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FIG. 1

(57) Abstract: The present disclosure relates to a transfer film comprising a sacrificial template layer having a first surface and a
second surface having a structured surface opposite the first surface, a thermally stable backtill layer conforming to the structured
surface of the sacrificial template layer, and wherein a portion of the sacrificial template layer proximate the first surface has a great-
er concentration of a thermally stable molecular species than a portion of the sacrificial template layer proximate the second surtace.
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LAMINATION TRANSFER FILMS FOR FORMING ARTICLES WiTH ENGINEERED
YOIDS

BACKGROUND

Nanostructures and microstructures on glass substrates arve used for a varioty of applications in
display, lighting, architecture and photoveltaie devices. In display devices the structures can be
used for light extraction or light distribution. In lighting devices the structures can be ased for
light extraction, light distribution, and decorative effects. ln photovoltaic devices the structures
can be used for solar concentration and antireflection. Patterning or otherwise formiing

nanostroctures and microstructures on Jarge glass substrates can be difficult and expensive.
SUMMARY

The present disclosure relates to Jamination transfer fitms for forming articles with engineered
voids and methods of forming these lamination transfer films, The engineered voids in the final

articles are defined by a nanostructured fver and a bridge structure on the nanostructured layer,

I one aspect, a transfer film includes a sacrificial template fayer having a first surface and a
second surface having g structured surface opposite the first surface and a thermally stable
backfill laver conforming to the structured surface of the sacrificial tomplate laver. A portion of
the sacrificial template layer that is proximate the first surface has a greater concentration of a
thermally stable molecular species than a portion of the sacrificial template fayer that 1s

proximate the second surface.

In another aspect, a method includes laminating the transfer filim described above to a receptor
subsirate and baking oot the sacrificial template layer to form engiveered voids defined by a
bridging layer and the structured surface of the thermally stable backfill layer. The bridging
layer is formed from the thermally stable molecular species within the sacrificial template layer

and the bridging layer is disposed on the structured surface.

In another aspect, a method of forming & transfer film includes applying a thermally stable
back{ill layer to a structured surface of a sacrificial template layer and allowing a portion of the
thermally stable backfill fayer to migrate into the sacrificial template layer to form the transfer
film, The thermally stable back(ill layer conforms to the structured surface of the sacrificial

template layer

fn another aspect a method of forming o transfer film includes forming a first layer having a

thermally stable molecular species and disposing a sacrificial teraplate layer onto the first layer.
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The sacrificial template fayer includes a first surface contacting the first layer and an opposing
second surface being & structured surface. The method further includes applying a thermally

stable backfill layer to a structured surface of a sacrificial temaplate layer. The thermally stable
ok ey comforns ot stnnetured surfae of the ssovificiad wanplae ey and thie
thermally stable molecular species does not migrate from the thermally stable back[ill laver. The

first tayer is separated from the thermally stable backfill layer by the sacrificial template layer.

I a further aspect, a hottom emitting OLED includes & light transparent support layer and a

vanosttuctured layer on the support substrate. The nanostructured layer includes a structured

surface layer and a bridging layer on the siructured surface fayer defining a plorality of
engineered vouds, An OLED structure is disposed on the bridging layer. The OLED strocture

includes an OLED layer separating a top electrode and a bottom electrode,

In a stil] further aspect, & top emitting OLED includes 8 support layer and an OLED structure
disposed on the brdging Javer. The OLED structure includes an OLED layer separating a top
cleetrode and a bottom elecirode. An optional optically coupling and planarizing layer is
disposed on the top electrode. A nanostructured layer is on the optically coupling and
planarizing fayer or adjacent to the OLED stnscture. The nanostructured layer includes a
structured surface laver and a bvidging layer onthe stractured sarface laver and defining a
plurality of engincered voids., A light transparent layer is dispased on the structured surface

laver,

These and various other features and advantages will be apparent from a reading of the foliowing

detatied description,

BRIEF DESCRIPTION OF THE DRAWINGS
The disclosure may be more completely understood in consideration of the following detailed
description of various embodiments of the disclosure i connection with the accompanying

drawings, in which

FIG. § is a schematic process Sow diagram of an dlustrative method of forming the transfer film

and final bridged nansstructure;

F1G. 2 i a schematic process How diagram of an iHustrative bake out method of forping the

final bridged nanostructure;

FIG. 3 iliastrates six cross-sectional SEM micrographs of an ilustrative bake out forming the

final bridged nanostructure;
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FIG. 4 is a schematic process flow diagram of another illustrative method of forming the transfer

film and tinal bridged nanostructure;

