wo 2014/126982 A2 |11/ N0FV 0O O 0 O 0 A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/126982 A2

21 August 2014 (21.08.2014) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GO2F 1/1337 (2006.01) HO5K 3/30 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L . AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2014/015983 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
12 February 2014 (12.02.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.
61/765,462 15 February 2013 (15.02.2013) Us
61/769,283 26 February 2013 (26022013) Us (84) Designated States (unless otherwise indicated, fO}" every
14/178,069 11 February 2014 (11.02.2014) us kind Of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(71) Applicant: HPO ASSETS LLC [US/US]; 312 Farming- UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
ton Ave., Farmington, CT 06032 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Tnventors: TRAJKOVSKA-BROACH, Anita; 2045 EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Dunnington Ct., Christiansburg, VA 24073 (US). BOYD, MC, MK, MT, NI, NO, PL, PT, RO, RS, SE, S, 5K, SM,
David; 5524 Kentmere Circle, Roanoke, VA 24012 (US). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
' > . KM, ML, MR, NE, SN, TD, TG).
CHAMBERS, Dan; 7639 Deer Branch Road, Roanoke, > ’ o e
VA 24019 (US). BRANHAM, Joseph, O.; 2 View Drive, Published:
Lexington, VA 24450 (US). —  without international search report and to be republished
(74) Agents: MCGROARTY, John, P. et al.; Sterne, Kessler, upon receipt of that report (Rule 48.2(g))

Goldstein & Fox P.L.L.C., 1100 New York Avenue, N.W .,
Washington, DC 20005-3934 (US).

(54) Title: LIQUID CRYSTAL ALIGNMENT LAYERS AND METHODS OF FABRICATION

(57) Abstract: Methods are provided for making layers with nano-and micro-patterned topographies by-laser action or inkjet print -
ing on a first surtace. These topographies have a periodicity of 5nm to 500 pun in a first direction in the plane of the first surface.
These layers can be used as anisotropic alty patterned alignment layers in electro-optical devices and generate an orientational order
of at least 0.30.



WO 2014/126982 PCT/US2014/015983

LIQUID CRYSTAL ALIGNMENT LAYERS AND METHOD OF FABRICATION
BACKGROUND OF THE INVENTION

Field of the Invention

{0061} The present invention generally relates to alignment surface topographics for

clectro-active devices and more specific to methods of forming these topographies.

Background

{6062] Electro-optical devices may contain one or more liquid crystal (LC) layers. These
layers are comprised of material which undergoes changes in its optical, clectrical, and
magnetic characteristics under an externally applied field. These layers are included in to
clectro-optical devices because visual changes in these devices occur due to different
orientations of LT molecules during different states of device operation {¢.g. corapletely ON-
state, completely OFF-state, and many other different states in-between). Depending on the
operation mode of the electro-optical device, the so-called field-free LU orientation (OFF-
statey and a range of predetermined distributions can be distinguished from the LC
oricntations under the applied voltage (ON-state). For successful operation and performance
of electro-optical devices, the LC material should be appropriately aligned during the field-

free state,

BRIEF SUMMARY OF THE INVENTION

{80631 In one embodiment, a method is described where a first surface is provided. A
solution s deposited over the first surface via inkjet printing to form a first anisotropic
pattern. The first anisotropic pattern that is formed by the deposition has a first pertodicity of
Snm to SO0 pm in 4 first direction 1n the planc of the first surface. The solution 1s solidified
to form a first anisotropically patierned alignment layer having features with a size of Sum to
500m.

{6084 ln one embodiment, the first anisotropic pattern has a second periodicity i a
sccond direction in the plane of the surface. In one embodiment, the first and second
directions are different, the first and second periodicities are different, and the second

periodicity is Snm to S00um.
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{3065] In one embodiment, the step of depositing a solution over the first surface inchudes
forming a second anisotropic pattern on the first surface.

{(6086] In one embodiment, the step of depositing a sohution includes depositing drops of
the solution and the step of sohdifying the solution includes a partial coalescence of the drops
while retaining at least some structure of the first periodicity.

{10067} In onc cmbodiment, the step of depositing 2 solution comprises using an nkjet
with a nozzle size from 50nm to 500pm.

[6008) In onc embodiment, the first surface is a first surface of a substrate. In one
embodiment, the first surface 18 a first surface of an clecirode. In one embodiment, the first
surface is a first surface of a separate layer disposed on an electrode or a substrate.

[(6069] In one ermbodivoent, the method further comprises providing a first substrate and
providing a first electrode disposed over the first substrate. The first surface is disposed over
the first electrode. The method further comprises providing a Hguid crystal layer disposed
over the first surface, providing a second surface disposed over the liquid erystal layer,
providing a second electrode disposed over the second surface, and providing a sccond
substrate disposed over the second electrode.

16018} In one cmbodiment, the step of providing a second surface includes depositing a
solution over the second surface via inkjet printing to form a second anisotropic pattern and
solidifying the solution to form a sccond anisotropically patterned alipnment layer having
features with a size of Sam to 500um. The second anisotropic patiern formed by the
deposition has a third periedicity of Sam to 300um in a third direction in the planc of the
second surface.

{3011} In one cmbodiment, the second anisotropic pattern has a fourth periodicity in a
fourth divection 1n the plane of the second surface. The third and fourth directions are
different, the third and fourth periodicities are different, and the fourth periodicity is Sam to
500pm.

{30121 In one embodiment, depositing a solution on the first surface comprises either
translational moverent of the inkjet over the first surtace in the first divection or translational
movement of the substrate in the first direction.

