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NONLINEAR OPTICAL MATERIAL AND METHODS OF FABRICATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Application No. 62/146,693,” A Nonlinear
Optical Material and Methods of Fabrication,” filed April 13, 2015, incorporated by reference

in its entirety herein.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] Not applicable.
BACKGROUND

[0003] Nonlinear optical (NLO) materials may be employed for applications including
optical switching and power limitation as well as image processing and manipulation.
Nonlinear optical behavior is the behavior of light in nonlinear materials where the dielectric
polarization has a nonlinear response to the electric field of light applied, for example, when
the electric field may be of an interatomic strength. In the field of nonlinear optical materials,
a solid-state laser of a specific wavelength that may be about 1064nm (infrared), as compared
to visible light which is from roughly 400nm (blue) to 700nm (red). The term 'solid-state
laser' is used, since what is being used to lase is a Nd:YAG (neodymium-doped yttrium
aluminum garnet - a solid material). When this laser light hits a NLO material, the resulting
laser light is half the wavelength, i.e. 1064nm goes in and 532nm (green) comes out. With
proper optics and a NLO crystal, a 532nm laser may be fabricated by starting with a 1064nm
laser. This fabrication is termed second-harmonic generation (SHG) - 1064nm / 2 = 532nm.
If another NLO crystal is disposed in front of the 532nm light, that radiation would be halved,
1.e. 532nm /2 = 266nm, or 1064nm / 4 = 266nm. This is termed fourth harmonic generation
(FOHQG). It is appreciated that the order of the harmonic generation is based on the original
wavelength of 1064nm.

BRIEF SUMMARY OF THE DISCLOSURE
[0004] In an embodiment, a device comprising: a nonlinear optical material (NLO) according

to the formula A;B,C, and having a crystallographic non-centrosymmetric (NCS) structure.
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[0005] In an embodiment, a method of fabricating polycrystalline non-linear optical materials
comprising: heating a vessel containing a plurality of components according to a protocol,
wherein the protocol comprises a plurality of portions; forming, subsequent to completing the
protocol, a polycrystalline material comprising a crystallographic non-centrosymmetric
(NCS) structure having an SHG at 1064 nm from about 42 a.u. to about 110 a.u

[0006] In an embodiment, a method of fabricating an NLO material comprising: heating a
vessel containing a polycrystalline non-linear optical material according to a protocol,
wherein the polycrystalline material 1s according to a formula AB,C,, and wherein the
material comprises crystallographic non-centrosymmetric (NCS) structure; and forming, in
response to the heating according to the protocol, a plurality of single crystals from about 0.1
mm to about 10 mm in diameter.

[0007] Embodiments described herein comprise a combination of features and characteristics
intended to address various shortcomings associated with certain prior devices, compositions,
systems, and methods. The various features and characteristics described above, as well as
others, will be readily apparent to those of ordinary skill in the art upon reading the following

detailed description, and by referring to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A is a ball-and-stick diagram of molecules of BZBP fabricated according to
certain embodiments of the present disclosure.

[0009] FIGS. 1B-1D are schematic illustrations of components and compounds that make up
the BZBP fabricated according to certain embodiments of the present disclosure.

[0010] FIGS. 2A — 2D illustrate the second harmonic image generation (SHG) results with
respect to particle size for samples of BZBP fabricated according to certain embodiments of the
present disclosure in comparison with other compounds.

[0011] FIG. 3 is a graph of the differential thermal analysis (DTA) results of samples of BZBP
fabricated according to certain embodiments of the present disclosure.

[0012] FIG. 4 is a graph of the calculated and experimental results for an x-ray diffraction
(XRD) pattern for BZBP fabricated according to certain embodiments of the present disclosure.
[0013] FIG. 5 is a photograph of BZBP fabricated according to certain embodiments of the

present disclosure.
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[0014] FIG. 6 illustrates an infrared (IR) spectrum of NLO materials fabricated according to
certain embodiments of the present disclosure.

[0015] FIG. 7 illustrates the piezoelectric measurement data for samples of BZBP fabricated
according to certain embodiments of the present disclosure.

[0016] FIG. 8 illustrates polarization measurements for samples of BZBP fabricated according
to certain embodiments of the present disclosure.

[0017] FIG. 9 illustrates a plot of temperature v. pyroelectric coefficient (P") and a plot of
temperature v. maximum polarization (P) of BZBP fabricated according to certain
embodiments of the present disclosure.

[0018] FIGS. 10A and 10B illustrate reflectance and absorption of for samples of BZBP
fabricated according to certain embodiments of the present disclosure.

[0019] FIGS. 11A and 11B illustrate flow diagrams of methods of fabricating samples of
polycrystalline and single crystal BZBP according to certain embodiments of the present

disclosure.

DETAILED DESCRIPTION OF THE DISCLOSED EXEMPLARY EMBODIMENTS

[0020] The following discussion is directed to various exemplary embodiments. However, one
of ordinary skill in the art will understand that the examples disclosed herein have broad
application, and that the discussion of any embodiment is meant only to be exemplary of that
embodiment, and not intended to suggest that the scope of the disclosure, including the claims,
is limited to that embodiment.

[0021] The drawing figures are not necessarily to scale. Certain features and components
herein may be shown exaggerated in scale or in somewhat schematic form and some details of
conventional elements may not be shown in interest of clarity and conciseness.

[0022] In the following discussion and in the claims, the terms "including" and "comprising"
are used in an open-ended fashion, and thus should be interpreted to mean "including, but not
limited to... ."

[0023] Conventional Methods and Materials

[0024] Conventionally, there are commercially available materials for lasers that will go from
1064mn to 532nm and from 1064nm to 266nm. For the latter, materials such as {-BaB,0y (§-
BBO) and CsLiB¢O,9 (CLBO) are available and used in commercially available lasers. §-BBO

and CLBO are the NLO crystals conventionally employed for 266nm lasers. For example, a
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laser at 177.3nm would be a sixth harmonic generation (SxHG), or 1064 / 6 = 177.3nm. The
solid-state laser that could work at 177.3nm can be employed in photolithography and other
advanced technologies. Conventionally, there has been one material that has been shown to lase
at 177.3nm - KBe,BOsF, (KBBF). However, KBBF has both manufacturing and application
challenges issues. For example, (1) To synthesize KBBF, BeO must be employed, and BeO is
highly toxic and may have restrictions on experimentation and use; (2) Even though KBBF was
discovered in the late 1990's, the largest crystal grown to date is 4mm due to the layered
structure of the material; and (3) KBBF was discovered overseas and exports of the material
have been constrained or halted because of its technological applications.