FIG, 815 a schematic cross-sectional diagram of an #lustrative bottom emitting OLED article

including the bridged nanosiructure described herein;

FIG. 6 is a schematic cross-sectional diagram of an illustrative bottom emitting AMOLED

article including the bridged nanostructure described herein;

FIG. 7 is a schematic cross-sectional diagram of an illustrative top snvitting AMQLED article

including the bridged nanostructure described herein;

FIG, 84 and 8B illustrate cross-sectional SEM micrographs of an illustrative baked out final

bridged nanostracturs at a 15K (8A) magnification and at a S0k magnification (8B),

FIG. 9 s a graph of XPS atomic concentration as a function of depth on the baked out final

bridged nanostructure confinning the presence of silicon;

FIG. 18A-180 illustrate SEM micrographs of another illustrative baked out final bridged
nanostructure where the top two photos (108 and 18B) are plan or top views and the bottom twe

photos {10C and 10D) are cross-sectional views at'a 50k and a 15k magnifications;

FIG. $1A-11D illustrate SEM micrographs of another illustrative baked out final bridged
nanostructure where the bottom two photos (11C and 11D) are plan or top views and the top two

photos (11A and 11B) are cross-sectional views at a S0k and a 15k magnifications;

FIG, 12 illustrates a cross-sectional SEM micrograph of another illustrative baked out final

bridged nanostructure;

FIG. 134 and 138 iflustrate cross-sectional SEM micrographs of another iHustrative baked out

final bridged nanostructure at a 15k magnification (13A) and at a 50k magnification { 13B);

FIG. 14 is a graph of XPS atomic concentration as a function of fitm depth on an illustrative

transfer film;

FIG. 158 is a graph of XPS§ atomic concentration as a function of film depth of an illustrative
transfer filny fabeled 2900-607 showing silicon containing migratable species at the top surface

of the sacrificial resin laver;

FIG. 16 is a cross-sectional SEM micrographs of an itlustrative baked out final bridged

nanostructure of Exaniple 61 at 8 50k magnification;
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FIG. 17 s a cross-sectional SEM micrographs of an iBustrative baked out final bridged

nanostructure of Example ab as a 13k magnification;

FIG. 18 15 a cross-sectional SEM micrographs of an iflustrative baked out final bridged

nanostructure of Example 6¢; and

LA

FIG. 19 is across-sectiona! SEM micrographs of an lustrative baked out final bridged

nanostructure of Example 6d.
DETAILED DESCRIFTION

In the following detailed deseription, reference is made to the accompanying drawings that form

a part hereof, and w which are shown by way of tllustration several specific embodiments. ltis
1 10 be understood that other embodiments are contemplated and may be wade without departing

from the scope or spivit of the present disclosure. The following detailed description, therefore,

is not te be taken in & Hwiting sense;

Allscientific and techuical terms used hersin have mesnings commonly used in the art unless
.

otherwise specified. The definitions provided heretny ave o facilitate understanding of cestain

15 terms used frequently herein and are not meant to thait the scope of the present disclosure.

Linless otherwize indicated, all nembers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be understood a8 being modified in all
instances by the term “about.” Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the foregoing specification and sttached claims are approximations that
20 can vary depending upon the properties scught to be obtained by those skilled in the ant wtihizing

the teachings disclosed herein,

The recitation of numerical ranges by endpeints includes all numbers subsumed within that range

(e.g. 1to 5 includes 1, 1.5,2, 2,75, 3, 3.80, 4, and 5} aixd any range within that range.

As used in this specification and the appended clatims, the stngular forms “g™, “an”, and “the®

235 encompass embodiments having plural refevents, onless the content clearly dictates otherwise,

As used in this specification and the appended claims, the term “or” is generally employed in its

sense including “and/or” unless the content clearly dictates otherwise.

LI

As used herein, “have”, “having”, “inclade™, “including”, “comprise™, “comprising” ov the like

are used in their open ended s and generally mean “including, but not limited to™. It will be
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understood that “consisting essentially of”, “consisting of”, and the fike are subsumed in

“comprising,” and the Hke.
In this disclosure:

"hackfill materials" or "backfill layers” refers to layers of materials that fill in irvegular or
structured surfaces to produce a new surface that may be used as a base to build additional

tayered elements and is thermally stable;

“hake-out” refers to the process of substantially removing sacrificial material present in a laver
by pyrolysis, combustion, sublination, ar vaporization while leaving thermally stable materials

substantially infact (hackfill, substrate);

“bake~out temperature” refers to the maximum temperature reached during the process of
substantially remoying sacrificial materials in a layer by pyrolysis or combustion while leaving

thermally stable materials substantially intact {backfill, substrate);

“combust” or "combustion” refers to a process of heating a layer that comprises organic materials
int an oxidizing atmosphere so that organic materials undergo a chemical reaction with the

oxidant;

“sulyvent” refers to organic or aquecus Hguid that is capable of dissolving, dispersing or
suspending the materials described berein, e.g., organosilicon compounds, nanoparticles,

polvmers, sacrificial materials, ete.