10013} In onc embodiment, the step of solidifying the solution includes shrinking the
solution through ulira-violet irradiation. In one embodiment, the step of sohdifying the

solution includes shrinking the solution through infra-red heating.
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{30141 In one embodiment, the solution comprises one of or a combination of conjugated
polymcers, acrylates, urethancs, organosilancs, and epoxies. In one embodiment, the solution
comprises surfactants or binders. In one embodiment, the sohution comprises a solvent
comprising onc or a combination of alcohols, ketones, aldehydes, alkanes, alkencs, or
chiorinated solvents. In one embodiment, the solution comprises nanoparticles of metals or
metal oxides. In one embodiment, the solution comprises carbon nanotubes.

[6015] ln one embodiraent, the amsotropically patterued alignvoent layer is capable of
generating noticeable alignment in a nematic, cholesteric, smectic, discotic, or blue-phase
Hauid crystal layer.

{3016} In one embediment, the anisotropically patterned aligniment layer is capable of
generating aligoment with an orvientational order parameter of at least 8= 0.50 in a newatic
liquid crystal layer.

{0017} In one cmbodiment, the anisotropically patterned alignment layer s capable of

Hight management property, light scattering effect or light diffraction.

{0018} In one embodiment, the first and sccond directions are perpendicular to cach
other,
{6619} In one cmbodiment, the first surface is flexible. In onc embodiment, the first

surface is rigid.

184264 In one embodiment, a method s described where a first surface is provided. Laser
energy is applied to the first surface to form a first anisotropically patterned alignment layer
comprising a first anisotropic pattern with features with a size of 0.1nm to 500um. The first
anisoiropic patiern has a first peniodicity of Sum to 300pm in a first direction in the plane of
the first surface. In onc embodiment, the first anisotropically patterned alignment layer has
features with a size of Snm to S00um.

{6021} In one embodiment, the laser energy is apphied in puises.

{00221 In one embodiment, the first anisotropic pattern has a second periodicity of Snm to
500um in a second direction in the plane of the surface. The first and second directions are
different and the first and sceond periodicitics are different. In one embodiment, the first and
second directions are perpendicular to cach other.

{6023 In onc embodiment, the first surface 1s a first surface of a substrate. In one

embodirent, the first surface is a first surface of an elecirode.
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{80241 In one embodiment, the first surface is a first surface of a separate layer disposed
on an clectrode or 4 substrate,
{6025] In one embodiment, the method further comprises providing a first substrate and

providing a first electrode disposed over the first substrate, The first surface is disposed over
the first electrode. The method further comprises providing a lquid crystal layer disposed
over the first surface, providing a second surface disposed over the liquid crystal layer,
providing a second electrode disposed over the second surface, and providing a second
substrate disposed over the second clectrode.

{3026} In one embodiment, the step of disposing a second surface comprises applying
laser energy to the second surface to form a scoond anisotropically patterned alignment layer
comprising a second anisotropic pattern with features with a size of Inm to 500pum. The
second anisotropic pattern has a third periodicity of Snm to 500um in a third direction in the
plane of the second surface.

{30271 In one embodiment, applying laser energy to the first surface comprises
transiational movement of the laser over the first surface in the first direction or, translational
movement of the first surface in the first direction.

[0028] In one embodiment, the first surface comprises polymers. In one embodiment, the
first surface comprises inorganic materials. In one embodiment, the first surface comprises
nanoparticles of metals or metal oxides. In one cmbodiment, the first surface comprises
carbon nanotubes.

{6029] In one embodiment, the anisotropically patterned alignment layer is capable of
generating noticeable alignment 1u a newatic, cholesteric, smectic, discotic, or blue phase
higuid crystal layer. In one embodiment, the anisotropically patterned alignment layer is
capable of generating alignacot with an ovientational order parameter of at feast 8= 040 in a
nematic liquid crystal layer.

{0036] In one embodiment, the anisotropically patterned alignment layer is capable of
Hight management property, light scattering effect, or light diffraction.

168311 In onc embodiment, the first surface is flexible. In one cmbodiment, the first
surface is rigid.

{0032} In one cmbodiment, the method includes applying laser cnergy to the first

anisotropically patterned alignment layer to form a second anisotropic patiermn.
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BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

{0033 FIGS. 1A-B show cxcroplary anisotropically patterned alignment layers with
anisptropic patterns having one periodicity.

{0034} FIG. 2 shows an exemplary anisotropically patierned alignment layer with an
anisotropic pattern having two pertodicities.
{0035] FIG. 3 shows FIG. 2 shows an exemplary anisotropically patterned alignment
fayer with an anisotropic pattern having two periodicities 1o nov-perpendicular directions.
10036} FIG. 4 shows cxcmplary cross-scctional views of anisotropically patterned
alignment layers coraprising the anisotropic patteros.

{30374 FIGS. 5A-5C show cxcmplary locations of the alignment layer in an clectro-
optical device.

{6038 FiIG. 6 shows an cxemplary method of making the anisotropically patterned
alignment layer using iokjet printing.

{3038 FIG. 7A shows exemplary anisotropic patterns made by inkjet printing according

to one embodiment.

{(6048] FIG. 7B shows exemplary anisotropically patterned alignment layers formed by
solidification.

{80411 FIG. 8 shows wavelengths of commercially available lasers.

{0042} FIG. 9 shows cxcmplary anisotropically patterned alignment layers with

anisptropic patterns formed by laser action according to one embodiment.

{0043} FIG. 10A-10C illustrates an example of an anisotropically patterned alignment
layer made with 1064 nm laser bearo at a scanning speed of 400 mn/s and 20kHz wn ITO fivst
surface. FI1G. 10A shows a top view, FIG. 10B shows an oblique view, and FIG. 10C shows
a Cross-8ection view.,

{6044] FiG. 11 shows polarized absorption spectra of 7-micron-thick nematic liquid
crystal layer used with the ahgowent layer of FIGS. 10A-106C.