[0025] The publication “Design and Synthesis of the Beryllium-Free Deep-Ultraviolet
Nonlinear Optical Material, Ba;(ZnBsO0)PO,,” Advanced Materials, October 2015, by
Hongwei Yu, Weiguo Zhang, Joshua Young, James M. Rondinelli, and P. Shiv Halasyamani is
incorporated by reference in its entirety herein.

[0026] Characterization of BZBP Material

[0027] The BZBP material fabricated according to certain embodiments of the present
disclosure may be employed for NLO applications below 200 nm, for example, at 177.3nm.
The BZBP material may be fabricated as a polycrystalline material or as an at least one single
crystal (or a plurality of single crystals). The following attributes may be desirable for deep-
UV NLO applications: (i) crystallographic non-centrosymmetric (NCS) structure, (ii) large
transparency window, i.e. a wide band gap, (iii) large second-harmonic generating (SHG)
coefficient, (iv) moderate birefringence, (v) chemically stable with a large laser damage
threshold, and (vi) easy (repeatable, cost-effective) growth of large volume (cm’) single
crystals. As such, those properties and characteristics are measured and discussed herein.

[0028] Definitions

[0029] A “laser damage threshold” is a term used herein to define a peak fluency of laser
irradiation at which irreversible changes in a material’s structure may occur. This laser
damage threshold may be defined as the highest quantity of laser radiation that a material may
absorb before there are changes to the material’s optical properties. This may also be defined
by the ISO standards 21254-1, 2, 3, and 4 definitions as the highest quantity of laser radiation
incident upon the optical component for which the extrapolated probability of damage is zero
where the quantity of laser radiation may be expressed as power density, linear power density

or energy density.
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[0030] ““Anisotropy” is the term used to define properties/characteristics of material that may
vary depending upon the direction in which the properties/characteristics are
observed/measured.

[0031] “Birefringence,” which may be referred to as “double refraction,” is an optical material
property where a light passing through a crystal is split into two unequal wavelengths, which
then each pass through the crystal at different respective speeds. Birefringence is exhibited in
optically anisotropic crystals.

[0032] “Non-centrosymmetric” is a term used to describe the symmetry (or lack thereof) of
certain crystal structures. Non-centrosymmetric materials are materials where point groups
lack an inversion center, in contrast to centrosymmetric structures and materials which
comprise a unit cell (e.g., face-centered-cubic, “fcc”) that has a center of symmetry at, for
example, (0,0,0). In this example, the inversion centers may be observed at atom sites such as
the atom at (0, 0, %2), which would invert to the atom at (0, 0, -'4), and the atom at (¥5,%, 0)
inverts to (-4, -%, 0). While an fcc structure comprises an inversion center at every atom, a
structure may be characterized as centrosymmetric if it comprises at least one inversion center,
and may be characterized as non-centrosymmetric if it does not comprise any inversion centers.
[0033] “Band gap” is the characteristic of a material, such as an optical material, that is
associated with the minimum energy needed to move an electron from a bound state (valence
band) into a free state (conduction band). Varying energy band structures in semiconductors
are associated with the electrical (including thermoelectric) properties exhibited by these
semiconductors.

[0034] Overview

[0035] Nonlinear optical (NLO) materials are of intense interest owing to their ability to
control and manipulate light for the generation of coherent radiation at a variety of difficult to
access wavelengths. They have efficiently expanded the spectral ranges of solid state lasers
from ultraviolet (UV) to infrared (IR). Accessing directly the deep-ultraviolet (DUV) region (
| <200 nm), however, is especially challenging, yet desirable for a number of advanced optical
technologies, including photolithography for microelectronics and attosecond pulse generation
for electron dynamic studies in matter. As such, the design and synthesis of a chemically
benign Be-free boratephosphate, Ba;(ZnBsO10)PO 4 (“BZBP”), which exhibits a wide
transparency range with second-harmonic-generating properties comparable to KBe;BOsF ,

(“KBBF™), a material currently employed to generate coherent DUV radiation directly using
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direct second harmonic generation (SHG). BZBP is air stable to 1000 °C and melts
congruently, allowing for facile growth of large crystals and making it ideally suited for NLO
applications in the DUV,

[0036] Synthesis of BZBP

[0037] In an embodiment, polycrystalline Ba;ZnBsPO;s was synthesized by solid-state
methods. The stoichiometric amounts of BaCO; (Fisher Scientific, 99%), ZnO (Assay, 99.0%),
H;BO; (Alfa Aesar, 99.0%), and NHH,PO, (Alfa Aesar, 98.0%) were ground thoroughly,
packed tightly in a platinum crucible, and heated to 400 °C for 20 h to decompose ammonium
dihydrogen phosphate and borates, and then the temperature was raised to 840 °C held for 72 h
with several intermittent grindings, the temperature was then reduced to room temperature. In
this manner, pure Ba;ZnBsPOjs can be obtained. As discussed herein, an “intermittent
grinding” refers to a process by which the components are removed from the heating vessel,
ground, and in some embodiments ground, sifted to remove a predetermined particle size or
range, ground again, and re-sifted for a predetermined number of cycles.

[0038] There may be one or more intermittent grinding processes during the heat treat process,
and the heating time, temperature, number of intermittent grindings, time at temperature (and/or
time ramping up/down and range of the ramp up/down) may be collectively referred to as a
“recipe,” a “program,” or a “protocol” interchangeably herein, and may be referred to in
portions or segments in order to discuss the method of BZBP as well as the characterization of
the fabricated material. In an embodiment, a “portion” of the protocol comprises a single
temperature or a temperature range within which the BZBP is held (in the vessel) for a
predetermined period of time before being held at a different temperature or temperature range.

