said material for the first thin film is not etch-able
by the at least one etching process.

[00155] In a thirteenth embodiment of the second aspect of the present invention
there is provided the method wherein the at least one second thin film comprises silver
(Ag) or any material that forms a weaker bond between the at least one first thin film and
the at least one second thin film; and wherein said material for the second thin film is etch-
able by the at least one etching process.

[00156] In a fourteenth embodiment of the second aspect of the present invention
there is provided the method wherein said at least one catalyst comprises a metal selected
from a group consisting of titanium (Ti), chromium (Cr), nickel (Ni), silicon (Si), silver (Ag),
gold (Au), germanium (Ge), and a metal with a higher melting point than that of the at least

one first substrate.
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[00157] In a fifteenth embodiment of the second aspect of the present invention there
is provided the method wherein said at least one catalyst coated substrate comprises at
least one catalyst film; wherein said at least one catalyst film is not continuous; wherein
said at least one catalyst film has a thickness ranging between 1 nm and 15 nm; and
wherein said at least one catalyst film comprises a nano-dot with a diameter ranging

between 5 nm and 20 nm.

Definitions:
[00158] For clarity and completeness the following definition of terms used in this
disclosure:
[00159] The word “sapphire” when used herein refers to the material or substrate

that is also known as a gemstone variety of the mineral corundum including those with
different impurities in said material or substrate, an aluminium oxide (alpha-Al;03), or
alumina. Pure corundum (aluminum oxide) is colorless, or corundum with ~0.01%
titanium. The various sapphire colors result from the presence of different chemical
impurities or trace elements are:

e Blue sapphire is typically colored by traces of iron and titanium (only 0.01%).

e The combination of iron and chromium produces yellow or orange sapphire.

e Chromium alone produces pink or red (ruby); at least 1% chromium for deep

red ruby.

e Iron alone produces a weak yellow or green.

e Violet or purple sapphire is colored by vanadium.
[00160] The word “harder” when used herein refers to a relative measure of the
hardness of a material when compared to another. For clarity, when a first material or
substrate that is defined as harder than a second material or substrate, the Mohs value for
the first material or substrate is higher than the Mohs value for the second material or
substrate.

[00161] The word “softer” when used herein refers to a relative measure of the
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hardness of a material when compared to another. For clarity, when a first material or
substrate that is defined as softer than a second material or substrate, the Mohs value for
the first material or substrate is lower than the Mohs value for the second material or
substrate.
[00162] The word “flexible” when used herein refers to a substrate’s mechanical
properties of being able to be physically manipulated to change its physical shape using
force without breaking said substrate.
[00163] The word “screen” when used as a noun herein refers to a cover-glass, cover-
screen, cover-window, display screen, display window, cover-surface, or cover plate of an
apparatus. For clarity, while in many instances a screen on a given apparatus has a dual
function of displaying an interface of the apparatus and protecting the surface of the
apparatus, wherein for such instances good light transmittance is a required feature of said
screen; this is not a must. In other instances where only the function of providing surface
protection is required, light transmittance of the screen is not a must.
[00164] In one embodiment of the present invention, there is provided a method to
develop a transparent screen which is harder and better than Gorilla Glass and comparable
to pure sapphire screen but with the following advantages:

e Harder than any hardened glass;

e Less possibility of fragmentation than pure sapphire screen;

e Lighter weight than pure sapphire screen;

e Higher transparency than pure sapphire screen.
[00165] In one embodiment of the present invention, there is provided a method to
deposit a sapphire thin film on quartz substrate. With post-deposit treatment such as
thermal annealing, an embodiment of the present invention has achieved top-surface
hardness up to 8 -8.5 Mohs, which is close to sapphire single crystal hardness of 9 Mohs.
One embodiment of the present invention is herein known as “Sapphire thin film on

Quartz”. Figure 2 shows the top-surface hardness of “Sapphire thin film on Quartz” when
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compared to ordinary glass, Gorilla Glass, quartz and pure sapphire.

[00166] Quartz substrate itself is the single crystal of SiO; with a higher Mohs value
than glass. Moreover, its melting point is 1610 °C which can resist high annealing
temperatures. Furthermore, the substrate can be cut to the desired size onto which an
embodiment of the present invention can then deposit the sapphire thin film. The thickness
of the deposited sapphire thin film is just 1/1000 of the quartz substrate. The cost of
synthetic quartz crystal is relatively low (which is only less than US$10/kg at the time the
present invention is disclosed herein). So, in an embodiment of the present invention, the
fabrication cost and fabrication time are significantly reduced comparing to the fabrication

of pure sapphire substrate.

[00167] Features and benefits of one embodiment of the present invention
[00168] Higher hardness than hardened glass
[00169] In one embodiment of the present invention, the developed Sapphire thin

film on Quartz has a maximum value of 8.5 Mohs in top-surface hardness. Recent Gorilla
Glass used in smart-phone screen only scores about 6.5 Mohs in hardness value and natural
quartz substrate is 7 Mohs in hardness value. Therefore, the present invention has a
significant improvement in top-surface hardness comparing to recent technology. The
Sapphire thin film on Quartz has a hardness value of 8.5 Mohs, which is very close to pure
sapphire’s hardness value of 9 Mohs, and the Sapphire thin film on Quartz has the merits of
lower fabrication cost and requires a less fabrication time.

[00170] Less fragmented, lighter than sapphire

[00171] In nature, the harder the materials, the more brittle they are, thus, sapphire
substrate is hard to scratch but it is easy to shatter, and the vice versa is also often true.
Quartz has comparatively low elastic modulus, making it far more shock resistant than
sapphire.

[00172] Moreover, in one embodiment of the present invention, the deposited

sapphire thin film is very thin compared to quartz substrate wherein the deposited
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sapphire thin film is only 1/1000 of the quartz substrate in thickness. Therefore, the
overall weight of sapphire thin film on quartz is almost the same as quartz substrate, which
is only 66.6% (or 2/3) of the weight of pure sapphire substrate for the same thickness.
This is because the density of quartz is only 2.65 g/cm3 while that of pure sapphire is 3.98
g/cm3 and that of Gorilla Glass is 2.54 g/cm3. In other words, quartz substrate is only
heavier than Gorilla Glass by 4.3% but pure sapphire substrate is roughly 1.5 times heavier
than Gorilla Glass and quartz. Table 1 shows the comparison among the density of quartz,
Gorilla Glass and pure sapphire.

[00173] Table 1: Comparison of density of Gorilla glass, quartz and pure sapphire, and

their percentage differences.

Materials Density Difference
Gorilla Glass 2.54g/cm3 100%
Quartz 2.65g/cm3 104.3%
Pure Sapphire | 3.98 g/cm3 156.7%
[00174] A recently published patent application, US Patent Application No.

13/783,262 to Apple Inc,, also indicates that it has devised a way to fuse sapphire and glass
layers together that creates a sapphire laminated glass to combine the durability of
sapphire with the weight and flexibility advantages of glass. However, polishing a larger
area (> 6 inches) and thin (< 0.3mm) sapphire substrate is very challenging. Therefore,
using Sapphire thin film on Quartz is the best combination for screen with lighter weight,
higher top-surface hardness, less fragmented substrate.

[00175] Higher transparency than pure sapphire

[00176] Since the refractive index of sapphire crystal, quartz crystal, and Gorilla Glass
are 1.76, 1.54, and 1.5 respectively, the overall light transmission of them are 85%, 91%,
and 92% due to the Fresnel’s reflection loss. That means there is a small trade-off between
light transmission and durability. Sapphire transmits less light which can results in either
dimmer devices or shorter device battery life. When more light is transmitted, then more

energy is saved and the device battery life would be longer. Figure 3 shows the light
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transmittance of quartz, Sapphire thin film on Quartz and pure sapphire.

[00177] Most crystals, including sapphire and quartz, have birefringence problem. By
comparing their refractive indices of ordinary ray and extraordinary ray (no and ne), the
magnitude of the difference An is quantified by the birefringence. Moreover, the values of
An for one embodiment of the present invention are also small such that the birefringence
problem is not serious for application with thinner substrate thickness (=1 mm). For
examples, pure sapphire is used as the camera cover lens in Apple iPhone 5S, which is not
known to have any blurred image reported. Table 2 shows the refractive index of ordinary
ray and extraordinary ray (no and ne), and their differences An in birefringence for quartz
and sapphire.

[00178] Table 2: Refractive indices of ordinary ray and extraordinary ray (no and ne),

their differences An for quartz and sapphire.

Materials Formula ng Ne An
Quartz SiO2 1.544 | 1.553 | +0.009
Sapphire Al03 1.768 | 1.760 | -0.008
[00179] Shorter fabrication time and lower fabrication cost than pure sapphire
[00180] Recently, both synthetic sapphire and quartz single crystals are grown and

commercially available. Since sapphire has a higher melting point than quartz, the growth
of sapphire is more difficult and in a higher cost. More importantly, the time to grow
sapphire is much longer than quartz. Growing sapphire for products larger than 6 inches is
also challenging and only a limited number of companies can achieve this. Therefore, it
limits the production quantity such that production cost of sapphire substrate is higher
than quartz. Table 3 shows the chemical formula, melting point and Mohs hardness value
for quartz and sapphire.

[00181] Table 3: The chemical formula, melting point and Mohs hardness value for

quartz and sapphire.

Materials Formula Melting point Mohs hardness
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Quartz Si02 1610 °C 7
Sapphire AlLO3 2040 °C 9
[00182] Another challenge in the use of pure sapphire is that sapphire crystal with

hardness value of 9 Mohs is very difficult to be cut and polished. Up to now, polishing a
larger area (> 6 inches) and thin (< 0.3 mm) sapphire substrate is very challenging. The
successful rate is not very high and this prevents the price of sapphire substrate from any
significant reduction even though a larger number of sapphire crystal growth furnaces are
now in operation. Corning has claimed that sapphire screen can cost up to 10 times as
much as Gorilla Glass. In contrast, quartz possesses a hardness value of 7 Mohs, and it is
easier to be cut and polished. Moreover, the cost of synthetic quartz crystal is comparatively
less expensive (only costs less than US$10/kg at the time of the present disclosure).