18045 FIGS. 12A-B show surface arrangements of nanoparticles and carbon nanotubes

m the anisotropic patterns.
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DETAILED DESCRIPTION OF THE INVENTION

{0046} The ficld-frec LC oricntation 18 provided by the boundary conditions of a
geometry confining the LC layer. These boundary conditions are dictated by the alignment
layers. The basis for the molecular orientation of the LC matenal 1s the physical and/or
chemical anisotropy on the surface of an alignment film. These surface characteristics result
i an anisotropic arrangement of the adjacent LC molecules.

{6047} Conventionally, the alignmuent layer is created by the unidivectional mechanical
rubbing of polymer films with a rubbing cloth. This method has been widely used duc to its
simplicity, durability and low-cost. However, the generation of dust and electrostatic surface
charge during the rubbing, as well as mechanical surface defects can be detrimental for
clectro~optical device performance and lifetivae.  Morcover, the debris generation 18 not in
line with the clean-room requirements, while the high processing temperature of polyimide
alignment filvos livoits their application on many flexible subsirates. Additionaily, with the
rubbing method it is difficult to achicve different LC orientations within a micron-size {or
smaller) domains.

{6348] To overcome the limitations of mechanical rubbing, alternative methods for
generation of surface anisotropy may be used. One promising alternative is photoaligniment,
which utilizes polarized light to generate chemical anisotropy on photo-reactive surfaces via
directional photo-reaction {c.g. isomcrisation, anistropic cross-linking, or dircctional
photo-degradation).  Anisotropic intermolecular interactions between different surface
molccular species have been shown to be sufficient to align the LC molecules.
Photoalignment offers the possibility of roicro- patierning via photo~-mask for multi-domain
LC orientations, as well as feasibility on flexible substrates. However, the majority of the
photoalignment materials suffer from long-terma stability (Hght, thermal and/or chewmical
nstability).

{3049} Therefore, there is a need of inexpensive LC alignmeunt firas, which provides
stable LC orientation, with high fabrication reproducibility and reliable continuous control.
The main requirements for the alignment layer are its thermal- and photo-stability over time

it

and during device operation, as well as its "electrical” stability to survive many dynamic
{switching} cycles under externally applied ficlds.
{3056} Embodiments disclosed herein relates fo layers with nano-and micro-patterned

topographics made by laser action or inkjet printing for their potential application as
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alignment layers of liquid-crystalline molecules in variety of passive and active LC-based
devices, viz. hght-maanagement filras, compensation films, polarizers, tunable wave-plates,
vartable filters, different lquid crystal display (LCD) modes (e.g. twisted nematic (TN},
super-twisted nematic (STN), clecirically controlled birefringence (ECB), optically
compensated bend (OCUB}, vertical alignment (VA), dynamic ophthalmic products, tunable
beam splitters, polarized organic cnutting diodes (OLEDs), bipolar organic ficld-effect
transistors (OFETs), ete.

{6051 Embodiments herein cover a variety of anisotropic surface nano-/micro-
topographies, which differ in their chemical nature, patiern shape, size, periodicity, and
anchoring strength. The nanometer- and micrometer-size surface features of the alignment
fayers can provide a variety of hquid crystal (LC) ortentations, including plavar, tilted or
homeotropic.  These alignment layers have a wide spectrum of designed nano-/micro-
topographies and can also provide orientation of different rod-like and discotic-shaped LC
molecules, including but not limited to nematic, smectic, cholesteric, discotic, and blue-phase
LCs.

{6052] The surface topography of the alignment film and the confinement effects of
nano- and roicro-structures on the overlaying LC molecules, coupled with the complex
interplay of intermolecular interactions on LC-solid surface interface (mainly dipolar, Van
der Waals, and steric interactions), dictate the LC alignment and clectro-optical {magneto-
optical) response of final LT devices. Moreover, not only the physics, but the chemistry of
alignment surfaces can be tailored, which directly affect the surface anchoring of LC
molecules, In this way, ahignment layers with tatlored anchoring energy, L.e. layers that could
provide mono-stable, bi-stable or multi-stable anchoring conditions are possible.

LUIRRY The alignment layers disclosed herein, which provide the LT orientation w the
field-free state of device operation, are layers with nanometer- and micrometer- size
topographic features. In an clectro-optical device, these alignment layers are usually located
on the inner side of both substrates, adjacent to the LC layer. "Alignment layer” as used
herein includes a separate layer disposed over the substrate, a separate layer disposed over an
electrode, and the substrate or clectrode acting as the "alignment layer”. Additionally, the
alignment layer can be located with intervening layers between 1t and the LC layer. A broad

spectrum of surface topograpbies can be achieved to provide specific LO orientations,
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ranging from no-tilt in-plane (planar) LC orientation via variety of predetermined tilt-angle
LC orientations to tully vertical (homeotropic) LC orientation.

{6054 FIG. 1A shows an exemplary alignment layer comprised of a first surface 100.
The first surface has an anisotropic pattern 300 with nano or micro-structured topographies.
The nano or micro-structured topographies can also be called surface features.

{0035} The anisotropic pattern 300 has a first periodicity 301, Preferred ranges for the
first periodicity mclude .1 wro to 500 pum, .1 wn to 1 nm, .S o to T ore, W5 nm to 500 um, 50
nm to 500 um, and more preferably from 5 nm to 500 um. Generally for periedicities and
dirniensions discussed throughout, sroaller values may have a stronger aligoment effect.
Larger values may be simpler to fabricate.

[(6056] The fiest periodicity runs n the first direction 101 of the surface 100, As used
herein "periodicity” is defined as the center-to-center distance between two neighboring
surface features. This can also be called the pitch. FIG. 1B shows another embodiment of
the anisotropic pattern 300. The anisotropic patters 300 in FIGS. 1A and 1B do not have a
second periadicity in a second direction 102 of the surface.