[0039] In an alternate embodiment, a single crystal of Ba;ZnBsPO;4 was grown by re-
crystallizing the pure polycrystalline samples fabricated according to certain embodiments
herein. In an embodiment, the Ba;ZnBsPO 4 polycrystalline sample was melted at 940 °C for
about 20 h, and then it was cooled down to 700 °C at a rate of 2 °C/h. Finally, it was quenched
to room temperature. Millimeter size and colorless single crystals of Ba;ZnBsPO,4 were
obtained by this process. In an embodiment, the size of the single crystals fabricated e may be
from about 0.1 mm to about 1.5 mm in maximum diameter, and may be cube or rectangular-
shaped. In an embodiment, the material fabricated is free from, and thus does not comprise,

beryllium.
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[0040] In another embodiment, pure and polycrystalline BZBP was synthesized through solid-
state techniques as discussed herein by combining stoichiometric amounts of BaCOs;, ZnO,
H;BO;, and NH4H,PO, in a Pt crucible and heating the crucible in air. The phase purity was
confirmed by powder X-ray diffraction as discussed herein. Single crystals of BZBP were
grown by a top-seeded solution growth method. A H;BOs—ZnO flux system was used for the
crystal growth. The mixture was placed in a Pt crucible and melted at 980 °C. This temperature
was held for 15 h after which a Pt wire was dipped into the clear melt. Small crystals nucleated
on the Pt wire and were used as seed crystals that were dipped into the melt as discussed herein
in order to seed larger single crystals. Using the seed crystals, BZBP crystals of about 9x7x3
mm’ were grown and indexed (FIG. 4). Layering of the single crystal is not observed in BZBP,
which overcomes the layering-growth habit along the ¢ -axis reported for KBBF, and may be
attributable to the ZnBsO1o units that are linked in three dimensions (see FIGS. 1B-1D below).
[0041] While certain embodiments are discussed herein, the BZBP may be fabricated
according to a formula of A(B,C,, where A comprises at least one of an alkali metal or an
alkaline earth metal, B comprises at least two of boron (B), carbon (C), or a transition metal,
and wherein D comprises at least one of oxygen (O), phosphorous (P), and fluorine (F). In an
embodiment, ¢, X, and y are each from about 1 to about 10, and wherein z is from about 1 to
about 20. In some embodiments, the material is according to a composition Ba;ZnBsPO 4.
[0042] Table 1 provides exemplary data for BZBP material fabricated according to certain
embodiments of the present disclosure, which crystallized in the noncentrosymmetric
orthorhombic polar space group Pmn2;.

[0043] Table 1

Empirical formula BZBP
Temperature 296(2) K
Wavelength 0.71073

Formula weight 786.41
Crystal system Orthorhombic
Space group Pmn2,

a=10.399(11) A

b=17.064(7) A
Unit cell dimensions
c=8204(8) A
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Z 2
Volume (A”) 602.6(11)
Calculated density (Mg/m’) 4334
Absorption coefficient (/mm) 11.851

Reflections collected / unique

3479/1352 [R(int) = 0.0343]

Completeness to theta (27.48°)

100.0 %

Goodness-of-fit on F*

1.037

Final R indices [[>2sigma(I)]™

R1=0.0219, wR2 = 0.0426

Flack factor

-0.01(3)

Extinction coefficient

0.0067(3)

Largest diff. peak and hole (¢-A™)

1.089 and -0.857

[0044] Tt is noted that [a] is used in Table 1 to indicated that R; = X||F,| - |F¢|/Z|F,| and wR; =

[ZwW(F,> — F2)? / Zw Fo*1'? for Fy? > 26( Fo)).

[0045] Table 2 illustrates the atomic coordinates ( x 10*) and equivalent isotropic displacement

parameters (A? x 10%) for Bas(ZnBsO10)POs. Ugq 1s defined as one-third of the trace of the

orthogonalized Uj; tensor. In the asymmetric unit, there are two unique Ba atoms, one unique

Zn atom, one unique P atom, three unique B atoms, and nine O atoms. The B atoms exhibit

two types of coordination environments—BO 3 triangles and BO 4 tetrahedra. The B —O bond
distances range from 1.330(8) to 1.396(9) A and 1.463(7) to 1.491(7) A, respectively. The P

and Zn atoms are coordinated by four O atoms to form PO, and ZnOy, tetrahedra. The P —O and
Zn -O bond distances range from 1.539(4) to 1.545(6) A and 1.941(7) to 2.065(6) A,

respectively.

[0046] Table 2

Atom X y z Ueq BVS
Ba(1) 2298(1) 4348(1) 9390(1) 12(1) 1.95
Ba(2) 0 294(1) 7253(1) 10(1) 2.16
Zn(1) 5000 7603(2) 8330(1) 10(1) 1.89
P(1) 0 5663(3) 6611(3) 11(1) 491
B(1) 2623(6) 9471(9) 9259(12) 8(1) 3.00
B(2) 3775(6) 11026(10) 6740(8) 7(1) 2.99
B(3) 5000 4107(15) 6609(13) 10(2) 297
o) 1223(4) 6799(6) 7012(6) 13(1) 1.99
0Q2) 5000 10294(8) 7349(10) 9(1) 1.94
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0Q3) 1163(4) 6879(6) 11578(5) 10(1) 2.09
0(4) 0 3867(10) 7687(7) 15(2) 2.21
00) 5000 5984(9) 6418(8) 9(1) 1.9
0(6) 0 5202(9) 4776(7) 15(1) 1.87
o(7) 3455(4) 8111(6) 9640(3) 15(1) 1.97
E) 2720(4) 693(6) 7938(5) 9(1) 2.07
009) 1525(4) -116(6) 10170(5) 11(1) 1.89

[0047] Table 3 illustrates the selected bond distances (A) and angles (deg) for
Ba;(ZnB;s010)POs.

The P and Zn atoms are coordinated by four O atoms to form PO4 and ZnQj tetrahedra. The P
—0 and Zn -O bond distances range from1.539(4) to 1.545(6) A and 1.941(7) to 2.065(6) A,
respectively. The Ba atoms are coordinated by nine O atoms with Ba —O bond lengths
ranging from 2.549(7) to 2.938(5) A. These bond lengths are consistent with those known for
oxides containing Ba, including known borophosphates.