[00183] Therefore, the additional cost of Sapphire thin film on Quartz is the
deposition of the sapphire thin film on the quartz substrate and the post-treatment of the
Sapphire thin film on Quartz. In one embodiment of the present invention, when all
conditions are optimized, the process of mass production can be fast and the cost is low.
[00184] In one embodiment of the present invention, there is provided a method to
deposit a harder sapphire thin film on quartz substrate. The thin film thickness is in the
range of 150 nm - 1000 nm. With post-deposit treatment such as thermal annealing at 500
°C - 1300 °C, this embodiment of the present invention has achieved hardness of 8 - 8.5
Mohs, which is very close to sapphire single crystal hardness of 9 Mohs. In another
embodiment of the present invention, there is provided sapphire thin film with thickness of
150 nm - 500 nm with an achieved hardness value of 8 - 8.5 Mohs, which is very close to
sapphire single crystal hardness of 9 Mohs, and also possesses good optical performance
with low scattering loss. The annealing temperature is from 1150 to 1300 °C. Figure 4
shows the light transmission of quartz and 190nm Sapphire thin film on Quartz with and
without annealing at 1300 °C for 2 hours. Therefore, in terms of hardness, the Sapphire

thin film on Quartz is comparable to that of pure sapphire screen, and its weight is almost
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the same as that of glass/quartz substrate, which is roughly 66.6 % the weight of pure
sapphire substrate since the density of quartz is only 2.65 g/cm3 while pure sapphire is
3.98 g/cm3. Since one can cut the substrate to the desired size then deposit the sapphire
thin film according to the present method, the fabrication cost and time are significantly
reduced comparing to that of pure sapphire substrate.

[00185] In fact, the value of hardness for sapphire thin film by e-beam deposition is
not very high. In one embodiment of the present invention, the value of hardness was
measured to be less than 7 Mohs. However, after conducting thermal annealing process,
the thin film hardness is significantly improved. In one embodiment of the present
invention, it was found that the sapphire thin film was softened as it was subjected to
annealing at 1300 °C for 2 hours. The film thickness was shrunk about 10% and the film
hardness was improved to 8 - 8.5 Mohs. Since, the quartz substrate is single crystal of SiO;
with melting point of 1610 °C, it can resist the high annealing temperature. Therefore, the
hardness of the annealed sapphire thin film on quartz substrate can attain 8.5 Mohs.
Figure 4 shows the transmission of quartz and 190nm thick Sapphire thin film on Quartz
with and without annealing at 1300 °C for 2 hours.

[00186] Moreover, in other embodiments of the present invention, the annealing
process of sapphire thin film can be conducted on other substrates. For examples, 1000 °C
annealed sapphire thin film on fused silica substrate and 500 °C annealed sapphire thin
film on glass substrate.

[00187] Electron beam (E-beam) and sputtering depositions are two most popular
methods to deposit sapphire thin film onto the quartz and other relevant substrates. In

some embodiments of the present invention, these two common deposition methods are

used.
[00188] Sapphire thin film by e-beam deposition
[00189] The summary points on sapphire thin film deposition on a given substrate by

e-beam deposition are given as follows:
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e The deposition of sapphire thin film is using e-beam evaporation since aluminum
oxide has a very high melting point at 2040 °C. The white pellets or colorless
crystal in small size of pure aluminum oxide are used as the e-beam evaporating
sources. The high melting point of aluminum oxide also allows for annealing
temperatures up to less than the melting point of sapphire (e.g. 2040 °C at
atmospheric pressure).

e The substrates are perpendicularly stuck on the sample holder far away from the
evaporation source in 450 mm. The sample holder is rotated at 1 - 2 RPM when
the deposition takes place.

e The base vacuum of evaporation chamber is less than 5x10-¢ torr and the
vacuum Keeps below 1x10-> torr when the deposition takes place.

e The thickness of film deposited on substrates is about 150 nm to 1000 nm. The
deposition rate is about 1-5 A/s. The substrate during deposition is without
external cooling or heating. The film thicknesses are measured by ellipsometry
method and/or scanning electron microscope (SEM).

e Higher temperature film deposition is possible from room temperature to 1000
°C.

[00190] A more detailed description on the process of e-beam deposition for sapphire
thin film on another substrate is given as follows:

1) The deposition of sapphire thin film is using e-beam evaporation since

aluminum oxide has a high melting point at 2040 °C. The aluminum oxide pellets

are used as the e-beam evaporation source. The high melting point of aluminum
oxide also allows for annealing temperatures up to less than the melting point of
sapphire (e.g. 2040 °C at atmospheric pressure).

2) The coated substrates are perpendicularly stuck on the sample holder far

away from the evaporation source in 450mm. The sample holder is rotated at 2

RPM when the deposition takes place.
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3) The thickness of film deposited on substrates is about 190 nm to 1000 nm.
The deposition rate is about 1 A/s. The substrate during deposition is without
external cooling or heating. The film thicknesses are measured by ellipsometry
method.

4) After deposition of sapphire thin film on substrates, they are annealed in a
furnace from 500 °C to 1300 °C. The temperature raising speed is 5 °C/min and the
decline speed is 1 °C/min. The time ranges from 30 minutes to 2 hours, keeping on
the particular thermal annealing temperature.

5) The deposition substrates are including quartz, fused silica and (toughened)
glass. Their melting points are 1610 °C, 1140 °C and 550 °C respectively. The
annealing temperatures of sapphire thin film coated on them are 1300 °C, 1000 °C
and 500 °C respectively.

6) The transmission of quartz and 190 nm sapphire thin film on quartz with and
without annealing at 1300 °C for 2 hours are showed in Figure 4. The light
transmission percentage in whole visible region from 400 nm - 700 nm is greater
than 86.7% and maximally 91.5% at 550 nm while for pure sapphire substrate the
light transmission percentage is only 85 - 86%. More light transmitted indicates
more energy saved from backlight-source of display panel, so such that the device
battery life would be longer.

[00191] Annealing process of an embodiment of the present invention

[00192] After deposition of sapphire thin film on substrates, they are annealed in a
furnace from 500 °C to 1300 °C. The temperature raising rate is 5 °C/min and the decline
rate is 1 °C/min. The annealing time is from 30 minutes to 2 hours, maintaining at a
particular thermal annealing temperature. Multiple-steps annealing with different
temperatures within the aforementioned range are also used to enhance the hardness and
also reduce the micro-crack of thin film. Table 4 shows the surface hardness and XRD

characteristic peaks at different annealing temperatures prepared by e-beam deposition.
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The table also shows various crystalline phases of sapphire present in the films; most
common phases are alpha (a), theta (0}, and delta ().
[00193] Table 4: The surface hardness and XRD characteristic peaks at different

annealing temperatures prepared by e-beam deposition.

Annealing temperature Surface hardness XRD peaks
(°cQ) (Mohs) (phase)
No annealing 5.5 No
500 - 850 6-7 No
850-1150 7-8 theta & delta
1150 - 1300 8-85 theta & delta
[00194] Table 4 shows the changes of surface hardness of sapphire thin film as a

function of annealing temperature varies from 500 °C to 1300 °C. In fact, the initial value of
hardness of e-beam deposited sapphire thin film without being annealed is about 5.5 Mohs.
However, after conducting thermal annealing process, the film hardness is significantly
improved. By using annealing temperature in the ranges of 500 °C - 850 °C, 850 °C - 1150
°C, and 1150 °C - 1300 °C, the hardness values of sapphire thin film on quartz are 6 - 7
Mohs, 7 - 8 Mohs and 8 - 8.5 Mohs in hardness scale respectively.

[00195] Figure 5 shows XRD results for the 400 nm sapphire thin film on quartz
annealed at 750 °C, 850 °C and 1200 °C for 2 hours. When the annealing temperature is
greater than 850 °C, the film starts to partially crystallize. The appearance of new XRD
peaks corresponds to the mixture of theta and delta structural phases of aluminum oxide.
[00196] When the annealing temperature is above 1300 °C, the film would start to
develop some larger crystallites that can significantly scatter visible light; this would
reduce the transmission intensity. Moreover, as this large crystallite accumulates more and
more, the film would crack and some micro-size pieces would detach from the substrate.
[00197] In one embodiment of the present invention, it was found that the sapphire
thin film on quartz substrate can be annealed at 1150 °C to 1300 °C within half to two

hours. The film thickness would shrink by about 10% and the film hardness is improved to
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8 - 8.5 Mohs. Since the quartz substrate is single crystal SiO2 with a melting point of 1610
°C, it can resist such high annealing temperature. Under this annealing temperature, the
hardness of annealed sapphire thin film on quartz substrate has achieved 8.5 Mohs.

[00198] The light transmission of 400 nm Sapphire thin film on Quartz with and
without annealing at 1200 °C for 2 hours are shown in Figure 6 while comparing to quartz
and sapphire substrates. The light transmission of Sapphire thin film on Quartz within
visible region, from 400 - 700 nm, is greater than 88% and the maximum is at 550 nm with
92%. The interference pattern is due to the differences in refractive index of the materials
and the film thickness. The overall averaging light transmittance is about 90% while pure
sapphire substrate is only 85 -86%. Moreover, the light transmission spectrum of Sapphire
thin film on Quartz coincides with that of quartz substrate at certain wavelength which
indicates the optical performance is excellent and low scattering loss. The difference
between maximum and minimum intensity of the interference pattern is about 4% only. For
real applications, more light transmitted indicates more energy saved from backlight-
source of display panel, so such that the device battery life would be longer.

[00199] Thickness of sapphire thin film on quartz

[00200] The Sapphire thin film on Quartz with thickness in the range of 150 nm -
1000 nm has been tested. In one embodiment of the present invention, there is provided a
sapphire thin film with a thickness of 150 nm - 500 nm having good optical performance
with low scattering loss when annealing temperature is from 1150 °C to 1300 °C. However
when the thickness is larger than 600 nm, the film would crack causing significant
scattering which reduces the transmission intensity.

[00201] For the sapphire thin film with thickness of 150 nm - 500nm deposited on
quartz after annealing at 1150 °C to 1300 °C, the measured hardness can achieve 8 - 8.5 in
Mohs scale, which indicates that even thinner coating film can also act as an anti-scratching
layer.

[00202] Other possible substrates for anti-scratch coating
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[00203] Apart from quartz substrate, other embodiments of the present invention
have also investigated the deposition of sapphire thin film on different substrates such as
fused silica and silicon. Other tempered glass or transparent ceramic substrates with a
higher annealing or melting temperature, which can resist 850 °C annealing temperature
within 30 minutes to 2 hours, are also possible to use as substrates to enhance their surface
hardness to 7 - 8 in Mohs hardness scale. For example, Schott Nextrema transparent
ceramics has a short heating temperature at 925 °C; Corning Gorilla glass has a softening
temperature up to 850 °C.