{6057] FIG. 2 shows another embodiment of an alignment layer on a first surface 100,
This alignment layer is similar to the alignment layers of FIGS. 1A and 1B except that its
anisotropic pattern 300 has a second periodicity 302 running in the second divection 102 of
the first surface 100. Preferred ranges for the second periodicity include .1 nm to 500 pum, 1
am to | nm, .5 nm to 1 nm, .5 nm to 500 um, 53¢ nm to 500 um, and more preferably from 5
nm to 500 um. It is preferably different from the first periodicity 301, As shown in FIG. 2,
the two directions 101 and 102 that the two periodicities run in are also different from cach
other. These two directions can be perpendicular to cach other, like in FIG. 2, or can be at
any angle to cach other, like in FIG. 3

{G058] The surface features or topographies of the anisotropic pattern have a size from

i

0.1 nm to 500 um. As used heremn, "size” can include the height, width, and length of the
features. A surface feature preferably has all three dimensions (height, width, length} in that
range. Alternatively, a surface feature may have only one or two dimensions in the size
range. For example, a topography of grooves may have a length corresponding to a substrate
dimension that cxceeds the range, but groove widths and heights within the range.  The
surface features described herein can be raised or lowered from the first surface. "Height” as

used herein means the distance from the first surface to the peak of surface feature or the
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distance from the first surface to the valley of the surface feature. FIG. 4 s a cross-sectional
view of excmplary alignment films, showing the height and width (dimensions d; and di) of
the topographies of exemplary patterns. FIG. 4 also shows dy, the space between the end of
one feature to the beginning of another feature. dy can be from O to 500 g, A zero value for
d, means that the surface features may touch or overlap each other but, as shown in FIG. 3a-
¢, there maay be some pertodic variation even n a direction where surface foatures touch. FI1G.
4 also shows the periodicity 30 Lin one direction of the first surface 100, While FIG. 4 shows
topographies with certain shapes, the embodiments disclosed herein are not limited to those
shapes and can inclade others known in the art. Oue patiern 300 can have topographies of
multiple shapes. Additionally, while FIGS. 1-4 show the first surface having only one pattern
300, the first surface can contamn voore than one pattern in different regions of the first
surface.

{3059] The alignroent layers in FIGS. 1-4 may be incorporated into cloctro-optical
devices. The alignment layer affects the alignment of the LC material during the field-free
state.  As shown in FIG. SA, the alignment layer disclosed hercin may be a surface of a
substrate 400 in an electro-optical device. In other embodiments, it may be a surface of an
electrode 500 as shown in FIG. 5B.  In other embodiments still, it ray be a separate
alignment layer 600 that is disposed over an clectrode or substrate layer in the device as
shown in FIG. 5C. An clectro-optical device may have one or more alignment layers.
Preferably, there are two alignment layers, placed adjacent to the lignid crystal layer. This is
shown in FIG. 5C with alignment layers 500 and 800. However, the alignment layer can be
placed such that there are intervening layers between the LC layer and the alignment layer.

{3060 The alignment layers disclosed hercin are capable of generating noticeable
alignment in a LC layer. These LC layers 1nclude but are not himited to nervatic, cholesteric,
smectic, discotic, and blue-phase layers. As used herein, "noticeable alignment” means an
orientational order parameter S in the LC molecules greater than the absolute value of 8.3,
and preferably greater than the absohute value of 8.4, Preferably, these alignment lavers are
capable of gencrating alignment with an orientational order parameter of at least .50 10 a
nematic liquid crystal later.

10061} The alignment layers disclosed herein can be nigid or flexible, depending on the

characteristic of the first surface,
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{80621 In some embodiments, the alignment layers disclosed hercin and thetr nano- and
micro-structured topographics can be made by inkjet printing.  In other embodiments, they
can be made by laser action. These methods are described below.

10063} Inkjet printing 1s a solution dispensing techunique that is characterized by its non-
contact and material-efficient processing in a highly-reproducible manner.

{0064 The final surface features of the alignment layers made by inkjet printing arc
highly dependent on the processing parameters. These parameters include but are not limited
to the inkjet nozzic diameter, the volume of the droplets, the temperatures of the solution and
substrate, the moving speed of substrate {or inkjet), and material properties of the substrate
and the sohution. The material properties include but are not limited to: the nature of the
solution used, specifically the solvent used and its viscosity, vapor pressure and surface
tension; ink or solution concentration; and the nature of the substrate (for example, its wetting
characteristics). Overall, the final topography is a complex mnterplay of many factors. One of
skill in the art, with the benefit of this disclosure, can readily use these parameters to generate
disclosed surface features.

{6065] In one embodiment, the alignment layer s made by depositing a sohution 200 over
the first surface 100, The first surface can be the first surface of a substrate, clectrode, or a
separate layer disposed on an electrode or a substrate. In some embodiments, the solution is
ink. As seen in FIG. 6, depositing can be done in some embodiments by ejecting ink droplets
201 from an inkjet printing nozzle 3000 in a drop-by-drop manner. The nozzle diameter has
an cffect on the droplet size. When depositing is cjecting ink droplets, the nozzle diameter of
the mikjet, together with the volume of the ¢jected droplets and their subsequent coalescence
on: the substrate surface, will partially define the final surface features that form. In one
embodiment, the vozzle diameter is 50 nm to 300 um, preferably from 50 v to 1 pm
However, one of ordinary skill tn the art, with the benefit of this disclosure, can readily
generate the disclosed surface features with any suttable nozzie diameter,