[0048] Table 3

Ba(1)-O(1)#1 2.766(5) O(1)#1-Ba(1)-0(9) 72.92(12)
Ba(1)-O(4) 2.788(4) O(4)-Ba(1)-0(9) 76.91(15)
Ba(1)-0(3) 2.795(5) 0(3)-Ba(1)-0(9) 112.47(13)
Ba(1)-O(1) 2.838(5) O(1)-Ba(1)-0(9) 128.13(13)
Ba(1)-O(6)#1 2.846(3) O(6)#1-Ba(1)-0(9) 108.92(14)
Ba(1)-0(8) 2.877(5) O(8)-Ba(1)-0(9) 42.59(12)
Ba(1)-O(5)#1 2.921(4) O(5)#1-Ba(1)-0(9) 67.39(15)
Ba(1)-O(7) 2.925(5) O(7)-Ba(1)-0(9) 161.84(11)
Ba(1)-0O(3)#2 2.938(5) O(3)#2-Ba(1)-0(9) 90.18(12)
Ba(2)-04) 2.549(7) O(4)-Ba(2)-O(1)#4 152.63(9)
Ba(2)-O(1)#3 2.784(5) O(L)#3-Ba(2)-O(1)#4  54.34(18)
Ba(2)-O(1)#4 2.784(5) O(4)-Ba(2)-0(9) 89.07(14)
Ba(2)-0(9) 2.885(5) O(1)#3-Ba(2)-0(9) 102.75(14)
Ba(2)-0(9)45 2.885(5) O(1)#4-Ba(2)-0(9) 73.67(13)
Ba(2)-O(8)#5 2.897(5) O(4)-Ba(2)-0(9)#5 89.07(14)
Ba(2)-0(8) 2.897(5) O(1)#3-Ba(2)-0(9#5  73.67(14)
Ba(2)-O(7)#6 2.906(5) O(1)#4-Ba(2)-0O(0)#5  102.75(14)
Ba(2)-O(7)#2 2.906(5) 0(9)-Ba(2)-O(9)#5 66.66(17)
Zn(1)-0(5) 1.941(7) O(4)-Ba(2)-0O(8)#5 82.91(8)
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Zn(1)-0(7) 1.966(4) O(#3-Ba(2)-0(8)#5  69.78(13)
Zn(1)-O(Ty#7 1.966(4) O(1)#4-Ba(2)-O@®)#5  123.08(12)
Zn(1)-0(2) 2.065(6) 0(9)-Ba(2)-O(8)#5 112.67(13)
P(1)-0(6) 1.540(6) O(9#5-Ba(2)-0O(8)#5  46.57(12)
P(1)-O(1)#5 1.539(4) O(4)-Ba(2)-0(8) 82.91(8)
P(1)-0(1) 1.539(4) O(1)#3-Ba(2)-O(8) 123.08(12)
P(1)-0(4) 1.545(6) O(1)#4-Ba(2)-O(8) 69.78(13)
B(1)-0(7) 1.330(8) 0(9)-Ba(2)-0(8) 46.57(12)
B(1)-O(8)#8 1.390(9) O(9)#5-Ba(2)-0O(8) 112.67(13)
B(1)-0(9)#8 1.396(9) O(8)#5-Ba(2)-0(8) 154.94(17)
B(2)-0(2) 1.463(7) O(4)-Ba(2)-O(T)#6 73.67(14)
B(2)-0(9)#2 1.473(8) O()#3-Ba(2)-O(T)#6  92.24(14)
B(2)-0O(3)#9 1.487(8) O(L)#4-Ba(2)-O(T)#6  122.96(14)
B(2)-O(8)#8 1.491(7) 0(9)-Ba(2)-O(7)#6 162.65(13)
B(3)-0(5) 1.335(12) O(9M#5-Ba(2)-O(T#6  110.30(14)
B(3)-0(3)#2 1.396(7) O(®)#5-Ba(2)-0O(T)#6  64.25(13)
B(3)-0(3)#10 1.396(7) O(8)-Ba(2)-O(7)#6 130.17(12)
O(1)#1-Ba(1)-0(4) 146.18(15) O(4)-Ba(2)-O(7)#2 73.67(14)
O(1)#1-Ba(1)-0(3) 85.56(14) O()#3-Ba(2)-O(7#2  122.96(14)
O(4)-Ba(1)-0(3) 92.19(17) O(L#4-Ba(2)-O(T)#2  92.24(14)
O(L)#1-Ba(1)-O(1) 158.80(6) 0(9)-Ba(2)-O(7)#2 110.30(14)
O(4)-Ba(1)-0(1) 52.58(16) O(OM#5-Ba(2)-0O(T#2  162.65(13)
0(3)-Ba(1)-0(1) 83.39(13) O®#5-Ba(2)-0(7#2  130.17(12)
O()#1-Ba(1)-0O(6)#1  52.90(15) 0(8)-Ba(2)-O(7)#2 64.25(13)
O(4)-Ba(1)-0(6)#1 156.27(16) O(7)#6-Ba(2)-0O(T#2  67.13(18)
0(3)-Ba(1)-0(6)#1 105.87(15) O(5)-Zn(1)-0(7) 123.31(14)
O(1)-Ba(1)-0(6)#1 113.40(15) O(5)-Zn(1)-O(T)#7 123.31(14)
O(1)#1-Ba(1)-O(8) 88.54(13) O(7)-Zn(1)-O(T)#7 109.6(3)
O(4)-Ba(1)-0(8) 79.29(16) 0(5)-Zn(1)-0(2) 103.13)
0(3)-Ba(1)-0(8) 154.77(12) O(7)-Zn(1)-0(2) 92.59(18)
O(1)-Ba(1)-0(8) 108.84(14) O(7)#7-Zn(1)-0(2) 92.59(18)
O(6)#1-Ba(1)-O(8) 89.76(15) O(5)-Zn(1)-0(6)#1 84.8(2)
O()#1-Ba(1)-0OG)#1  89.35(15) O(7)-Zn(1)-0(6)#1 82.86(15)
O(4)-Ba(1)-0(3)#1 64.84(16) O(T#7-Zn(1)-O6)#1  82.86(15)
0(3)-Ba(1)-0(3)#1 48.73(16) 0(2)-Zn(1)-0(6)#1 172.03)
O(1)-Ba(1)-0(3)#1 96.80(15) O(6)-P(1)-O(1)#5 108.6(2)
O(6)#1-Ba(1)-0(G)#1  138.87(16) 0(6)-P(1)-O(1) 108.6(2)
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O(8)-Ba(1)-0(3)#1 106.78(13) O(1)#5-P(1)-O(1) 111.4(4)
O(1)#1-Ba(1)-0(7) 89.00(14) 0(6)-P(1)-0(4) 112.6(4)
O(4)-Ba(1)-0(7) 119.88(16) O(1)#5-P(1)-O(4) 107.8(2)
0(3)-Ba(1)-0(7) 63.06(13) O(1)-P(1)-0(4) 107.8(2)
O(1)-Ba(1)-0(7) 69.86(14) O(7)-B(1)-O(8)#8 125.8(6)
O(6)#1-Ba(1)-0(7) 58.95(15) O(7)-B(1)-O(9)#8 123.9(7)
0(8)-Ba(1)-0(7) 141.42(12) O@®)#8-B(1)-0(9#8  110.3(5)
O(5)#1-Ba(1)-0(7) 111.68(15) 0(2)-B(2)-0(9)#2 109.2(5)
O(L#1-Ba(1)-0(3)#2  102.78(12) 0(2)-B(2)-0(3)#9 110.1(5)
O(4)-Ba(1)-0(3)#2 92.14(16) O(9)#2-B(2)-03)49  111.4(5)
0(3)-Ba(1)-0(3)#2 157.33(7) 0(2)-B(2)-0O(8)#8 111.1(5)
O(1)-Ba(1)-0(3)#2 81.65(14) O(9)#2-B(2)-0(8)#8  110.6(3)
O(6)#1-Ba(1)-0G)#2  65.33(15) OB)#9-B(2)-0(8)4#8  104.4(5)
0(8)-Ba(1)-0(3)#2 47.71(11) O(5)-B(3)-0(3)#2 119.6(4)
O(5#1-Ba(1)-03)#2  150.35(15) O(5)-B(3)-0(3)#10 119.6(4)
O(7)-Ba(1)-0(3)#2 95.69(12) O(3)#2-B(3)-0(3)#10  120.1(9)