[00204] Since the annealing temperature of fused silica is about 1160 °C, it is a good
candidate to start investigating its suitability as substrate. However, sapphire thin film on
fused silica shows different behaviors compared with sapphire thin film on quartz
annealing from 850 °C to 1150 °C, even though they are deposited under the same
deposition condition. The adhesion of sapphire film on fused silica is not as good as on
quartz (due to significant difference in the expansion coefficient); localized delamination
and micro-sized crack of the film occur on fused silica substrate. However, using thinner
film, these problems, which can lead to light scattering, are substantially mitigated. Figure
7 showed the transmission of 160 nm sapphire thin film on fused silica annealed at 1150 °C
for 2 hours. The transmission of sapphire thin film on fused silica in whole visible region
from 400 nm - 700 nm is greater than 88.5% and maximally 91.5% at 470 nm. The overall
averaging light transmittance percentage is about 90% while pure sapphire substrate is
only 85% - 86%. Moreover, the measured surface hardness also maintains at above 8 in
Mohs scale.

[00205] Silicon, which has a melting temperature at about 1410 °C, is a non-
transparent substrate material. Under the same deposition condition, although sapphire
film on silicon substrate shows similar characteristics in Mohs hardness comparing to
quartz substrate, they are still divided into the two groups of temperature range. However,

because silicon substrate is not a transparent substrate, it cannot be used in transparent
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cover glass or window applications. Therefore, the sapphire film can only provide the anti-
scratch purpose as a protection layer to protect the silicon surface from scratch (silicon has
Mohs scale hardness of 7). Such protection layer can potentially eliminate thick glass
encapsulation. This would improve the light absorption, thus increasing the light harvesting
efficiency. Other inorganic semiconductor-based solar cell that can withstand high
temperature treatment can also have similar deposition of the sapphire thin film onto it.
From the embodiments of the present invention as described herein, it is envisaged that a
person skilled in the art can very well apply the present invention to deposit sapphire thin
film on to other substrates such that the sapphire thin film will act as an anti-scratch
protection layer to its underlying substrate provided these substrates can withstand the

annealing temperatures of the present invention for the applicable duration of time.

[00206] Annealed sapphire thin film by sputtering deposition
[00207] Sapphire thin film by sputtering deposition
[00208] The steps on sapphire thin film deposition on a given substrate by sputtering

deposition are provided as follows:
1) The deposition of sapphire thin film can be performed by sputtering
deposition using aluminum or aluminum oxide targets.
2) The substrates are attached onto the sample holder which is around 95 mm
away from the target. The sample holder is rotated to achieve thickness uniformity
when the deposition takes place, example rate is 10 RPM.
3) The base vacuum of evaporation chamber is less than 3x10-¢ mbar and the
coating pressure is around 3x10-3 mbar.

4) The thickness of film deposited on substrates is about 150 nm to 600 nm.

5) Higher temperature film deposition is possible from room temperature to
500 °C.
[00209] Annealing process of another embodiment of the present invention
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[00210] After deposition of sapphire thin film on substrates, they are annealed in a
furnace under a varing temperature from 500 °C to 1300 °C. The temperature raising rate is
5 °C/min and the decline rate is 1 °C/min. The time ranges from 30 minutes to 2 hours,
maintaining at a particular thermal annealing temperature. Multiple-step annealing at
different temperatures are also used to enhance the hardness and also reduce the micro-
crack of thin film. This is shown in Table 5.

[00211] Table 5: The surface hardness and XRD characteristic peaks at different

annealing temperatures for the sapphire film on quartz prepared by sputtering deposition.

Annealing | Thickness Surface XRD peaks | Transmission
Temperature (nm) hardness (phase)
(°C) (Mohs)
No annealing 6-6.5 No
500-850 6-6.5 No
850-1150 340-600 Film theta & delta
delamination
1150-1300 150-300 8-8.5 theta & delta Low
scattering
90%
300-500 8.5-8.8 alpha & High
theta; alpha scattering
only 83-87%
[00212] Table 5 shows the changes of surface hardness of sapphire thin film on quartz

as annealing temperature varies from 500 °C to 1300 °C. In fact, the initial value of
hardness of sapphire thin film without annealing by sputtering deposition is slightly higher
than that by e-beam deposition; about 6 - 6.5 Mohs. After conducting thermal annealing
process, the performance of the film in terms of hardness is different from that by e-beam
deposition. When annealing temperature is in the range of 500 °C - 850 °C, the film
hardness has no significant change. Within 850 °C - 1150 °C range, the thin film coated on

quartz is easily delaminated. However, within 1150 °C - 1300 °C range, the film forms hard
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film, with its surface hardness of 8 - 8.5 Mohs in a thickness of 150 nm - 300 nm and of 8.5 -
8.8 Mohs in a thickness of 300 nm - 500 nm.

[00213] Figure 8A shows XRD results for the 400 nm sapphire thin films on quartz
being annealed at 850 °C, 1050 °C and 1200 °C for 2 hours. The occurring XRD peaks are
corresponding to the mixing of delta (3), theta (6) and alpha (o) structural phases of
aluminum oxide. Different from e-beam evaporation, the occurrence of alpha phase of
aluminum oxide in XRD result by sputtering deposition causes more hardened surface or
higher surface hardness, scoring 8.7 Mohs in average. Figure 8B shows XRD results for the
sapphire thin film with thicknesses of 220 nm, 400 nm, and 470 nm on quartz being
annealed at 1150 °C for 2 hours. The occurrence of alpha phase starts from the thickness of
about 300 nm, and when the thickness of sapphire thin film increases up to 470 nm, the
original mixing of structural phases almost converts to alpha phase. The surface hardness is
the highest under such conditions. However, further increasing the thickness of sapphire
thin film would cause film delamination.

[00214] The light transmission spectra of 220 nm, 400 nm, and 470 nm sapphire thin
film on quartz prepared by sputtering deposition being annealed at 1100 °C for 2 hours are
shown in Figure 9 while comparing to quartz substrate. For annealed 220 nm thick
sapphire thin film on quartz, the optical performance is excellent and with a little scattering
loss. The transmission in whole visible region from 400 nm - 700 nm is greater than 87%
and maximally 91.5% at 520 nm. The overall averaging transmittance is about 90.2%. The
difference between the maximum and minimum intensities of the interference pattern is
about 4.5% only.

[00215] However, when the thickness of sapphire thin film is greater than 300 nm, the
light transmittance intensity starts to drop, especially in UV range, indicating that Rayleigh
scattering starts to dominate. The strong wavelength dependence of Rayleigh scattering

applies to the scattering particle with particle size, which is less than 1/10 wavelength. This
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is due to the formation of alpha phase in sapphire thin film with sub-100 nm crystalline
size. Therefore, the surface hardness becomes higher but the transmission becomes worse.
[00216] For annealed 400 nm and 470 nm sapphire thin film on quartz, the light
transmission percentage in whole visible region from 400nm - 700 nm is within 81% - 88%
and 78% - 87% respectively. Their overall averaging transmittance values are about 85.7%
and 83.0% respectively.

[00217] However, when the thickness of sapphire thin film is greater than 500 nm,
larger crystallite accumulates with micro-cracks form, the film would crack and some
micro-size pieces would detach from the substrate.

[00218] Sapphire thin film on fused silica by sputtering deposition

[00219] Apart from quartz substrate, low cost fused silica is a potential candidate for
sapphire thin film coated substrates since the annealing temperature of fused silica is about
1160 °C.

[00220] Table 6 showed the surface hardness of sapphire thin film on fused silica as
annealing temperature varies from 750 °C to 1150 °C. In fact, the initial value of hardness of
sapphire thin film on fused silica without annealing by sputtering deposition is slightly
lower than that on quartz; about 5.5 - 6 Mohs. For 850 °C - 1150 °C range, the hardness is
even worse, less than 5 Mohs for all 150 nm - 600nm thick sapphire thin films. However, at
1150 °C, the film can form hard film again, which its surface hardness has 8 - 8.5 for all 150
nm - 600nm sapphire thin films.

[00221] Table 6: The surface hardness and XRD characteristic peaks at different

annealing temperatures for the sapphire film on fused silica prepared by sputtering

deposition.
Annealing | Thickness Surface XRD peaks | Transmission
Temperature (nm) hardness (phase)
(°C) (Mohs)
No annealing 5.5-6 No
850-1150 150-600 <5 theta & delta
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1150-1300 150-300 8-8.5 theta & delta Low
scattering
91%
300-600 8-8.5 alpha & High
theta; alpha scattering
only 74-82%
[00222] Figure 10 shows XRD results for the 350 nm thick sapphire thin film on fused

silica prepared by sputtering deposition and annealing at 750 °C, 850 °C, 1050 °C and 1150
°C for 2 hours. XRD results show the mixing of theta and alpha structural phases of
aluminum oxide co-exist on the fused silica substrate. Therefore, the sapphire thin film has
a hard surface with 8 - 8.5 Mohs, whereas fused silica substrate has only scores 5.3 - 6.5.
[00223] The transmission spectra of 180 nm - 600 nm thick sapphire thin film on
fused silica prepared by sputtering deposition annealing at 1150 °C with 2 hours showed in
Figure 11 compared to fused silica substrate.

[00224] For annealed 180 nm and 250 nm thick sapphire thin film on fused silica, the
optical performance is excellent and with a little scattering loss. The transmission of
sapphire thin film in whole visible region from 400 - 700 nm is within 88.9% - 93.1% and
84.8% - 92.8% respectively. Their overall averaging transmittance values are about 91.3%
and 90.7% respectively.

[00225] For annealed 340 nm and 600 nm thick sapphire thin film on fused silica, the
transmission across visible region from 400 nm - 700 nm is within 75% - 86% and 64% -
80% respectively. Their overall averaging transmittance is about 81.7% and 74.1%
respectively.

[00226] Therefore, annealed sapphire thin film on fused silica at 1150 °C with a
thickness of 150 nm - 300 nm has good optical performance with about 91% transmittance
and also has strong surface hardness with > 8 Mohs.

[00227] Low temperature annealing process

[00228] A current popular “toughened’ screen material is Gorilla Glass from Corning,
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which is being used in over 1.5 billion devices. On the Mohs scale of hardness, the latest
Gorilla Glass only scores 6.5-6.8, which is below mineral quartz such that it is still easy to
scratch by sand. Therefore, another approach is to deposit harder thin film on glass
substrate. However, for most of common cover glasses, the allowed maximum annealing
temperatures are in the range of 600 °C - 700 °C. At this temperature range, the previous
hardness of annealed sapphire thin film can only reach 6-7 Mohs, which is close to that of
glass substrate itself. Therefore, a new technology is developed to push the Mohs hardness
of annealed sapphire thin film to over 7 using annealing temperature below 700 °C.