{3066} The solution is deposited on the first surface 100 such that an anisotropic pattern
1600 1s formed on the first surface 100. The dot spacing {defined as the center-to-center
distance between two neighboring droplets of solution} and the rate of substrate~/inkjet
printing nozzle--movement, will affect the anisotropic pattern that 18 formed and the
pertodicitics present in the anisotropic pattern.  In some embodiroents, the nozzle 1s move

while the first surface s kept still. In other cmbodiments, the first surface 100 is moved.
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{3067} FIGS. 7a-7¢c show exemplary resulting anisotropic patterns. As seen in FIGS. 7a-
¢, cach anisotropic pattern 1600 created by the deposited solution has a periodicity 301 in the
first direction 101 of the first surface and a second periodicity 302 in a second direction 102
of the fivst surface 100, Preferred ranges for the first and second periodicities include .1 nm
to 500 um, I nm o 1 nm, S nm o 1 am, .5 nm to 500 pm, 50 nm to 500 pm, and more
preferably from 5 nm to 500 um. The initial anisotropic pattern 1600 has an cffect on the
resulting anusotropically patterned alignment fayer. Thus, an antsotropic pattern 1600 having
two periodicitics may have different periodicitics, with one being bigger than the other. In
this way, after solidification of the anisotropic patiern 1600, directional channels/grooves are
formed in the first surface 100 such that it can be used as an alignment layer. The directions
101 and 102 can be parallel to the first surface’s x axis and y axis or in other directions as
long as they are different from cach other. In some embodiments, the directions 101 and 102
may be perpendicular to cach other. While not shown, embodiments herein alse include
anisotropic patterns 1600 that have only one periodicity 301 in one direction 101,

{0068} After depositing the anisotropic pattern 1600, the solution 1s sohdified in order to
from an anisotropically patterned alignment layer with anisotropic pattern 300. Anisotropic
pattern 300 here 1s similar with similar attributes of those described in FIGS. 14, The
surface features may have a size from .1 o to 500 pm. Smaller ranges may be better for LC
alignment, thus, the size is preferably from . nmto | nm, S pmto 1 om, .5 nm to 500 um, 5
nm fo 500 um, and more preferably from 30 nm to 500 pm. As used herein "solidifying” or
"solidified” inchudes any method that turns the solution into a solid, including cross-linking,
solvent evaporation, a combination of the two, or other methods known in the art,

{3069 In one embodiment, the step of solidifying may alter anisotropic pattern 1600 such
that the resulting awisotropic patiern 300 on the anisotropically patterned alignment layer is
different from the initial anisotropic pattern 1600. For example, in some embodiments, the
solution 200 wmay have viscosity or surface tension properties that cause the solution fo
coalescence during solidification.  Additionally, the first surface 100 may have surface
wetting characteristics that contribute to the coalescence of the sohution 200. FIG. Ba-8c
show exemplary topographies after the solution is sohidified on the first surface. These
topographies show a coalescence of the deposited solution. The final anisotropic patterns 300
shown tn FIG. 8a-8¢ are different from the deposited patterns 1600 shown in FIGS. 7a-7c.

The solution viscosity, density and concenfration, the ink and substrate temperature, as well
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as the nature of the solvent(s) used, especially solvent vapor pressure and evaporation rate
will determaine the final pattern on the first surface.  Additionally, some solutions might
require additional baking by UV irradiation or by IR heating during solidification, at which
stage the solution shrinkage will play a major role in the final shape of the anisotropic patiemn
300.

{0076} In some emboediments, the anisotropic pattern 300 is solidified in such a manner
that the deposited anisotropic pattern 1600 1s the same as fival anisotropic patiern 300 on the
anisotropically patierned alignment layer. For cxample, in some embodiments, the solution
and the substrate properties are not conducive to coalescence and the drops do not
coalescence. As used herein, "change” or "different” includes a change in the size and shape
of the pattern’s features. Despite the amount of coalescence or change between the two
patterns 1600 and 300, the resulting anisotropic pattern 300 still retains at least some
structure of the periodicities contained in the anisotropic patiern 1600,

{8071 In some embodiments, the pattern's chemical nature may also affect the
oricntation of overlaying LC molecules. Thus, the type of solution used in the mcthod not
only affects the final pattern, but will also affect the orientation of the LC molecules due to its
chernical inferaction of the pattern with the molecules of the LC layer. For exarmple, a patiom
made of solution comprising acrylate may generate very different LC orientations than the
same pattern made from a solution comprising Teflon. In the case of acrylate patterns, the
LT alignment is most likely to be planar or low tilt planar LC alignment, while Teflon
patterns are expected to cause a homeotropic LC alignment. Solutions used m the methed
disclosed herein include but are vot limtied to those comprising solvents, surfactavts, and
binders such as conjugated polymers, acrylates, urethanes, organosilancs, epoxies, alcohols,
ketones, aldehydes, alkanes, alkenes, or chlorinated solvents.

{6672] In some embodiments, solutions used to deposit patterns may inchude
nanoparticles of metals, metal oxides, and/or carbon nanotubes, ndivideally or w any
combination. Such nanoparticles/nanotitbes might further help in the orientation of the
overlaying LC molecules, but also might contribute to additional property of the alignment
fayer such as light diffraction, light management (including but not himited to focusing or
defocusing light rays), or light scattering effects. By adjusting the inkjet printing conditions

"

and their coalescent behavior, the nanoparticles/nanotubes might be "ordered” in certain

patierns on the substrate surface. This ordering 1s shown in FIGS. 12A-B. The alignment



WO 2014/126982 PCT/US2014/015983

“13-

fayers made by this method thus results in the anisotropically patterned alignment layers as
described in FIGS. 1-4.

{6073] In some embodiments, methods may further include steps for incorporating the
first surface 100 mto an electro-optical device as shown i FIG, 3C. These steps comprise
providing a first substrate 400 and providing a first electrode 500 disposed over the first
substrate. The method may further comprise disposing the first surfuce 100 over the first
clectrode 500, providing a hiquid crystal fayer 700 disposed over the fivst surface, providing a
second surface 1100 disposed over the liquid crystal layer, providing a second electrode 900
disposed over the sccond surface, and providing a second substrate 1000 disposed over the
second clectrode 900. As used herein, "disposed over” allows for intervening layers between
the first surface aund the substrate. The second surface 1100 has a second anisotropic patterp
1300 formed on the second surface. The second anisotropic pattern 1300 is similar to the
anisotropic pattern 300 and 1s forred in the same manner as the first anisotropic pattern 300.