[0049] The symmetry transformations used to generate equivalent atoms in Table 3 are

indicated below:

[0050] #1 -x+1/2.-y+1,7+1/2

[0051] #2 -x+1/2,-y+1,7-1/2

[0052] #3 -x,y-1,z
[0053] #4x,y-1,7

[0054] #5 -xy.Z

[0055] #6x-1/2,-y+1,2-1/2

[0056] #7 -x+1,y,7

[0057] #8x,y+1,z

[0058] #9 -x+1/2,-y+2,7-1/2

[0039] #10 x+1/2,-y+1,2-1/2

[0060] #11 -x+1/2,-y+2,7+1/2

[0061] Discussion of Fabrication, Characterization, and Application of BZBP

[0062] Referring to FIG. 1A, a plurality of molecules are shown for the BZBP material

fabricated according to certain embodiments of the present disclosure.

In particular in FIG.

1A, the arrangement of molecules of BZBP 100 is illustrated, as is a single molecule 102 of
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BZBP, the rectangular outline indicates the single molecule 102. In FIG. 1A, 104 indicates the
barium (Ba) molecules, 106 indicates the zinc (Zn) molecules, 108 indicates the boron (B)
molecules, 110 indicates the phosphorous (P) molecules, and 112 indicates the oxygen (O)
molecules.

[0063] In an embodiment, as shown in FIG. 1B, the basic building unit of BZBP is a three six-
membered ring [ZnBsO1o] group composed of three [BOs] triangles, two [BOy] tetrahedra, and
one [ZnQy] tetrahedron that are comershared through oxygen atoms. The arrow in FIG. 1B
indicates the relationship of FIG. 1B to FIG. 1C in that FIG. 1C illustrates a [ZnBsOyg]
oo framework. As shown in FIG. 1C, the adjacent [ZnBsOo] building units share corners to
create a [ZnBs0,] o framework (FIG. 1C). The Ba atoms and the isolated PO, tetrahedra fill
the spaces of the [ZnBsO1¢] o framework (FIG. 1D). As such, these crystal structures confirm
that BZBP is a zincoborate-phosphate.

[0064] FIGS. 2A-2D illustrate the second harmonic image generation (SHG) results with
respect to particle size for BZBP fabricated according to certain embodiments of the present
disclosure in comparison to other optical materials. Tuming to FIGS. 2A and 2B, the second
harmonic image generation (SHG) results with respect to particle size are illustrated for BBO
(the conventional material) and BZBP (the material fabricated herein). SHG may also be
referred to as “frequency doubling” and is the term used to refer to a nonlinear optical process
where new photons are generated when photons with the same frequency interact with a
nonlinear material, and the new photons generated have twice the energy of the parent photons
(and consequently half the wavelength and twice the frequency). The SHG phenomenon is
only found in non-centrosymmetric materials, such as the BZBP discussed herein.

[0065] FIG. 2A illustrates the SHG data at a wavelength of 532 nm and FIG. 2B illustrates the
SHG data at a wavelength of 1064 nm. Both FIGS. 2A and 2B confirm that the BZBP material
exhibits active SHG behavior at least at the wavelengths of 532 nm and 1064 nm. For
example, in FIG. 2A at 532 nm, the BZBP material exhibits an SHG coefficient from about 20
a.u. to about 30 a.u. between a particle size of about 35 um to about 130 um. This “particle
size” refers to the final particle size after any grinding prior to heat treat as well as any grinding
done during the heating process. This is in comparison to the BBO results which were from
about 68 a.u. to about 80 a.u. over about the same particle size range.

[0066] FIG. 2B shows that, at 1064 nm, the BZBP material exhibits an SHG coefficient from

about 35 a.u. to about 70 a.u. between a particle size of about 35 um to about 120 um, as
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compared to the BBO material over the same particle size range which exhibited a range from
about 130 a.u. to about 135 a.u.

[0067] FIG. 2C illustrates particle size v. SHG for BZBP fabricated according to certain
embodiments of the present disclosure as compared to Potassium Dihydrogen Phosphate
(KDP). FIG. 2D illustrates particle size v. SHG for BZBP fabricated according to certain
embodiments of the present disclosure as compared to B-BBO. The frequency doubling
capabilities of polar BZBP. The SHG efficiencies as a function of particle size, as shown in
FIGS. 2C and 2D, indicate that BZBP has SHG efficiencies of approximately 4 x KDP and 0.5
x B-BBO at 532 and 266 nm, respectively, in the 45-63 pm particle range. Furthermore, BZBP
is type-1 phase-matchable at both wavelengths.

[0068] Referring now to FIG. 3, the differential thermal analysis (DTA) of samples of BZBP
fabricated according to certain embodiments of the present disclosure illustrates the reaction of
the BZBP material from about 200 ° C to about 1200 ° C. In particular, FIG. 3 illustrates the
behavior of the material through a heating cycle and a cooling cycle, as indicated. Temperature
stability was observed above about 900 ° C, and the TG data illustrates that there was virtually
no weight loss as a result of the increasing temperature. There is only one endothermic
(exothermic) peak on the heating (cooling) curve at 937 °C (827 °C), indicating BZBP melts
congruently. In addition, in this embodiment, there was no weight loss observed up to 1000 °C.

[0069] Referring now to FIG. 4, an XRD pattern was calculated for the pure-phase of BZBP,
and compared to the results of the XRD pattern for samples of BZBP fabricated according to
certain embodiments of the present disclosure. The calculated and experimental x-ray
diffraction patterns match, which indicates that the samples fabricated are pure materials.