“nanostructures” refers o features that vange from about 1 nm o about 2000 nim in their longest

dimension and inchudes microstructureas;

“pyrofyze” or “pyrofysis” refers to a process of heating a sacrificial layer in an inert atmosphere

so that organic materials in the article decompose;

“structured surface” refers to a surface that includes periodic, quasi-periodic or random
engineered microstructures, nanostructures, andfor hicrarchical structures that can be in a regular

pattern or random across the surface;

"thermally stable” refers to materials that reroain substantially intact during the removal of

sacrificial materials;

“polysiloxanss” refers to highly branched oligomeric or polymeric organosilicon compounds and
may inchide carbon-carbon and/or carbon-hydrogen bonds while still being considered as

inorganic compounds; and



10

-
Lh

ft
LA

WO 2015/108953 PCT/US2015/011375
-6~
“migratable species” refers to a molecular specics that moves from the backfill layer to the
sacrificial layer. For example, a migratable species might include silanes, stloxanes,

polysiloxanes or other organosificon compounds,

The present disclosure relates to famination gansfer films for forming articles with engineered
voids and method of forming these lamination transfer films. These transfer films cau be
laminated to a desired substrate (like glase) and “baked owt” to reveal a unigue bridged
nanostructure defining “engineered voids™, The bridge element of these bridged nanostructures
can be formed, for example, by migration of a molecular species from a backfill layer to a
sacrificial layer. Control over migration of the molecular species (e.g., low molecular weight
polysiloxanes) into the sacrificial resin can be altered by changing the chemical and physical
properties of the sacrificial template and/or the molecular species {e.g.. polysiloxane
formutation). A high level of migration of the migratable species into the sacrificial polymer
teads to the formation of the unigue “bridge” structure following “bake out™ of the transfer tape
on the desired substrate. Altersatively, the migratable molecular species fornung the bridge
feature cun be placed in the transfer film without the nead for migration. The kinetics of siloxane
curing and thermal decomposition of the microstructured sacrificial polymer both influence the
morphology of the bridge. The bridge forms independently of the inorganic nanostructure that is
defined by the sacrificial template fayer, as the organic polymer decomposes. The space in
between the bridge and the engineered nanostructure forms “enginesred voids” whose shapes are

defined by the bounds of the engineered nanostructure and the bridge. In some embodiments, the

distribution of the mugrated species in the sacrificial poivimer laver determines the movpbelogy of
the final structure. Condrol of vartous aspeets of bridge formation has alse been demonstrated
herein. The articles and process described herein may lead to mmerous applications in the field
of engineered ceramics. For example, scme nanostructured surfaces sufter from poor durability,
such as, for example, anti-reflective surfaces. The durability of nanostructured coatings can be
mproved by covering them with a thin inorganic mechanical barrier coating, such as the bridge
structures deseribed herein. Alsp, the refractive index of both the bridge and the nanostructured
coating may be independently changed, leading to appheations in light management. The vouds
can be continuous or discontinuogs across the entive sample area. While the present disclosure is
not so limited, an appreciation of various aspeets of the disclosure will be gained through a

discussion of the examples provided below.

FIG. 1 is'a schematic process flow diagean of an illustrative method 189 of forming the transfer
film 38 and final bridged nanostructure 68, FIG. 2 15 a schematic process flow diagram of an

illustrative bake out methad of forming the final bridged nanostructure 68, FEG, 3 illustrates six
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cross-sectional SEM micrographs (1-6) of an ilfustrative bake out forming the final bridged

ranostrycture.

This method 186 includes applving a thermally stable backfill coating solution 22 1o a structured

surface 14 of a sacrificial template layer 12 and allowing a migratable species (illustrated by the

147

arrows) to migrate from the thermally stable backfill layer 22 to the sacrificial template layer 12,
forming the transfer film 38, The thermally stable backfill layer 22 conforms to the structured

surface 14 of the sacrificial template layer 12.