[00229] In another embodiment of the present invention, a layer or multilayer of
higher hardness thin film of sapphire is deposited onto a weaker hardness substrate (e.g.
Gorilla glass, toughened glass, soda-lime glass, etc.) with maximum allowed annealing
temperature below 850 °C. Therefore, a harder anti-scratch thin film can be coated onto
glass. This is the quickest lower cost way to improve their surface hardness.

[00230] In yet another embodiment of the present invention, by applying a nano-layer
of metal, such as Ti and Ag, it is shown that polycrystalline sapphire thin film can be grown
at lower temperature. This catalytic enhancement can be induced at temperature
considerably lower than when the nano-metal catalyst is not used. The enhancement comes
from enabling crystallization established once there is sufficient kinetic energy to allow
deposited atoms to aggregate and this annealing temperature can start at 300 °C.
Embodiments of the present invention wherein the low temperature annealing starting
from 300 °C is presented in Table 7.

[00231]

Table 7: Embodiments with structure of Substrate/Ti catalyst/Sapphire film

with no annealing (Room Temperature, i.e. RT), annealing temperatures of 300 °C, 400 °C,

and 500 °C.
Substrate Annealing Annealing Ti catalyst Sapphire Knoop Increment
type temperature time thickness film hardness in Knoop
thickness (HKO0.01) hardness
Fused silica RT / / / 1100 /
Fused silica 300°C 2hrs 1.5nm 250nm 1101 +0.09%
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Fused silica 400°C 2hrs 1.5nm 250nm 1250 +13.64%
Fused silica 500°C 2hrs 1.5nm 250nm 1301 +18.27%
Fused silica 300°C 2hrs 3.0nm 250nm 1182 +7.45%
Fused silica 400°C 2hrs 3.0nm 250nm 1276 +16.00%
Fused silica 500°C 2hrs 3.0nm 250nm 1278 +16.18%
Soda lime RT / / / 788 /
glass
Soda lime 300°C 2hrs 7.5nm 230nm 904 +14.72%
glass
Soda lime 400°C 2hrs 7.5nm 230nm 977 +23.98%
glass
Soda lime 500°C 2hrs 7.5nm 230nm 1052 +33.50%
glass
[00232] Figures 13A shows the X-ray reflectivity (XRR) measurement results for

different samples with different annealing conditions as per embodiment in Table 7, while
Figure 13B shows the optical transmittance spectra for different samples with different
annealing conditions as per embodiment in Table 7.

[00233] In one embodiment, a method is developed to deposit a very thin
“discontinuous’ metal catalyst and a thicker sapphire film on glass substrate. With post-
deposit treatment such as thermal annealing at 600-700 °C, hardness of 7-7.5 Mohs is
achieved, which is higher than that of most glasses.

[00234] The nano-metal catalyst should have a thickness between 1-15nm deposited
by deposition system such as e-beam evaporation or sputtering. This catalyst is not a
continuous film, as shown by SEM. The deposited metal can have a nano-dot (ND) shape
with (5-20nm) diameter. The metals include Titanium (Ti), and silver (Ag). The thicker
sapphire film is in the range of 100-1000nm.

[00235] In fact, the hardness value of sapphire thin film by e-beam or sputtering
deposition is not very high, which is about 5.5 - 6 Mohs only. However, after thermal
annealing process, the film hardness is significantly improved. Without nano-metal catalyst,
the film hardness is about 6 — 7 Mohs with annealing temperature 600-850 °C. After adding
the nano-metal catalyst, the film hardness is improved to 7-7.5 Mohs with annealing
temperature of 600-700 °C and achieved with a hardness of 8.5 to 9 Mohs with annealing

temperature of 701-1300 °C.
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[00236] This is a great improvement of surface hardness on glass substrate and in
particular it is below the glass softening temperature at this annealing temperature. This
means that glass will not deform during the annealing. Thus, the role of metal catalyst not
only enhances the adhesion between sapphire thin film and glass substrate but also induces
the hardening of the sapphire thin film. The surface hardness of sapphire thin film with and
without nano-metal catalyst at different annealing temperature ranges prepared by e-beam
deposition is shown in Table 8.

[00237] Table 8: The surface hardness of sapphire thin film with and without nano-

metal catalyst at different annealing ranges prepared by e-beam deposition.

Annealing Surface hardness | Surface hardness
temperature without nano-metal | with nano-metal
o) catalyst catalyst
(Mohs) (Mohs)
. 5.5 5.5-6
No annealing
500/600 - 850 6-7 7-7.5
850 - 1150 7-8 7.5-8.5
1150 - 1300 8-8.5 8.5-8.8
[00238] The summary points on sapphire thin film deposited on a glass substrate by
e-beam deposition are given as follows:
1) The base vacuum of evaporation chamber is less than 5x10-¢ torr and the

deposited vacuum keeps below 1x10-5 torr when the deposition takes place.

2) The substrates are attached onto the sample holder at a distance from the
evaporation source, for example 450 mm. The sample holder is rotated at 1 - 2 RPM when
the deposition takes place.

3) The deposition of nano-metals with higher melting points such as Ti, Cr, Nj,
Si, Ag, Au, Ge and etc, is using deposition system such as e-beam evaporation and
sputtering. The thickness of metal catalyst directly deposited on substrates is about 1-
15nm monitoring by QCM sensor. The deposition rate of nano-metal catalyst is about 0.1

A/s. The substrate during deposition is without external cooling or heating. The film
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morphology was measured by SEM top-view and cross-section view.

4) The deposition of sapphire thin film is using e-beam evaporation since it has
very high melting point at 2040 °C. The white pellets or colorless crystal in small size of
pure aluminum oxide are used as the e-beam evaporating sources. The high melting point
of aluminum oxide also allows for annealing temperatures up to less than the melting point
of sapphire (e.g. 2040 °C at atmospheric pressure).

5) The thickness of sapphire thin film deposited on substrates is about 100 nm
to 1000 nm. The deposition rate is about 1-5 A/s. The substrate during deposition is at
room temperature and active temperature is not essential. The film thicknesses can be
measured by ellipsometry method or other appropriate methods with similar or better
accuracy.

6) After deposition of sapphire thin film on substrates, they are annealed in a

furnace with a temperature varying from 500 °C to 1300 °C. The temperature raising
gradient should be gradual for example 5 °C/min and the decline gradient should also be
gradual for example 1-5 °C/min. The annealing time ranges from 30 minutes to 10 hours
within the specified thermal annealing temperature range. Multiple-steps annealing with
different temperatures within the aforementioned range can also be used to enhance the
hardness and also reduce the micro-crack of thin film.
[00239] The transmission of fused silica and 250nm annealed sapphire thin film with
or without 10nm Ti catalyst on fused silica annealing at 700 °C and 1150 °C for 2 hours are
shown in Figure 12. For 700 °C annealing result, the averaged transmission percentage in
visible region from 400 - 700 nm is greater than 89.5% and reaches a maximum of 93.5%
at 462nm while fused silica substrate has an average transmission of 93.5%.

[00240] Thin film transfer process

[00241] Another embodiment of present invention provides a method and apparatus
of fabrication of a multilayer flexible metamaterial using flip chip transfer (FCT) technique.

Such metamaterial includes a thin film harder substrate transferred onto a softer flexible
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substrate. This technique is different from other similar techniques such as metal lift off
process, which fabricates the nanostructures directly onto the flexible substrate or
nanometer printing technique. It is a solution-free FCT technique using double-side optical
adhesive as the intermediate transfer layer and a tri-layer metamaterial nanostructures on
a rigid substrate can be transferred onto adhesive first. Another embodiment of the
present invention is the fabrication method and apparatus that allows the transfer of the
metamaterial from a rigid substrate such as glass, quartz and metals onto a flexible
substrate such as plastic or polymer film. Thus, a flexible metamaterial can be fabricated
independent of the original substrate used.

[00242] Device fabrication

[00243] A schematic fabrication process of multilayer metamaterials is shown in
Figure 14. First, the multilayer plasmonic or metamaterial device is fabricated on
chromium (Cr) coated quartz using conventional EBL process. The 30 nm thick Cr layer is
used as a sacrificial layer. Then a gold/ITO (50 nm/50 nm) thin film is deposited onto the Cr
surface using thermal evaporation and RF sputtering method respectively. Next, a ZEP520A
(positive e-beam resist) thin film with a thickness of about 300 nm is spun on top of the
ITO/gold/Cr/quartz substrate and a two-dimensional hole array is obtained on the
ZEP520A using the EBL process. To obtain the gold nanostructure (disc pattern), a second
50 nm thick gold thin film is coated onto the e-beam patterned resist. Finally, a two-
dimensional gold disc-array nanostructures is formed by removing the resist residue. The
area size of each metamaterial pattern is 500 pm by 500 pm, and the period of the disc-
array is 600 nm with disc diameter of ~ 365 nm.

[00244] Flip chip transfer (FCT) technique

[00245] Transfer process of flexible absorber metamaterial is shown in Figure 15,
double-sided sticky optically clear adhesive (50 pm thick; e.g. a commercially available
product manufactured by 3M) is attached to the PET substrate (70 um thick). Thus, the tri-

layer metamaterial device is placed in intimate contact with optical adhesive and
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sandwiched between the rigid substrate and the optical adhesive. Note that the Cr thin film
on quartz substrate is exposed to the air for several hours after the RF sputtering process,
such that there is a thin native oxide film on the Cr surface. Hence the surface adhesion
between Cr and gold is much weaker than that of gold/ITO/gold disc/optical adhesive
bounding. This allows the tri-layer metamaterial nanostructure to be peeled off from the Cr
coated quartz substrate. Once the metamaterial nanostructure is transferred onto the PET
substrate, it possesses sufficient flexibility to be bended into various shapes. Finally, the
metamaterial nanostructure is encapsulated by spin-coating a 300 nm thick PMMA layer on
top of the device.

[00246] In another embodiment, the present invention provides a novel NIR
metamaterial device that can be transformed into various shapes by bending the PET
substrate.

[00247] Figure 16(a) shows the flexible absorber metamaterial sandwiched by the
transparent PET and PMMA thin film. Several absorber metamaterial nanostructures with
area size of 500 pm by 500 pm are fabricated on flexible substrate. In fact, using the
flexibility property of the PET layer, the absorber metamaterial device can be conformed
into many shape e.g. cylindrical shape (Figure 16(b}). The minimum radius of the
cylindrical substrate is about 3 mm, not obvious defect on the metamaterial device can be
observed after 10 times of repeatable bending tests.