[0070] FIG. 5 is a photograph of BZBP fabricated according to certain embodiments of the
present disclosure. FIG. 5 illustrates that the largest outer diameter of these crystals may be
less than 2 mm.

[0071] FIG. 6 illustrates an infrared (IR) spectrum of NLO materials fabricated according to
certain embodiments of the present disclosure. The IR spectrum was recorded with a Bruker
Tensor 37 FTIR spectrometer in the 400-4000 cm™ wave number range using KBr pellets
(Figure S3). The main IR absorption region between 1458 and 507 cm™ reveals several
absorption bands on account of stretching and bending vibrations of the B-O and P-O groups,

which are similar to those of other borate—phosphates.
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[0072] FIG. 7 illustrates the piezoelectric measurement data for samples of BZBP fabricated
according to certain embodiments of the present disclosure.

[0073] FIG. 8 illustrates polarization measurements for samples of BZBP fabricated according
to certain embodiments of the present disclosure. The BZBP sample was pressed into pellets
(~12 mm diameter, ~1 mm thickness) and sintered at 850 °C for 10 h. Silver paste was applied
to both sides as electrodes. The polarization was measured on a Radiant Technologies RT66A
Ferroelectric Test system with a TREK high voltage amplifier between 30 and 230 °C in 10 °C
increments with a 15 kV/cm electric field at 500 Hz. To determine any ferroelectric behavior,
the polarization loop was measured at room temperature under a 15 kV/cm static electric field
with the frequency ranging from 50 to 500 Hz. As shown in FIG. 8, the polarization versus
electric field plots at 15 kV/cm electric field vary with the different frequencies. Note that there
is no hysteresis, indicating that the material is not ferroelectric; that is, the polarization is not
reversible.

[0074] FIG. 9 illustrates a plot of temperature v. pyroelectric coefficient (P') and a plot of
temperature v. maximum polarization (P) of BZBP fabricated according to certain
embodiments of the present disclosure.

[0075] FIG. 10A shows the UV-vis-IR diffuse-reflectance spectrum for polycrystalline BZBP.
Polycrystalline BZBP has a large transmission, >90%, from 230 to 2500 nm, with a short UV
cutoff edge below 200 nm as determined from the UV-vis—IR diffuse-reflectance spectrum.
The reflectance at 200 nm is nearly 80%, indicating BZBP is transparent well below 200 nm. In
order to investigate the DUV absorption, additional measurements were performed on a single
crystal of BZBP on a McPherson VUVas2000 spectrophotometer from 120 to 350 nm and are
illustrated in FIG. 10B. FIG. 10B indicates that the absorption edge is 180 nm, confirming that
the optical transparency of BZBP is advantageous for frequency generation in the DUV. The
inset in FIG. 10B shows a single crystal with a thickness of about 1mm that was cut from a
crystal of BZBP fabricated according to certain embodiments of the present disclosure.

[0076] Tuming to FIG. 11A, a method 1100 may be used to fabricate polycrystalline BZBP.
At block 1102 of the method 1100, stoichiometric amounts of a plurality of components are
ground to a predetermined mean particle size or range of particle sizes. In an embodiment, the
plurality of components comprises BaCOs;, ZnO, H;BOs;, and NH4H,PO, were ground
thoroughly at block 1102 and packed tightly in a vessel such as a platinum crucible at block
1104. At block 1106, the packed ground material may be heated one or more times and may be

held at different temperatures for varying predetermined periods of time. Heating the material
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and then holding the heated material at a temperature is described herein as a cycle. One or
more such cycles, when performed in a sequence, may be part of a protocol. In an embodiment,
the vessel (and therefore the components in the vessel) may be heated according to a protocol at
block 1106 that may comprise a first portion 1106A, a second portion 1106B, and a third
portion 1106C. In different embodiments, the protocol executed at block 1106 may comprise
greater or fewer portions, which may comprise various degrees and times of heating as well as
various quench programs. In an embodiment, during the first portion 1106A, the vessel is
heated from a first temperature to a second during a first duration of time, during which the
particle size of the components may be further reduced during at least one grinding cycle. In a
subsequent second portion 1106B, the vessel is heated from a third temperature to a fourth
during a second duration of time, during which the particle size of the components may be
further reduced during at least one grinding cycle. At least one of the third or fourth
temperatures in the second portion 1106B may be greater than the second temperature in the
first portion 1106B. In some embodiments, the second duration of time at block 1106B may be
longer than the first duration of time in block 1106A. In an embodiment, at block 1106C, a
quench may occur.

[0077] In an embodiment, the vessel may be heated at block 1106 using a protocol comprising
holding the ground components in a first portion 1106A at about 400 °C during a first protocol
portion for about 20 h to decompose ammonium dihydrogen phosphate and borates. In this
example protocol, the temperature was raised to 840 °C and held for 72 h during a second
protocol portion at block 1106B. In some embodiments, the components may be further
ground one or more times at block 1106A and/or 1106B during one, some, or all portions of the
protocol. In the example protocol, the temperature was reduced to room temperature after the
second portion at 840 °C. At block1108, subsequent to cooling, the pure, polycrystalline
Ba;ZnBsPO4 was obtained.

[0078] FIG. 11B illustrates an alternate method embodiment 1200 which may start at block
1108 in FIG. 11A. At block 1108 in FIG. 11A, the polycrystalline Ba;ZnBsPO,4 was
fabricated. In the method 1200, a single crystal of Ba;ZnBsPO14 was grown by re-crystallizing
the pure polycrystalline samples. That is, at block 1110, the Ba;ZnBsPOy4 polycrystalline
sample was melted using a protocol comprising at least two portions. In an embodiment, the
vessel (and therefore the components in the vessel) may be heated according to a protocol at
block 1110 that may comprise a first portion 1110A, a second portion 1110B, and a third

portion 1110C. In different embodiments, the protocol executed at block 1106 may comprise
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greater or fewer portions, which may comprise various degrees and times of heating as well as
various quench programs. In an embodiment, during the first portion 1110A, the vessel is
heated from a first temperature to a second during a first duration of time, during which the
particle size of the components may be further reduced during at least one grinding cycle. In a
subsequent second portion 1110B, the vessel is heated from a third temperature to a fourth
during a second duration of time, during which the particle size of the components may be
further reduced during at least one grinding cycle. At least one of the third or fourth
temperatures in the second portion 1110B may be less than the second temperature in the first
portion 1110B. In some embodiments, the second duration of time at block 1110B may be
longer than the first duration of time in block 1110A. In an embodiment, at block 1110C, a
quench may occur and a plurality of single crystal may be formed at block 1112.