{3074} In one embodiment, the alignment layers described in FIGS. 1-4 may be made by
laser action. The resulting surface features described in FIGS. 1-4 may be highly dependent
on the first surface material properties, as well as the laser processing parameters (for
exaropic including but not himited to lascr pulse, laser power, and lascr scanning rate).
Overall, the final topography of the alignment layer is a complex interplay of many factors
mcluding but not limited to material properties and laser parameters. One of skill in the art,
with the benefit of this disclosure, can readily use these parameters to generate disclosed
surface features.

{0075] In some embodiments, to make the anisotropically patterned alignment layer in
FIGS. 1-4, laser energy is applicd to a first surface 100 to form a first anisotropic pattern 300
with surface features. These features have sizes from 0.1 uro to 500 pm. Smaller ranges may
be better for LC alignment, thus, the size is preferably from 1 nmto 1 nm, Samto | nm, 5
nm to 300 pm, SO nm to 500 pm, and roore preferably frorn S nim to 500 wm. The features
may have at least one of length and width in the range from 0.1 nm to 50 nm, preferably 0.5
nn to 50 nm.

{8476] The first surface can be a surface on a substrate, a surface on an electrode, or a
surface of a separate layer.

{08771 The laser pulse and the rate of laser beam and/or alignment layer translational

movement, may atfect the surface patterns. The laser energy 18 apphied to the first surface in
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such a manner that the space to space distance between two adjacent pulses (herein called
"laser pulse spacing™). Preferred ranges for the laser pulse spacing include 1 nm to 500 um,
dnmto 1 nm, 5 namto ! nm, .5 om to 506 um, 50 am to 500 pm, and more preferably from
5 nra to SO0 wm. Thus, the resulting alignment layer has an anisotropic pattern 300 with a
first periodicity 301 in a first direction 101 in the plane of the surface. This is shown in FIG.
o

{6078} The laser cucrgy can also be apphied in a manner such that the anisotropic patterp
300 has a second periodicity 302 in a second direction 102, Preferred ranges for the second
periodicity inclade .1 nro to 500 urm, 1 nmto 1 ove, S omw to 1w, WS oo to SO0 pra, 50 nm
to 500 um, and more preferably from 5 nm to 500 um. Figure 9 is a schematic presentation of
different anisotropic pattern 300 formed n first surfaces 100. Some of these patierns have
two periodicities 301 and 302 running in two different directions 101 and 102 in the plane of
the fivst surface 100, While they are shown running in the x-y axis of the fivst surface, they
can run in different directions not aligning with the x-y axis of the first surface. Additionally,
the dircctions can be non-perpendicular to cach other. These periodicities in conjunction with
the first surface’s reaction with the laser energy will define the final anisotropic patterns 300
i the first surface. For the purpose of creating the alignmucot layers disclosed in FIGS. 1-4,
the first periodicity 301 is different from the second periodicity 302, In this way, directional
channels/grooves are formed in the first surface 100. Embodiments, herein, however, also
melnde alignment layers with an anisotropic pattern 300 with only one periodicity running in
one direction of the first surface. FIG. 9 shows both types of anisotropic patterns 300.

{00791 Embodiments disclosed hercin roay be implemented with any commercially
available laser or other suitable laser, and can be of different nature, gas lasers, liquid lasers,
or solid state lasers of different wavelengths, depending on the material of the first surface.
These include but are not limited to ND:YAG, Ar-Laser, C(-laser. The laser action with the
first surface material can be of different vature, wnchuding but not limited to welting the
material, burning/evaporating the material, curing the material, and etching the material.
FIG. § gives an overview of different comrercially-available lasers (inchuding thewr
operational wavelengths) with continuous and pulsed emission. Laser types with distinct
laser lines arc shown above the wavelength bar, while below are shown lasers that can enut in

a wavelength range. The height of the lines and bars gives an indication of the maximal
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power/pulse energy commercially available, while the color codifies the laser material. Most
of the data comes from Weber's book Handbook of Laser Wavelengths.

{(6088] In some embodiments, the anisotropic pattern's chemical nature may greatly affect
the orientation of overlaying LC molecules on such patterned surfaces.  The pattern's
chemical nature is affected by the composttion of the first surface. Thus, the first surface 100
on which the laser energy is applicd may be corprised of morganic materials, including but
not timited to ITQ, S0, 7r0;, and Zn(0,. For example, the same patterns made i ITO or
S10; or Teflon material might generate very different LC orientations. In the case of patterns
made n a first sarface comprising ITO, the LC alignment is most likely to be planar or low-
pretilt planar LC alignment, while a homeotropic LC alignment is expected on the same
patierns wade in a first surface comprising Teflon-bike wmaterial.  For example, in oue
embodiment, the laser beam with wavelength of 1064 nm is applied over a first surface
comprised of ITO or 510, generating surface patterns by directional matenal removal, 1c.
material etching.

10081} In some ernbodimnents, the first surface may be comprised of polymers. For
example, in one embodiment, the laser beam with wavelength of 365 nm is scanned over a
first surface comprised of acrylate prepolymer (exhibiting a significant degree of shrinkage
upon cross linking), geunerating directional surface features by anisofropic cross-
linking/shrinkage/wrinkles (i.c. directional curing of the material). Morcover, the laser beam
can be lincarly-polarized generating a wider spectrum of directional features in the
"dircctionally-reactive” first surface material. In another embodiment yet, a powerful laser
can be used to create anisotropic patterns 300 by burning/evaporation of the waterial of the
first surface. Theoretically, the inkjet method can be applied to surface/ substrate made of any
material. Depending on the interaction of the solution and the substrate waterial, a variety of
surface features are possible. In the laser method, substrate materials have certain types of
mteraction with the laser beam. For example, a polyacrylate substrate or polycarbouvate
substrate may not interact significantly with a laser beam of 1064 nm, but these two
substrates can be used with the nkjet printing method. There will be materials apphicable for
both types of methods, inkjet and laser, for example, metallic/conductive surfaces. However,
the resulting patterns on the same substrate material made with the two methods can be
different, and consequently, can give differcut LC aliguroents, ie. differcut otientational