[00248] Optical characterization and simulation

[00249] The tri-layer metal/dielectric nanostructure discussed above is an absorber
metamaterial device. The design of the device is such that the energy of incident light is
strongly localized in ITO layer. The absorbing effects of the NIR tri-layer metamaterial
architecture could be interpreted as localized surface plasmon resonance or magnetic
resonance. The absorbing phenomenon discussed here is different from the suppression of
transmission effect in metal disc arrays, in which the incident light is strongly absorbed due

to resonance anomaly of the ultrathin metal nanostructure. To characterize the optical
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property of gold disc/ITO/gold absorber metamaterial, Fourier Transform infrared
spectrometer (FTIR) is used to measure the reflection spectrum of the absorber
metamaterial. By combining the infrared microscope with the FTIR spectrometer,
transmission and reflection spectra from micro-area nanophotonic device can be measured.
In Figure 17, the reflection spectrum (Experiment line plot) from air/metamaterial
interface was measured with sampling area of 100 pm by 100 pm. At the absorption peak
with wavelength of ~ 1690 nm, reflection efficiency is about 14%, i.e. the absorber
metamaterial works at this wavelength. In RCWA simulation (Simulation line plot), the real
optical constants in E. D. Palik, Handbook of optical constants of solids, Academic Press,
New York, 1985 is used; the content of which is incorporated herein by reference in its
entirety. At resonant wavelength, the experiment and calculation agree well with each
other.

[00250] Reflection spectrum of the flexible absorber metamaterial is shown in Figure
18(a) (0° line plot). Compared to the FTIR result shown in Figure 17, the absorption dip of
the flexible metamaterial has red shifted to ~ 1.81 pm. This red shift is mainly due to the
refractive index change of the surrounding medium (refractive index of optical adhesive
and PET is about 1.44). In Figure 18(c) and Figure 18(d), three-dimensional rigorous
coupled wave analysis (RCWA) method is employed to calculate the reflection and
transmission spectra on the absorber metamaterial, and experimentally confirmed
parameters of materials of gold, ITO, Cr, SiO2, and PET were used. Resonant absorption at
wavelength of ~ 1.81 pm can also be observed in theoretical simulations. However, there
are two resonant dips around 1.2 pm in the measured reflection spectrum. In the RCWA
calculation (Figure 18(c)), the double dips are reproduced and ascribed to two localized
resonant modes, as they are not very sensitive to incident angles. For the angle dependent
calculation, TE polarized light is used (electric field is perpendicular to incident plane) to fit
the experimental result. While the incident angle is changed from 0 to 45 degree, reflection

efficiency shows an increasing trend as light cannot be efficiently localized under large
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angle incidence. However, the back-reflection efficiency in experiment (Figure 18(a))
decreases obviously. This is because the current experimental setup (discussed in next
section) only allows the collection of the back-reflection signal (incident and collection
direction are same as each other), and the collection efficiency is very low for large incident
angles. In Figure 18(b), transmission spectrum of the flexible metamaterial was measured
using the same FTIR setup, the main difference is light was incident from the air/PMMA
interface. A Fano-type transmission peak is observed at wavelength ~ 1.85 um. At
resonant wavelength, the transmission efficiency from experiment is higher than that in the
theoretical simulation (Figure 18(d}). This could be due to defects on gold planar film and
the two-dimensional disc arrays, which enhances the efficiency of leakage radiation and
thus contribute to the higher transmission efficiency in the measured results.

[00251] As shown in Figure 19, bending PET substrate allows the measurement of the
optical response of absorber metamaterial under different curving shape. The shape of the
bent PET substrate is controlled by adjusting the distance between substrate ends (A and
B). The angle for the resolved back-reflection on the absorber device is measured by
varying the bending conditions. From Figure 19, the incident angle (¥3%°~# ) js
determined from the bending slope at the position of the metamaterial device. From Figure
18(a), it is observed that when the incident angle increases from 0 to 45 degree, the
intensity of the back reflection becomes weaker and the absorption dip becomes shallower.
Nevertheless, it can be shown that the resonant absorption wavelength of the flexible
absorber metamaterial is not sensitive to the incident angle of light. Devices made from the
metamaterials can be made into highly sensitive sensors. This invention provides a novel
technique in fabricating metamaterial devices on a flexible substrate. The flexibility allows
the device to bend and stretch, altering the device structure. Since the resonant frequency
of each device is a function of the device structure, the resonant frequency can be tuned by
the bending and stretching of the substrate. Hence, another embodiment of the present

invention is a metamaterial that enables a physical means to change the structure of the
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material, which leads to a change in its resonant frequency, without the need to change the
material composition. As such, an embodiment of the present metamaterial is a flexible
plasmonic or metamaterial nanostructure device used as an electromagnetic wave
absorber.

[00252] According to the aforementioned embodiments of the present invention, a
highly flexible tri-layer absorber metamaterial device working at NIR wavelength can be
realized. Using the FCT method, a tri-layer gold disc/ITO/gold absorber metamaterial is
transferred from quartz substrate to a transparent PET substrate using optically clear
adhesive (e.g. a commercially available product manufactured by 3M). Furthermore, the
tri-layer absorber metamaterial is encapsulated by PMMA thin film and optical adhesive
layer to form a flexible device. A FTIR experiment showed that the absorber metamaterial
works well on both the quartz substrate and the highly flexible PET substrate. Angle
insensitive absorbing effects and Fano-type transmission resonance can also be observed
on this flexible metamaterial.

[00253] Moreover, the solution-free FCT technique described in this invention can
also be used to transfer other visible-NIR metal/dielectric multilayer metamaterial onto
flexible substrate. The flexible metamaterial working at visible-NIR regime has many
advantages by manipulating light in three-dimensional space, especially when the
metamaterial architecture is designed on curved surfaces. In another embodiment of the
present invention, the FCT technique of the present invention can be adopted to transfer a

hardened thin film on to a softer, flexible substrate.

[00254] Experimental details on transferring thin film onto flexible substrate

[00255] A Method is adopted for transferring Al;O3 thin films from rigid substrate to
PET substrate using weak adhesive metal interlayers. This approach is based on the
referenced US Non-Provisional Patent Application No. 13/726,127 filed on December 23,
2012 and US Non-Provisional Patent Application No. 13/726,183 filed on December 23,

2012, both of which claim priority from US Provisional Patent Application No. 61/579,668
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filed on December 23, 2011. One embodiment of the present invention is to use
transparent polyester tape, applying mechanical stress to separate the Al;03 thin films
altogether from the sacrificial metal layer. Then, the Al;03 thin films are transferred to the
PET substrate and the sacrificial metal layer is etched away by acid.

[00256] First, a thin (i.e. 30-100 nm-thick) chromium (Cr) film is deposited onto a
fused silica substrate followed by a thin (i.e. 30-100 nm-thick) silver (Ag) film being
deposited on top of Cr. Then another layer of metal such as Ti film (3-10 nm thick) is
deposited and this is for annealing process. Then, a Al;03 thin film (e.g. 100-500 nm) is
deposited onto the metal layers. Annealing is then performed under the temperature range
300°C - 800°C per the embodiment of low temperature annealing process of the present
invention as disclosed earlier herein. Flexible transparent polyester tape with optical
transmission higher than 95% is attached to the Al>O3 film and the hardened Al O3 thin film
is mechanically peeled back. The fabrication structure is schematically illustrated in Figure
20. Due to different surface energies, the adhesion between Cr and Ag is weak and
therefore can be easily overcome by applying stress. The applied stress composed of both
pure opening stress mode and shear stress mode. These two modes ensure that there is a
clean separation between Ag and Cr. Under the applied stress, the hardened Al;03 thin film
would detach itself from the rigid substrate altogether with the sacrificial Ag layer and
flexible transparent polyester tape as shown in Figure 21. Finally, the sacrificial Ag layer is
etched away by immersing the assembly as depicted in Figure 21 by acid such as diluted
HNO3z (1:1). Since the tape and Al;03 thin film are acid-resistant, the etchant solution would
only etch away the sacrificial Ag layer faster. Al;O3 is fully transferred to PET substrate
depicted in Figure 22 after Ag thin film is completely etched away.

[00257] Results

[00258] Figure 23 shows the sample fabricated for transfer of Al;03 thin film. On the
fused silica substrate, Cr was first sputtered onto the substrate with a typical thickness of

50 nm at a sputtering yield at about 5 nm/min. Then, 50 nm Ag was deposited on top of it
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by e-beam evaporation. Finally, Al,03 of about 200 nm thick was deposited to the assembly
by e-beam evaporation.

[00259] Figure 24 shows the peel off of Al;03 film from fused silica substrate and Cr
after applying mechanical peel with a transparent tape. Al,03 detaches from the rigid
substrate completely and smoothly without any cracks and bubbles together with Ag film
and tape. Al;03 is successfully transferred to the flexible PET substrate after etching away
the sacrificial Ag layer in acid.

[00260] In yet another embodiment of the present invention, the present inventors
have discovered through their trials, experimentations and research that to accomplish the
task of depositing a layer of higher hardness thin film (of sapphire) onto a weaker hardness
substrate e.g. soda lime glass (SLG), quartz and (toughened) glass. This combination is
better than bare sapphire substrate. In nature, the higher hardness materials would have
worse toughness so sapphire substrate is hard to scratch but it is brittle to break.
Therefore, using the weaker hardness substrate with higher hardness thin film coating is
best combination. Relative weaker hardness substrates have small fragmentation
possibility, good mechanical performance, and lower cost. The function of anti-scratch is
to achieve by using the high hardness thin film coating.

[00261] In this invention, there is provided a method to deposit a high hardness
alumina thin film on quartz substrate. The thin film thickness is in the range of 100-1000
nm. With post-deposit treatment such as thermal annealing at 25°C - 375°C, wherein 25°C
is considered room temperature, this invention has achieved hardness of more than 14 GPa
which is harder than uncoated soda lime glass which has typical hardness of 8 - 8.5 GPa.
This technology is called “Sapphire thin film coated substrate”. Therefore, in terms of
hardness, the sapphire thin film coated substrate is comparable to that of pure sapphire
screen, and its weight is almost the same as that of glass/quartz substrate which is roughly
66.6 % comparing to pure sapphire substrate since the density of quartz is only 2.65 g/cm?

while sapphire is 3.98 g/cm3. Since one can cut the substrate to the desired size then
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deposit the sapphire thin film, the fabrication cost and time is significantly reduced
comparing to pure sapphire substrate.

[00262] It was found that the alumina thin film coated on soda lime glass via
sputtering and with thermal annealing at 25°C for 0.5 hour is harder than uncoated soda
lime glass. The film hardness was improved to greater than 14 GPa. Therefore, the
hardness of annealed alumina thin film on soda lime glass substrate is greater than the
uncoated soda lime glass.