[0079] In one example, the polycrystalline BZBP is held during a first portion of a protocol at
block 1110A at about 940 °C for about 20 h, and then it was cooled down during a second
portion of the protocol to about 700 °C at a rate of 2 °C/h at block 1110B. Finally, in a third
portion of the protocol at block 1110C, the polycrystalline BZBP was quenched to room
temperature. At block 1112, subsequent to quenching, millimeter size, pure, and colorless
crystals of Ba;ZnBsPO;4 were obtained. In various embodiments, these single crystals may
range in maximum diameter from 0.5mm to about 10 mm, and may be used to seed the growth
of additional single crystals using a top-seeded-solution growth method. .

[0080] Exemplary embodiments are disclosed and variations, combinations, and/or
modifications of the embodiment(s) and/or features of the embodiment(s) made by a person
having ordinary skill in the art are within the scope of the disclosure. Alternative embodiments
that result from combining, integrating, and/or omitting features of the embodiment(s) are also
within the scope of the disclosure. Where numerical ranges or limitations are expressly stated,
such express ranges or limitations should be understood to include iterative ranges or
limitations of like magnitude falling within the expressly stated ranges or limitations (e.g., from
about 1 to about 10 includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12, 0.13, etc.). For
example, whenever a numerical range with a lower limit, R;, and an upper limit, Ry, is
disclosed, any number falling within the range is specifically disclosed. In particular, the
following numbers within the range are specifically disclosed: R=R;+k*(R,-R;), wherein k is a
variable ranging from 1 percent to 100 percent with a 1 percent increment, i.e., k is 1 percent, 2
percent, 3 percent, 4 percent, 5 percent, ..., 50 percent, 51 percent, 52 percent, ..., 95 percent,

96 percent, 97 percent, 98 percent, 99 percent, or 100 percent. Moreover, any numerical range
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defined by two R numbers as defined in the above is also specifically disclosed.. Use of
broader terms such as “comprises,” “includes,” and “having” should be understood to provide
support for narrower terms such as “consisting of,” “consisting essentially of,” and “comprised
substantially of.” Accordingly, the scope of protection is not limited by the description set out
above but is defined by the claims that follow, that scope including all equivalents of the
subject matter of the claims.

[0081] While exemplary embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the scope
or teachings herein. The embodiments described herein are exemplary only and are not
limiting. Many variations and modifications of the compositions, systems, apparatus, and
processes described herein are possible and are within the scope of the invention.
Accordingly, the scope of protection is not limited to the embodiments described herein, but
is only limited by the claims that follow, the scope of which shall include all equivalents of
the subject matter of the claims. Unless expressly stated otherwise, the steps in a method
claim may be performed in any order and with any suitable combination of materials and

processing conditions.
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CLAIMS

What 1s claimed is:

L.

10.

11.

12.

A device comprising:
a nonlinear optical material (NLO) according to the formula A;B,C, and having a

crystallographic non-centrosymmetric (NCS) structure.

The device of claim 1, wherein A comprises at least one of an alkali metal or an

alkaline earth metal.

The device of claim 1, wherein B comprises at least two of boron (B), carbon (C), or a

transition metal.

The device of claim 3, wherein C comprises at least one of oxygen (O), phosphorous

(P), or fluorine (F).
The device of claim 1, wherein q and y are each from about 1 to about 10.
The device of claim 1, wherein z is from about 1 to about 20.

The device of claim 1, wherein the NLO material is according to a composition

Ba;ZnBsPO4

The device of claim 1, wherein the NLO material is a polycrystalline material.
The device of claim 1, wherein the NLO material is a single crystal.

The device of claim 1 wherein the NLO material does not comprise beryllium.

The device of claim 1, wherein an SHG of the NLO material at 532 nm is from about
20 a.u. to about 30 a.u.

The device of claim 11, wherein a particle size of the NLO material is from about 30

um to about 130 um.
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13.

14.

15.

16.

17

18.

19.

20.

The device of claim 1, wherein an SHG of the NLO material at 1064 nm is from about

42 a.u. to about 110 a.u.

The device of claim 13, wherein a particle size of the NLO material is from about 30

um to about 130 um.

A method of fabricating polycrystalline non-linear optical materials comprising:

heating a vessel containing a plurality of components according to a protocol,
wherein the protocol comprises a plurality of portions;

forming, subsequent to completing the protocol, a polycrystalline material
comprising a crystallographic non-centrosymmetric (NCS) structure having an SHG at

1064 nm from about 42 a.u. to about 110 a.u.

The method of claim 15, further comprising grinding the plurality of components one of
prior to heating the vessel or during the protocol, wherein a particle size of the NLO

material is from about 30 pm to about 130 pm.

. The method of claim 15, wherein a first portion of the protocol comprises heating the

vessel from a first temperature to a second temperature for a first period of time, and a
second portion of the protocol comprises heating the vessel from a third temperature to
a fourth temperature for a second period time, wherein the third temperature is higher
than the second temperature, and wherein the second period of time is greater than the

first.

The method of claim 15, wherein a first portion of the protocol comprises heating the

vessel from about 200°C to about 600 °C for from about 15 hours to about 20 hours.

The method of claim 18, wherein a second portion of the protocol comprises heating the

vessel from about 700 °C to about 1000 °C for from about 48 hours to about 96 hours.

The method of claim 18, further comprising grinding, during the first portion, the

plurality of components, wherein grinding the plurality of components comprises
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21].

22.

23.

24.

25.

26.

27.

further reducing a particle size of at least some of the plurality of components at least

once during the first portion of the protocol.

The method of claim 17, further comprising grinding, during the second portion, the
plurality of components, wherein grinding the plurality of components comprises
further reducing the particle size of at least some of the plurality of components at least

once during the second portion of the protocol.

The method of claim 17, further comprising reducing the temperature of the vessel to

about room temperature.

The method of claim 15, wherein the polycrystalline material comprises a pure-phase
material.
The method of claim 21, wherein the components are according to a formula of

Ba3ZIlB5P014.

A method of fabricating an NLO material comprising:

heating a vessel containing a polycrystalline non-linear optical material
according to a protocol, wherein the polycrystalline material is according to a formula
AB,C,, and wherein the material comprises crystallographic non-centrosymmetric
(NCS) structure; and

forming, in response to the heating according to the protocol, a plurality of

single crystals from about 0.1 mm to about 10 mm in diameter.