order parameters.
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{3082 In some embodiments, the laser can be continuous or pulsed laser. In the case of
continuous laser, various scanning speeds of the laser beam over the first surface, or various
translational movements of the first surface under the static laser beam, or various mutual
transiational movements of both, the laser beam and the first surface, are possible. In the
case of pulsed laser, the laser intensity (the pulse intensity/power), the pulse frequency and
laser scanning speed can be varied in a manner to gencrate the desirable anisotropic pattern
300. Also, in the case of pulsed laser, franslational movement of the laser, first surface, or
both are possible.

{0083] In some erobodivaents, the first surface 100 may further comprise vavoparticles of
metals or metal oxides, and carbon nanotubes, individually or in any combination. The laser
wight have different interactions with the nanoparticles/nanotubes than with the surrounding
naterial/matrix. By adjusting the laser processing conditions, a variety of patterns are
possible in first surface materials containing nanoparticies/nanotubes as shown in FIGS. 12A-
B. Such nanoparticles/nanotubes might further help in the orientation of the overlaying LC
molecules, but also ruight contribute to an additional property of the alignment layer, such as
tight diffraction properties, light management property (including but not Hmited to focusing
or defocusing hight rays) and light scattering effects.

{3084} The method may further include steps for incorporating the first surface 1060 into
an clectro-optical device as shown in FIG. 5C. These steps comprise providing a first
substrate 400 and providing a first electrode 500 disposed over the first substrate. The
method can comprise disposing the first surface 100 over the first clectrode 500, providing a
Houd erystal fayer 700 disposed over the first surface, providing a second surface 1160
disposed over the hiquid crystal layer, providing a second clectrode 900 disposed over the
second surface, and providing a second substrate 1000 disposed over the second electrode
9083, As used herein, "disposed over” allows for intervening layers between the first surface
and the subsirate. The second surface 1100 has a second anisotropic patiern 1300 formed on
the second surface. The second anisotropic pattern 1300 is simtlar to the anisotropic pattern

300 and 1s formed n the same manner as the first anisotropic pattern 300.

MODELING

[(6085] By way of non-livaiting exarople, FIG. 10A-C show surface patterns made in ITO

fayer with 1064 nm laser beam at scanning rate of 400 mm/s and frequency of 20 kHz. As
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seen in FIGS. 10A-C, there is good pattern reproducibility.  Groove depths of about 20 nm
were achieved by laser etching action in the ITO layer. The resulting alignment layer has a
76 wum periodicity in the horizontal direction of the first surface. The laser pulses were
sufficiently close together that the grooves do not show noticeable periedicity in the scanning
direction.

[6386] The surface patiern shown in FIGS, 10A-C was fturther tested for s LC alignment
capability. For this purpose, 7~micron-thick neroatic LC cell lightly doped with a dichroic
dye {Dhsperse Red 1) was prepared. Commercially-available nematic LC MDA-9R-1602
{Merck) was doped with 0.3 - 0.5 wt% dichroic dye Disperse Red 1 (Sigroa Aldrich), and
then, injected in an empty LC cell, previously prepared with substrates that have ITO layers
with patterns made by laser etching (like those in Figure 4). The empty LC cell was filled
with the dye-doped nematic LC at teraperature above the clearing temperature of the LC
crystal, and then, it was cooled down slowly to room temperature. To assess the quality of
LC alignment, a dye polarized absorbance was recorded for this cell under the assumption
that the dichroic dye (Disperse Red 1) 1s oriented in the same manner as the surrounding rod-
fike LC molecules. In FIG. 11 below, the polarized absorption spectra of the dye doped in
the nematic LC. Due to the orientation of the dye within the nomatic host, a difference in the
dye polarized spectra Apuane 388 Apependicniar (Aparaiier™ dye absorbance pavallel to the
alignment direction; Apemendicui=0ye absorbance perpendicular to the alignment direction)
was observed. Furthermore, the orientational order parameter, §, was calculated for this cell
according to the following equations:

A4

R= parodiel

4

perpendicnlsy

-1

NR+2

where R 15 the dichroic ratio, A i 18 the dye absorbance parallel to the alignment direction and

emms

Apemendienier 18 the dye absorbance perpendicular to the alignment direction. The alignment layer

achieved very good LC alignment expressed with a high orientational order paramcter § of 0.55.
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WHAT IS CLAIMED IS:

A method comprising:

providing a first surface;

depositing a solution over the first surface via inkjet printing to form a first
anisotropic pattern; and

solidifying the solution to form a first anisotropically patterned alignment layer
having features with a size of Snm to 560um;
wherein:

the first anisotropic pattern formed by the deposition has a first periodicity of 5nm

to 500 wm n a first direction 1n the plane of the first surface.

A method of claim 1, wherein the first anisotropic pattern formed by the deposition has a
sccond periodicity in a second direction in the plane of the surface;
wherein:

the first and second directions are different;

the first and second periodicities are different; and

the second periodicity is Snm to S00um.

The method of claim 1, wherein

depositing a solution includes depositing drops of the solution; and

solidifying the solution mcludes a partial coalescence of the drops while retaining
at least some structure of the first periodicity.
The method of claim 1, wherein the first surface 1s a first surface of a substrate.

The method of claim 1, wherein the first surface is a first surface of an clectrode.

The method of claimm [, wherein the first surface 18 a first surface of g separate layer

disposed on an electrode or a substrate.