[00263] Moreover, under the present invention, the annealing process of alumina thin

film on other substrates is conducted at room temperature.

[00264] Deposition Process

[00265] Deposition substrate e.g. soda lime glass, quartz, glass.

[00266] Substrate temperature during deposition: from room temperature - 1000°C.
[00267] Thin film thickness: 100 nm - 1000 nm.

[00268] Thermal annealing time: 30 minutes - 2 hours.

[00269] The deposition of alumina thin film is using sputtering or e-beam.

[00270] The thickness of the film deposited on substrates is about 100 to 1000 nm.

The deposition rate is about 1 A/s. The substrate during deposition is without external
cooling or heating. The film thicknesses are measured by ellipsometry method.
[00271] After deposition of alumina thin film on substrates, they are annealed from

25°C. The time ranges from 30 minutes to 2 hours, keeping on the particular thermal

annealing temperature.
[00272] The deposition substrates are including soda lime glass.
[00273] The nanoindentation results of aluminum oxide film on Soda lime glass (SLG)

substrate with different post annealing conditions are showed in Figure 25.

[00274] Further embodiments of the present invention
[00275] In a further embodiment of the present invention, a layer of doped aluminum

oxide (sapphire) thin film can be deposited on sapphire thin film coated substrates acting
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as a strengthen layer. Figure 26 shows the structure of the sample. The doping materials
need to have a considerable different in atom’s size compare to aluminum, such as
Chromium or Chromium oxide; Magnesium or Magnesium oxide. The distinct size of two
atoms form an interlocking mechanism in the film, as a result, surface hardness of film can
be promoted. This interlocking mechanism is similar to chemical strengthen glass which is
using Potassium to replace Sodium in glass. The transmittance and hardness of the samples
can be manipulated by the thickness, doping ratio and doping materials of the strengthen
layer.

[00276] The unique doping of the aluminum oxide (sapphire) thin film can also serve
as a unique identifier of the specific aluminum oxide (sapphire) thin film coating applied on
a given substrate. Thus, another embodiment of the present invention provides for a means
for manufacturers to track their manufactured doped sapphire coating by identifying the
ratio and type of dopant used in the deposited sapphire thin film coating.

[00277] In one of the experiments described in the present invention, when the ratio
of strengthen layer is 1:3 (aluminum oxide: chromium oxide) and thickness is around 30nm
on top of 200nm sapphire thin film coated substrate with thermal annealing at 300°C, the
present invention has achieved 17GPa hardness in nano-indentation measurement (Figure
27) which is equivalent to 7.2-7.5 Mohs scale.

[00278] In another of the experiments described , when the ratio of strengthen layer
is 1:1 (aluminum oxide: magnesium oxide) and thickness is around 30nm on top of 200nm
sapphire thin film coated substrate no annealing at room temperature, the present
invention has achieved greater than 17GPa hardness in nano-indentation measurement
(Figure 28) which is equivalent to more than 7.2-7.5 Mohs scale. Figure 28 presented data
of strengthen layer at ratio of 1:1 (aluminum oxide: magnesium oxide) deposited in room
temperature on different substrates, namely soda lime glass (SLG) and chemically
strengthened aluminosilicate glass (ASS). These data are presented in Table 9.

[00279] Table 9: Nanoindentation measurement results for strengthen layer is 1:1
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(aluminum oxide: magnesium oxide) on SLG and ASS. (*7The calibrated values were based on

the hardness of fused silica (9.25 GPa) and quartz (14.0 GPa) respectively.)

Peak hardness Calibrated peak
Sample (GPa) hardness*
(GPa)
Quartz (QZ) 15.79+0.24 14.0
Fused silica (FS) 10.21 £ 0.10 9.25
Strengthened
aluminosilicate glass 8.5+0.44 7.79
(ASS)

Soda lime glass (SLG) 6.53 £0.20 6.12
Mixed oxide on ASS (RT) 17.13+0.40 15.14
Mixed oxide on SLG (RT) 17.94 £ 1.20 15.83

[00280] In Figure 29, transmission of samples with different ratio of strengthen layer

has been shown. When strengthen layer’s ratio is 1:2 (aluminum oxide: chromium oxide},
the transmittance is around 80% in visible light range.

[00281] In Figure 30, transmission of samples with 1:1 (aluminum oxide: magnesium
oxide) ratio of strengthen layer deposited in room temperature over two different
substrates, namely soda lime glass (SLG) and chemically strengthened aluminosilicate glass
(ASS) have been shown. When strengthen layer’s ratio is 1:1 (aluminum oxide: magnesium
oxide), the transmittance is greater than 90% in visible light range (400nm to 700nm).
These data are presented in Table 10.

[00282] Table 10: Transmission results for strengthen SLG and ASS.hen layer is 1:1

(aluminum oxide: magnesium oxide)

Average transmittance, 400 — 700 nm
Sample
(%)
Bare SLG 90.90
Bare ASS 92.37
Mixed oxide film on
SLG 90.17
Mixed oxide film on
ASS 91.01
[00283] The hardness value of as-deposited sapphire thin film by e-beam or

sputtering deposition is around 12-13GPa which is about 5.5-6.5. After thermal annealing
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process, the film hardness is significantly improved. However, the softening point of glass is
about 500°C which mean that the annealing temperature cannot be high enough for
sapphire to crystalline. On the other hand, strengthen glass such as Corning Gorilla glass
has even lower annealing temperature to 400°C due to the strengthen layer. After adding
the doped aluminum strengthen layer, the film hardness has improved to 7.2-7.5 Mohs with
300°C annealing temperature at specific doping ratio of strengthen layer. This method is
great improvement of surface hardness and de-stress problem on strengthen glass
substrate by lower the annealing temperature.

[00284] The procedure of depositing doped aluminum oxide strengthen layer on a
sapphire thin film coated substrate by sputtering deposition are given as follows:

1. The deposition of Sapphire thin film follows the same procedure and experimental
details of "Sapphire Thin Film Coated Substrate" of US Non-Provisional Patent No.
14/642,742 filed on March 09, 2015, which claims priority from US Provisional
Patent Application No. 62/049,364 filed on September 12, 2014.

2. The base vacuum of chamber is higher than 5x10-¢ mbar and the deposited vacuum
keeps higher than 5x10-3 mbar when the deposition takes place.

3. The substrates are attached onto the sample holder at a distance from the
sputtering source, for example 150 mm. The sample holder is rotated at 10 RPM
when the deposition takes place.

4. Co-sputtering technique is used to deposit a doped aluminum oxide layer on the
sample. Two sputtering guns which are contain two different targets materials are
operating simultaneously during coating. And the doping ratio is controlled by the
sputtering power. E-beam deposition with similar arrangement is also possible.

5. The thickness of doped aluminum oxide layer is 10 nm to 100 nm. The deposition
rate is about 1-20nm/min which depend on the type of target used, such as oxide
and metal targets. The substrate during deposition is at room temperature and

active temperature is not essential. The film thicknesses can be measured by
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ellipsometry method or other appropriate methods with similar or better accuracy.
6. After deposited a doped aluminum oxide layer on sapphire thin film coated
substrates, they are annealed in a furnace from 50 °C to 1300 °C. The temperature
raising gradient should be gradual for example 5 °C/min and the decline gradient
should also be gradual for example 1-5 °C/min. The annealing time is ranged from
30 minutes to 10 hours within the specified thermal annealing temperature range.
Multiple-steps annealing with different temperatures within the aforementioned
range can also be used to enhance the hardness and also reduce the micro-crack of

thin film.
[00285] Other possible dopants used are beryllium, beryllium oxide, lithium, lithium
oxide, sodium, sodium oxide, potassium, potassium oxide, calcium, calcium oxide,
molybdenum, molybdenum oxide, tungsten and tungsten oxide. In fact, an embodiment of
the present invention has spinel (MgAl;04) produced in the doped aluminum oxide
(sapphire) thin film coating on a softer substrate at the ratio of aluminum oxide:
magnesium oxide being 1:1. From data in Figure 31, it is observed that when the doped
aluminum oxide (sapphire) thin film with mixed oxide of MgO (at the ratio of aluminum
oxide: magnesium oxide being 1:1) is deposited using a physical deposition process unto
field silica (FS) substrate; and anneal at different temperatures, namely at room
temperature (RT), at 200 °C (S 200A), at 400 °C (S 400A), at 600 °C (S 600A), at 800 °C (S
800A) and at 1000 °C (M 1000A), different level /concentrations of spinel is detected using
XRD. Obviously, the most prominent peak of spinel is detected at 1000 °C (M 1000A).
Nonetheless, even at room temperature (RT) XRD signals of spinel are detected and co-
incidentally the doped sapphire thin film with MgO is at its hardest when there is no
annealing, i.e. at room temperature (RT). Furthermore, at 1000 °C (M 1000A), XRD peak of
alumina is also detected and under all tested annealing temperature conditions, other than
1000 °C (M 1000A), XRD peak indicating MgO is also detected. The physical deposition

process used is either an e-beam deposition or sputtering, wherein the deposition is
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without external cooling or heating and the entire process is done at room temperature.
Furthermore, from data presented in Table 11, it can be seen that the aluminum oxide
(sapphire) thin film layer is acting as to provide adhesion for the MgO mixed oxide to bind
to the substrate when deposited under room temperature.

[00286] Table 11: Thin film of aluminum oxide (sapphire): MgO (mixed oxide) at 1:1

on different substrates at different thickness.

1. Structure 2. SLG 3. ASS
Peel Off
Substrate/Mixed Oxide MgO (200nm) (Depend on Peel Off
location)
Substrate/A1203(340nm)/Mixed Oxide MgO (20nm) 0K OK
Substrate/A1203(5Onm)/Mixed Oxide MgO (200nm) 0K OK
[00287] A further embodiment of the present invention
[00288] Sapphire thin film has a high hardness mechanical property that means it is

very rigid. So, when it is deposited on soft or flexible substrates, the difference in
mechanical property between the sapphire and the substrates can cause the film to peel
when the film is too thick or crack due to the stress between substrate and film. For
example, sapphire film begins to peel off from PMMA or PET substrate when the film
thickness exceeds 200nm.

[00289] In addition, the refractive index difference of the two materials means that
light transmission through the layer can get trapped between the two materials. Thus, in a

further embodiment of the present invention there is presented a buffer layer to act as
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mechanical and optical intermediate layer. Mechanically the buffer layer would have
hardness intermediate to those of the soft substrate and sapphire film such that it can
relieve the high stress induced by the large hardness difference of the aforesaid two
materials. With the optimum thickness range, thicker sapphire film can be grown. Thicker
sapphire film is desirable because anti-scratching requires a critical thickness to prevent
puncture or piercing of the film. Furthermore, the buffer layer can reduce the interfacial
stress and therefore better adhesion of the thin film.