The method of claim 24, wherein a first portion of the protocol comprises holding the

vessel from about 800 °C to about 1100 °C for from about 15 hours to about 25 hours.

The method of claim 25, wherein a second portion of the protocol comprises cooling

the vessel to below 700 °C at a rate from about 0.5 °C/h and 3 °C/h.
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28. The method of claim 24, wherein a third portion of the protocol comprises quenching

the vessel to about room temperature.

29. The device of claim 25, wherein A comprises an alkali metal or an alkaline earth metal.

30. The device of claim 25, wherein B comprises at least two of boron (B), carbon (C), or a

transition metal.

31. The device of claim 25, wherein C comprises at least one of oxygen (O), phosphorous

(P), or fluorine (F).

32. The device of claim 25, wherein q and y are each from about 1 to about 10.

33. The device of claim 25, wherein z is from about 1 to about 20.
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INTERNATIONAL SEARCH REPORT International application No.
PCT/US 16/27303

A. CLASSIFICATION OF SUBJECT MATTER
IPC(B) - C30B 1/00; C30B 17/00; C30B 29/10; GO2F 1/35; GO2F 1/37 (2016.01)
CPC - C30B 1/00; C308 17/00; C30B 29/10; GO2F 1/35; GO2F 1/37
According to International Patent Classification (IPC) or to both national classification and 1IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC(8): C30B 1/00; C30B 17/00; C30B 29/10; GO2F 1/35; GO2F 1/37 (2016.01)

CPC: C30B 1/00; C308 17/00; C30B 29/10; GO2F 1/35; GO2F 1/37

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC: 117/13; 252/584; 359/328; 372/22; 385/122

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
Google Scholar, Google Patents, PatBase

Keywords used:

nonlinear optical, NLO, second harmonic generating, SHG, centrosymmetric, orthorhombic, barium, heat, cool, mill, grind

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 5,343,327 A (Chai et al.) 30 August 1994 (30.08.1994); entire document, but especially: 1-6; 9-14
- abstract, col 4 lines 14-15, col 4 lines 54-55, col 4 line 64, cot 3 lines 36-37, col 5 lines 8-13, col
A 5 lines 18-22 7; 20; 24; 26; 28
X 1; 8; 15-19; 22-23
- US 6,391,229 B1 (Watanabe st al.) 21 May 2002 {21.05.2002); entire document, but especially:
Y col 1 lines 6-13, col 6 lines 35-40, col 6 lines 49-60, col 7 lines 23-33, col 7 lines 53-54, col 8 25; 27; 29-33
- line 62, col 9 lines 1-5, table 1
A 7, 20-21; 24; 26; 28
Y US 4,532,000 A (Harrington et al.) 30 July 1985 (30.07.1985); entire document, but especially: | 25; 27; 29-33
col 3 lines 7-9, col 3 linas 61-65, col 4 lines 10-12, col 4 lines 18-19
Yu et al. " Design and Synthesis of the Beryllium-Free Deep-Ultraviolet Nonlinear Optical 1-33
XP Material Ba3(ZnB5010)PO4" Advanced Materials, Vol 27, Issue 45 (13 October 2015): pages
7380-7385; entire document
A US 6,921,498 B2 (Wu et al.) 26 July 2005 (26.07.2005); col 1 lines 8-11, col 1 lines 18-20, col 5 | 7; 20-21; 24; 26; 28

lines 38-43

US 2009/0262763 A1 (Pan et al.) 22 October 2009 (22.10.2009); para [0022], para [0072), para | 7; 20-21; 24; 26; 28
A [0082]

@ Further documents are listed in the continuation of Box C. D
*  Special categories of cited documents: “T”  later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international «x” document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L” document which may throw doubts on priority claim(s) or which is step when the document is taken alone
S"efi;f’,:;;ﬁg"(i'; ;hgcl:fl_:gg)catlon date of another citation or other “Y” document of particular relevance; the claimed invention cannot be
pe S Sp! . o considered to involve an inventive step when the document is
“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than  «g»  45cument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
02 August 2016 3 0 A U G 20‘\6
Name and mailing address of the ISA/US Authorized officer:
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W. Young
P.O. |.30).( 1450, Alexandria, Virginia 22313-1450 PCT Helpdask: 571-272.4300
Facsimile No.  571-273-8300 PCT OSP; 571-272-7774
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C (Continuation). = DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A

US 6,083,319 A (Aka et al.) 04 July 2000 (04.07.2000); col 1 lines 42-46, col 1 lines 51-59 col 3 | 7
lines 15-16
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried oul, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordénce with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this intemational application, as follows:
-—--See Supplemental Box---

AW
1. As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |___I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I__—l The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

IZ No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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-—--Continuation of Box Il Lack of Unity lnvention: -

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |: Claims 1-14, directed to a device comprising: a nonlinear optical material (NLO) according to the formula AqByCz and having a
crystallographic non-centrosymmetric (NCS) structure.

Group Il: Claims 15-33, directed to a method of fabricating polycrystalline non-linear optical materials comprising: heating a vessel
containing a plurality of components according to a protoco!

The inventions listed as Group I-11 do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Feature:

Group | does not require a method of fabricating polycrystalline non-linear optical materials comprising: heating a vessel containing a
plurality of components according to a protocol, as required by group .

Group |l does not require a device comprising: a nonlinear optical material (NLO) according to the formula AqByCz and having a
crystallographic non-centrosymmetric (NCS) structure, as required by Group |.

Common Technical Features:

Group | and |l share the technical feature of a nonlinear optical material (NLO) having a crystallographic non-centrosymmetric (NCS)
structure and a formuta AgByCz.

However, these shared technical features do not represent a contribution over prior art, because the shared technical feature is being
anticipated by US 2013/0309472 A1 to Halasyamani, et al. (hereinafter ' Halasyamani'). Halasyamani teaches a device ('non-linear
optical technologies (Pockels Cell, frequency doubler,' para [0051]) comprising: a nonlinear optical material (NLO) material (para [0051])
according to the formula AqByCz (LiFeP207, para [0051]; per claims 4 and 7 of the instant specification, C can include both P and O),
and having a crystallographic non-centrosymmetric (NCS) structure (para [0004]).

As the shared technical features were known in the art at the time of the invention, they cannot be considered common technical
features that would otherwise unify the groups. Therefore, Groups I-ll lack unity under PCT Rule 13.

Form PCT/ISA/210 (extra sheet) (January 2015)
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