The method of claim 1, further comprising:
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providing a first substrate;

providing a fivst clectrode disposed over the first substrate;
disposing the first surface over the electrode;

providing a liquid crystal layer disposed over the first surface;
providing a second surface disposed over the liguid crystal layer;
providing a second clectrode disposed over the second surface;

providing a second substrate disposed over the second electrode.

The method of claim 7, wherein providing a second surface comprises:

depositing a solution over the second surface via fukjet printing to form a second
anisotropic pattern; and

solidifying the solution to form a second anisotropically patterned alignment layer
having features with a size of Snm to 500um;
wherein:

the second antsotropic pattern formed by the deposition has a third periedicity of

Snra to 500pm in a third direction in the plane of the sccond surface.

The method of claim 8, wherein the second anisotropic pattern has a fourth periodicity in
a fourth direction in the planc of the second surface;
wheretn:

the third and fourth dircctions are different;

the third and fourth peniodicities are different; and

the fourth periodicity is 5nm to 500um.

The method of claim 1, wherein depositing a solution on the first surface comprises either
translational movement of the inkjet over the first surface in the first direction or

transfational movement of the substrate in the first direction.

The method of claim 1, wherein the step of solidifying the solution comprises shrinking

the solation through ultra-violet irradiation.
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12, The method of claim 1, wherein the step of solidifying the solution comprises shrinking
the solution through 1ofra~red heating,
13, The method of claim 1, wherein the sohution comprises one of or a combination of

corjugated polymers, acrvlates, urcthanes, organosilanes, and cpoxics.

14, The method of claim 1, wherein the solution comprises surfactants or binders.

15.  The method of claim 1, wherein the selution comprises a solvent comprising onc or a

combination of aicohols, ketones, aldehydes, alkanes, alkenes, or chlorinated solvents.

16, The method of claim 1, wherein the solution comprises nanoparticles of metals or metal
oxides.
17 The method of claim 1, wherein the solution comprises carbon nanotubes.

18.  The method of claira 1, wherein the anisotropically patterned alignment layer is capable
of generating noticeable alignment in a nematic, cholesteric, smectic, discotic, or bhue-

phase liquid crystal layer.

19, The method of claim 1, wherein the anisotropically patterned alignment layer is capable
of generating alignment with an oricutational order parameter of at least 5= 0.50 in a

nematic Hquid crystal layer.

20, The method of claim 1, wherein the anisotropically patterned alignment laver 1s capable

of light management property, light scattering effect, or light diffraction.

21, The method of claim 2, wherein the first and second directions are perpendicular to cach
other.
22. The method of claim 1, wherein the first surface is flexible.
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23. The method of claim 1, wherein the first surface is rigid.
24, The rocthod of claim 1, wherein the step of depositing a solution coraprises using an

inkjet with a nozzle size from 50nm to 500um.

25, The method of claim 1, wherein the step of depositing a solution further includes forming

a second anisotropic pattern on the first surface.

26, A method coraprising:
providing a first surface;
applying laser encrgy to the first surface to form a first anisotropically patterned
alignment layer comprising a first anisotropic pattern with features with a size of 8. 1oro
3 500um,;
wherein the first anisotropic pattern bas a first periodicity of Snm to 500um n a

first direction in the plane of the first surface.

27. The method of claim 26, wherein the laser energy is applied in pulses.

28, The method of claim 26, wherein:
the first anisotropic pattern has a second pertodicity of Surn to 500um in a second
direction in the plane of the surface;
the first and second directions are different; and

the first and second periodicities are different.

29, The method of claim 26, wherein the first surface is g first surface of a substrate.
34, The method of claim 26, wherein the first surface is a first surface of an electreode.
31, The method of claim 26, wherein the first surface is a first surface of a separate layer

disposed on an electrode or a substrate.
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The method of claim 26, further comprising:
providing a first substrate,
providing a first electrode disposed over the first substrate;
disposing the first surface over the first clectrode;
providing a Hquid erystal layer disposed over the first surface;
providing a second surface disposed over the liguid crystal layer;
providing a second electrode disposed over the second surface; and

providing a second substrate disposed over the second electrode.

The method of claim 32, whevein providing a second surface comprises:

applying laser cnergy to the second surface to form a second anisotropically
patterned alhigoment layer comprising a second anisotropic pattern with features with a
size of 1nm to 500um;

wherein the sccond anisotropic pattern has a third periodicity of Snn to 500um in

a third direction in the plane of the surface.

The method of clatm 26, wherein applying laser cncrgy to the first surface comprises
: Dpiying 2 ]

translational movement of the laser over the first surface in the first direction or,

translational moverent of the substrate 1n the fivst direction.

The method of claim 26, wherein the first surface comprises polymers.

The method of claim 26, wherein the first surface comprises inorganic materials.

The method of claim 26, wherein the first surface comprises nanoparticles of metals or

metal oxides.

The rocthod of clairo 26, wherein the first surface comprises carbon nanotubes.



WO 2014/126982 PCT/US2014/015983

39, The method of claim 26, wherein the anisotropically patterned alignment layer is capable
of geunerating noticeable alignment in a nematic, chelesteric, sroectic, discotic, or blue
phase liquid crystal layer.

40.  The method of claim 26, wherein the anisotropically patterned alignment layer 18 capable
of generating alignment with an orientational order parameter of at least 5= 0.40 in a
nematic liquid erystal layer.

41, The method of claim 26, wherein the anisotropically patterned alignment layer is capable
of light managerent property, hight scattering cffect, or light diffraction.

42, The method of claim 26, wherein the first amsotropically patterned alignment layer has
features with a size of Snm to 500um.

43, The method of claim 26, wherein the first and second directions are perpendicular to cach
other.

44, The method of claim 26, wherein the first surface is flexible.

45.  The method of claim 26, wherein the first surface s rigid.

46, The method of claim 26, further comprising applving laser cnergy to the first

anisotropically patterned alignment layer to form a second anisotropic pattern.
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