[00290] Further invention

[00291] The embodiments of the present invention provide:

1. A buffer layer with thickness 10-100nm is deposited on to a soft substrate such as
PMMA and PET.

2. The deposition method can be thermal deposition, sputtering or e-beam and the
substrate does not need to be heated, that is the deposition is without external
cooling or heating.

3. The buffer layer material should have a mechanical hardness higher than the
substrate and lower than that of a typical sapphire film, typical value range is 1-5.5
Mohs scale.

4. The refractive index of the buffer layer material should be higher than that of the
substrate but lower than that of a typical sapphire film, typical value range is 1.45-
1.65.

5. Such buffer layer can also improve the adhesion of the sapphire because it reduces
the stress generated due to large difference in hardness.

6. An example of such material is silicon dioxide and SiO..

[00292] Using SiOz as buffer layer sapphire layer thickness can grow up to 300 nm on
PMMA before film peeling is observed. For sapphire film without SiOz, peeling is observed
at thickness at 150nm and above (‘peel-off’ thickness is termed as critical thickness).

Therefore, the buffer layer has improved the mechanical stability of sapphire film such that

58



WO 2018/064947 PCT/CN2017/103698

the critical thickness is increased by 100% and more.

[00293] The introduction of SiO; as buffer layer has improved the overall optical
transmission of the coated substrate by not less than 2% across the optical range. The
transmission enhancement is brought about by the matching of refractive index of the
buffer layer such that light can pass through from the substrate to the sapphire film with
less loss. The enhancement is due to reduction of differences in refractive index value
between the two material layers e.g. substrate and buffer layer, and buffer layer and
sapphire film. The reduction in refractive index increases the Brewster angle which defines
the amount of light can pass through from one medium to another across the interface. The
bigger the Brewster angle the more light can pass through the interface. Thus, introduction
of buffer layer between the substrate and sapphire film increases the amount of light
transmitting through. This is shown in Figure 32.

[00294] Hardness of at least 5 GPa or higher is achieved with total thickness of
200nm and above (buffer layer and sapphire film) when measured using a nano-indenter
as shown in Figure 33. There is considerable improvement in hardness over uncoated
substrate. For example, PMMA hardness is 0.3 Gpa and the hardness achieved is at 5.5 Gpa;
that means it is more than 10 times increase in hardness. This confirms that hardness and
optical transmission enhancement can be achieved through introduction of buffer layer

between the soft substrate and the sapphire film.

[00295] Further embodiments of the present invention
[00296] The further embodiments of the present invention described herein are not

to be limited in scope by any of the specific embodiments and are presented for
exemplification only.

[00297] Without wishing to be bound by theory, the inventors have discovered
through their trials, experimentations, and research the design of a composition of AR layer
that is aimed to match the refractive index of an underlying substrate e.g. glass, chemically

strengthened glass, plastics etc.,, so as to maximize light transmission through it. For a
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device with a sapphire film for anti-scratch protection, because sapphire has a different

refractive index to that of the underlying substrate, existing AR layer will not function as

well as it should. Not only the transmitted light is reduced in quantity, its transmitted range

will be changed such that imaging or display color is compromised. Therefore, an

integrated AR with sapphire film having the top most AR layer being Al;03, which also acts

as anti-scratching layer, eliminates this problem. This involves replacing one of the

materials of the AR layer with Al;03 such that the top most AR layer is Al203, which also

acts as anti-scratching layer.

[00298]

The further embodiments of the present invention provide the following

characteristics:

1.
2.

Using Al;03 to replace one of the AR film layer to achieve anti-reflecting function.
The at least two AR materials typically are Al,03 and TiOz in which the difference of

their refractive index should be as large as possible.

3. The top most AR layer should be Al,03 which also acts as anti-scratching layer.

The number of layer range from 4-20 layers.

5. Deposition process can be RF, DC sputtering, a combination thereof, and/or e-beam

deposition.

Annealing temperature range is 50-800 °C; and annealing serves only to further
enhance the anti-scratch hardness.

Annealing time is from 0.5 to 2 hours.

The AR or anti-scratch function is not diminished in cases where annealing is
absent.

Doped sapphire can be an added layer onto the top most sapphire layer to further

enhance the hardness.

10. A buffer layer can be added to a flexible/soft substrate before the integrated AR with

anti-scratch layer is deposited to improve adhesion.

11. Applicable to mobile phone, watches, lenses for cameras, binoculars, spectacles,

tablets and optical sensors.

[00299] Using Al>O3 to replace one of the AR film layer to achieve anti-reflection
function
[00300] Figure 34 shows one embodiment of an AR structure using Al>03 to replace
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the top most AR film layer to achieve not only anti-reflecting but also anti-scratch function.
This structure can apply to all transparent substrates by matching the refractive indices of
other deposited AR layers with the substrates and the top Al;O3 layer in alternatively high

and low in general.

[00301] Designs of the AR structure
[00302] 2nd outermost layer with n>1.75
[00303] The composition of an AR layer is to match the refractive indices of the top

most sapphire layer and the underlying substrates. In one embodiment, the refractive index
of the particular AR layer underneath the outermost sapphire layer has to be higher than
that of Al>03, which is of the range of 1.75 - 1.78, in visible light region as shown in Figure
35. TiO; is a typical AR material having a refractive index higher than Al;03. Figure 36 and
Figure 37 show the other embodiments wherein the AR structure with TiO; on glass

substrate and its transmission simulation respectively.

[00304] Potential materials with n>1.75 adopted as 2"? outermost layer in AR structure
[00305] All materials with refractive index higher than 1.75 in the visible light range
are considered as potential candidates for the 2" outermost layer in an AR structure. These
materials include YAG, AlAs, ZnSiAs2, AgBr, T1Br, C, B4C, SiC, AgCl, TICl, BGO, PGO, Cs], KI, Lil,
Nal, Rbl, CaMo004, PbMo004, StMo04, AIN, GaN, SisN4, LiNbO3, HfO2, Nb20s, Sc203, Y203, ZnO,
Zr0z, GaP, KTaO3 and BaTiOs. Figure 38 and Figure 39 show yet other embodiments
wherein the AR structure with ZrO; on glass substrate and its transmission simulation
respectively. Figure 40 and Figure 41 show embodiments wherein the AR structure with
HfO; on glass substrate and its transmission simulation respectively. Figure 42 and Figure
43 show yet other embodiments wherein the AR structure with GaN on glass substrate and
its transmission simulation respectively.

[00306] AR structure on different substrates

[00307] Besides depositing on glass and chemically strengthened glass substrates, AR

structure can be applied to substrates of other materials such as sapphire, quartz, fused
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silica, plastics, etc. Figure 44, Figure 45, Figure 46, and Figure 47 show embodiments
wherein the AR structure on sapphire substrate, a particular AR transmission simulation on

sapphire, AR structure on PMMA substrate and a particular AR transmission simulation on

PMMA respectively.
[00308] 15t AR layer for 3-layer AR structure
[00309] The first AR layer being deposited is Al,03 on substrate of materials other

than sapphire, for AR structure having a total of 3 layers. For sapphire substrate, the first
AR layer is of materials with refractive index lower than that of Al;0O3, i.e. 1.75. A typical
material with low refractive index is MgF». Figure 48 and Figure 49 show embodiments
wherein the 3-layer AR structure on substrate of materials other than sapphire, and
sapphire substrate respectively. Figure 50 and Figure 51 show the transmission simulation
of 3-layer AR with TiO2 as 21d putermost AR layer on glass substrate and that with TiO2 as

2rd gutermost AR layer and MgF; as first AR layer on sapphire substrates respectively.

[00310] Minimum thicknesses for AR layers

[00311] The thicknesses for each AR layers should be at least 10nm. Film below 10nm
may not physically be a complete film. The matching of refractive index among AR layers
and the substrates are affected due to the changing refractive indices in those layers. In
addition, refractive index of a layer cannot be measured accurately for film thickness under
10nm. Refractive index of ultra-thin film has a large difference to that of bulk material. This
difference is narrowed when the film is equal to or more than 10nm. Figure 52 shows the
refractive indices of bilayer structure of different film thicknesses formed alternatively by
Al;03 and ZnO. It was found that the refractive index varied less where the bilayer
thickness was above 10nm.

[00312] Maximum thicknesses of AR layers

[00313] Figure 54 depicts the transmission simulation of the structures of another
embodiment, which is the 3-layer AR with TiO; as 2" outermost layer on glass substrate as

shown in Figure 53, with different thicknesses - thickness of 15t AR layer of Al;03 increased
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from 400 to 1000nm. By comparing the average transmittance in visible light range of glass
substrate to the AR structure with 1000nm 15t Al;03 AR layer, it was found that with AR one
had lower transmission eliminating the AR effect. Maximum thickness of AR layers cannot
exceed 800nm.

[00314] Potential materials with n<1.75 adopted as low refractive index layers in AR

composition

[00315] Besides MgF», all materials with refractive index lower than 1.75 in visible
light range are considered as a potential candidate for the low refractive index layer in an
AR structure. These materials include KCl, NaCl, RbCl, CaF,, KF, LaFs, LiF, LiCaAlFe, NaF, RbF,
SrF3, ThF4, YLiF4, GeOz, SiOz, KH2PO4 and CS». Fig. 55 and Fig. 56 show the 3-layer AR
structure with SiO; as 15t AR layer on sapphire substrate and its transmission simulation
respectively. Figure 57 and Figure 58 show further embodiments wherein the 3-layer AR
structure is having LiF as the 15t AR layer on sapphire substrate and its transmission
simulation respectively. Figure 59 and Figure 60 show embodiments wherein the 3-layer
AR structure is having KCI as the 15t AR layer on sapphire substrate and its transmission
simulation respectively.

[00316] Embodiments with AR composition for more than 3 total number of AR layers

[00317] Figure 61 and Figure 62 respectively show embodiments wherein the 5-layer
AR structure on glass substrate and 6-layer AR structure on sapphire substrate. SiO; is
regarded as the low refractive index AR layers while TiO; is adopted as the 2" outermost
layer for both structures. Their transmission simulation spectra are shown in Figure 63 and
Figure 64 respectively.

[00318] In general, AR layers compose of alternate Al;03 film and low refractive index
layer deposition on substrates. For substrates of materials other than sapphire, Al,03 AR
layer is firstly deposited followed by a low refractive index layer while vice versa for
sapphire substrate, i.e. Al203 AR layer is deposited after the low refractive index layer. These

sequences can be extended to a higher number of layers. A high refractive index AR layer as
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the 2nd putermost layer is coated on top of the pairs of Al,03 and low refractive index layers.
Finally, the top most Al,03 AR layer is fabricated.

[00319] Figure 65 and Figure 66 demonstrate the general embodiment of the present
invention with the AR composition substrates of materials other than sapphire, and on
sapphire substrates respectively.

[00320] Experimental results vs. simulated transmission

[00321] Figure 67 shows an embodiment with an AR structure of [glass/
Al;03(160nm)/ LiF(75nm)/ Al203(80nm)/ TiO2(96nm)/ Al;03(75nm)]. There are
transmissions of bare glass substrate, simulation of the particular composition, AR layers
coated samples fabricated by electron beam evaporation and by sputtering. Experimental
transmissions are in strong agreement with the simulated one shown in Figure 67. The
variation in average transmittance in visible light region is less than 1% by comparing
experimental results and simulation data. With the AR structure, more light is transmitting
through the substrates from 91.7% to ~94% in visible light range. It was also proven that
the AR structure can be fabricated by different physical vapor deposition (PVD) methods
such as electron beam evaporation and sputtering.

[00322] The current embodiment of the present invention can also be applied on soft,
flexible substrates such as polymers, plastics, paper and fabrics.

[00323] Modifications and variations such as would be apparent to a skilled

addressee are deemed to be within the scope of the present invention.

[00324] Another further embodiments of the present invention provide the following:
[00325] AR composition with Diamond-Like Carbon (DLC) layer
[00326] This AR structure can combine with diamond-like carbon (DLC) layer to have

optically reduced reflection. Figure 68 shows the transmission simulation spectra of an AR

structure on sapphire substrate with diamond-like carbon layer in the composition.

Industrial Applicability:
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[00327] The present invention relates to a composition of AR layer that is aimed to
match the refractive index of the underlying substrate, e.g. glass, chemically strengthened
glass, plastics etc., so as to maximize light transmission through it. For a device having a
sapphire film for anti-scratch protection, because sapphire has a different refractive index
to that of the underlying substrate, existing AR layer will not function as well as it should;
not only the transmitted light is reduced in quantity, its transmitted range is changed such
that imaging and/or display color are compromised. Therefore, an integrated AR with
sapphire film with the top most AR layer as Al,03 which also acts as anti-scratching layer
will eliminate this problem. This involves replacing one of the materials of the AR layer by
Al;03 such that the top most AR layer is Al;03 which also acts as anti-scratching layer.
[00328] If desired, the different functions discussed herein may be performed in a
different order and/or concurrently with each other. Furthermore, if desired, one or more
of the above-described functions may be optional or may be combined.

[00329] Throughout this specification, unless the context requires otherwise, the
word “comprise” or variations such as “comprises” or “comprising”, will be understood to
imply the inclusion of a stated integer or group of integers but not the exclusion of any
other integer or group of integers. It is also noted that in this disclosure and particularly in
the claims and/or paragraphs, terms such as “comprises”, “comprised”, “comprising” and
the like can have the meaning attributed to it in U.S. Patent law; e.g, they can mean
“includes”, “included”, “including”, and the like; and that terms such as “consisting
essentially of” and “consists essentially of” have the meaning ascribed to them in U.S.
Patent law, e.g., they allow for elements not explicitly recited, but exclude elements that are
found in the prior art or that affect a basic or novel characteristic of the invention.

[00330] Furthermore, throughout the specification and claims, unless the context
requires otherwise, the word “include” or variations such as “includes” or “including”, will
be understood to imply the inclusion of a stated integer or group of integers but not the

exclusion of any other integer or group of integers.
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[00331] Other definitions for selected terms used herein may be found within the
detailed description of the invention and apply throughout. Unless otherwise defined, all
other technical terms used herein have the same meaning as commonly understood to one
of ordinary skill in the art to which the invention belongs.

[00332] While the foregoing invention has been described with respect to various
embodiments and examples, it is understood that other embodiments are within the scope
of the present invention as expressed in the following claims and their equivalents.
Moreover, the above specific examples are to be construed as merely illustrative, and not
limitative of the reminder of the disclosure in any way whatsoever. Without further
elaboration, it is believed that one skilled in the art can, based on the description herein,
utilize the present invention to its fullest extent. All publications recited herein are hereby
incorporated by reference in their entirety.

[00333] Citation or identification of any reference in this section or any other section
of this document shall not be construed as an admission that such reference is available as

prior art for the present application.
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Claims:
What is claimed is:
1. An anti-reflective coating on a substrate comprising a layered structure comprising:
a topmost anti-reflective material layer comprising of sapphire or Al;03 0n
top of one or more anti-reflective material layers with a matching refractive index
that is higher than the topmost anti-reflective material layer;
the one or more middle anti-reflective material layers, wherein the middle
anti-reflective material layer immediately below the topmost anti-reflective material
layer is a second anti-reflective material layer and has a matching refractive index
that is higher than that of the topmost anti-reflective material layer; and
a bottommost anti-reflective material layer below the one or more middle
anti-reflective material layers, wherein the bottommost anti-reflective material layer
is deposited on top of the substrate;
wherein the topmost anti-reflective material layer, the one or more middle
anti-reflective material layers, and the bottommost anti-reflective material layer

have alternatively higher and lower refractive indices in respect with each other.

2. The anti-reflective coating according to claim 1, wherein the second anti-reflective

material layer has a refractive index in a range of 1.75 - 1.78 in visible light region.

3. The anti-reflective coating according to claim 2, wherein the second anti-reflective

material layer comprises TiO2.

4. The anti-reflective coating according to claim 1, wherein the second anti-reflective

material layer has a refractive index higher than 1.75 in visible light region.
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5. The anti-reflective coating according to claim 4, wherein said second anti-reflective
material layer comprises one or more of YAG, AlAs, ZnSiAs;, AgBr, T1Br, C, B4C, SiC,
AgCl, TIC], BGO, PGO, Cs], K], Lil, Nal, Rbl, CaM004, PbM004, SrMo0Q4, AIN, GaN, SizNg,

LiNbO3, HfOz, szOs, SC203, Y203, ZIlO, ZI‘Oz, GaP, KTaO3, and BaTiO3.

6. The anti-reflective coating according to claim 1, wherein said substrate comprises

one or more of glass, sapphire, quartz, fused silica, plastics, and PMMA.

7. The anti-reflective coating according to claim 1,
wherein the bottommost anti-reflective material layer of the layered structure
deposited on top of the substrate is Al,03; and

wherein the substrate is not sapphire or Al;0s.

8. The anti-reflective coating according to claim 7, wherein the layered structured

comprises three layers of anti-reflective material.

9. The anti-reflective coating according to claim 8, wherein the second anti-reflective

material layer comprises TiO>.

10. The anti-reflective coating according to claim 1,
wherein the bottommost anti-reflective material layer deposited on top of the
substrate is not Al»03; and

wherein the substrate is sapphire or AlzOs.

11. The anti-reflective coating according to claim 10, wherein the layered structured

comprises three layers of anti-reflective materials.
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12. The anti-reflective coating according to claim 11, wherein the second anti-reflective

material layer comprises TiO>.

13. The anti-reflective coating according to claim 11, wherein the bottommost anti-

reflective material layer deposited on top of the substrate comprises MgF; or SiOx.

14. The anti-reflective coating according to claim 1, wherein thickness of each of the

anti-reflective material layers is at least 10nm.

15. The anti-reflective coating according to claim 1, wherein thickness of each of the

anti-reflective material layers is no more than 800nm.

16. The anti-reflective coating according to claim 1, wherein each of the anti-reflective
material layers with a lower refractive index comprises one or more of Mgk, KCl,
NaCl, RbCl], CaF3, KFE, LaFs3, LiF, LiCaAlFe, NaF, RbF, SrFy, ThF4, YLiF4, GeO2, SiOy,

KH2P04, and CSz.

17. The anti-reflective coating according to claim 1,

wherein the topmost anti-reflective material layer comprises sapphire or
Alx03;

wherein the second anti-reflective material layer comprises an anti-reflective
material with a refractive index higher than that of the topmost anti-reflective
material layer;

wherein the bottommost anti-reflective material layer comprises sapphire or
Al>03 when said substrate is not sapphire or Al,03; and

wherein the anti-reflective material layer immediately on top of the

bottommost anti-reflective material layer comprises an anti-reflective material with
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a refractive index higher than that of the bottommost anti-reflective material layer.

18. The anti-reflective coating according to claim 1,

wherein the topmost anti-reflective material layer comprises sapphire or
Alx03;

wherein the second anti-reflective material layer comprises an anti-reflective
material with a refractive index higher than that of the topmost anti-reflective
material layer;

wherein the bottommost anti-reflective material layer comprises an anti-
reflective material with a refractive index lower than that of the anti-reflective
material layer immediately on top of the bottommost anti-reflective material layer
when said substrate is sapphire or Al,03; and

wherein the anti-reflective material layer immediately on top of the
bottommost anti-reflective material layer comprises an anti-reflective material with

a refractive index lower than that of the substrate.

19. The anti-reflective coating according to claim 18, wherein the anti-reflective
material layer immediately on top of the bottommost anti-reflective material layer

comprises sapphire or Al;0s.

20. The anti-reflective coating according to claim 1, wherein said layered structure of
anti-reflective material layers is fabricated using physical vapor deposition (PVD)

methods comprising one or more of electron beam evaporation and sputtering.

21. An anti-reflective coating on a substrate comprising a layered structure comprising:
a topmost anti-reflective material layer comprising of sapphire or Al,030n

top of a bottommost anti-reflective material layer; and
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the bottommost anti-reflective material layer, wherein the bottommost anti-
reflective material layer is deposited on top of the substrate;

wherein the topmost anti-reflective material layer and the bottommost anti-
reflective material layer have alternatively higher and lower refractive indices in

respect with each other.
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Mohs
Mineral | Chemical formula | Absolute hardness | Image
hardness
1 Talc Mg3Si401()(OH)2 1
2 Gypsum CaS04:2H20 3
3 Calcite CaCOs3 9
4 Fluorite CaF> 21
Cas(PO4)3(OH-,Cl-
5 Apatite 48
F)
6 Feldspar KAISiz0s 72
7 Quartz SiOz 100
8 Topaz Al2S104(OH-F-): 200
Corundu
9 m/Sapphi | Al203 400
re
10 Diamond | C 1600

Figure 1 (Prior Art)
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