The thermally stable backfill solution can be coated onto the structured surface 14 and any
solvent or portion of solvent removed and optionally cured 1o form the thermally stable backfill
10 tayer 22. Preferably, after removal of solvent and curing, the thermally stable material
substantially planarizes the sacrificial template layer. Substantial planarization means that the
armount of planarization {P%), as defined by Equation 1, is greater than 0%, or greater than

75%, or preferably greater than 90%,

PY =1 — (vl * 160 (1

ok
141

where §; is the relief height of a surface layer and hy is the feature height of features covered by
the surface layer, as further disclosed in P. Chiniwalla, JEEE Trans. Adv. Packaging 24(1), 2001,

41,

The sacrificial template layer 12 can be on a carrier fayver 13 (1e., liner) having a releasable
surface. In other embodiments, a carrier laver 11 is not present. The bner or carvier layer §1 can
20 be implemented with a thermally stable flexible film providing mechanical support for the other
tayers, The liner 31 has a releasable surface, meaning the liner 13 allows for release of & material
applied to the releasable surface. The carrier layer 11 shouid be thermally stable above 70 °C, or
aliernatively above 120 °C, without adversely affecting either the sacrificial layer or the backfill

layer. One example of a carvier film is polyethylene terephthalate (PET).

bt
LA

The support substrate or carvier layer 11 (described herein) can be embodied as a flexsble film
providing mechanical sapport for the other lavers, One example of a carrier film 11 is
polyethylene terephthalate (PET). Varicus polymeric film substrates comprised of various
thermosetting or thermoplastic polymers are suitable for use as the support substrate. The carrier
may be a single fayer or mulii-fayer film, THustrative examples of polymers that may be

30 emploved as the carrier layer film include (1) fluorinated polymers such as
poty{chiorotriftuoroethylene), poly(tetrafluoroethylene-cohexafluoropropylene},
poly(tetrafluoroethylene-co-perfluorofalkylvinyiether), poly{vinylidene fluoride-
cohexathsoropropylene); (2) lonomeric ethylene copolymers poly{ethylene-co-methacrylic acid)

with sodiunt or zing ions such as SURLYN-8920 Brasd and SURLYN-991( Brand available
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from E. 1. duPont Nemours, Wilmington, DE; (3} low density polyethylenes such as low density
polyethyiene; Hnear low density polyethylene; and very low density polyethylene; plasticized
vinyl halide polymers such as plasticized poly(vinychloride): (4) polyethylene copolymers
including acid functional polymers such as poly{ethylene-co- acrvlic acid) "EAA",
poly(ethylene-co-methacrylic acid) "EMA", poly{ethylene-co-maleic acid), and poly{ethylene-
co-fumaric acid); acryiic fusct:onal polymers such as polv(ethylene-co-alkylacrylates) where the
alkyl group is methyl, ethyl, propyi, butyl, et cetera, or CH3 {CH2 n- where n s 8to 12, and
poly(ethylene-co-vinylacetate) "EVA"; and {5) {e.g.) aliphatic poiyarethanes. The carrier layer
can be an olefinic polymeric material, typically comprising at least 50 v % of an alkylene
having 2 to 8 carbon atoms with ethylene and propylene being most commonly employed. Other
carrier fayers include for example pobv(ethylene naphthalate), polycarbonate, poly{meth)acrylate
{e.g., polvmethyl methacrylate or "PMMA™), polyolefins {e.g., polypropylene or "PPY),
polvesters {e.g., polvethylene terepbthalate or "PET™) polyamides, polyimides, phenclic resins,
cellulose diacetate, celinlose triacetate (TAC), polystyrene, styrene-acrylonitrile copolvmers,
eyclic olefin copolymers, epoxies, and the like. Tn some embodiments, the carrier layer can
include paper, release-coated paper, non-wovens, wovens (fubric), metal tilms, and metal foils.
In some embodiments, the carrier layver can include sacrificial materials that can remain on the
transfey fiim during the bake out process. For example, the carrier film can include a PET layer
on g PMMA release layer where the release fayer remains on the transfer film following release
from the PET layer. Sacrificial matertals (such as the PMMA release layer), can be pyrolyvzed by
subjecting them to thermal conditions that can vaporize substantially all of the organic material
present in the sacrificial layers. These sacrificial layers can also be subjected to combustion to
burn out all of the organic material present i the sacrificial laver. Typically, a clear, high-purity
polymer, such as poly(methy! wethacryviate), poly{ethy! acrylaie-co-methyl methacrylate), can be
used as the sacrificial material. Useful sacrificial materials leave very low organic residuals (ash)

after pyrolysis or combustion at the bake out temperative,

The sacrificial template faver 12 can be nanostructured by any useful method suchas a
continuous cast and cure process oF embossed to produce the siructured surface 14, In many
embodiments-a planar first surface 13 opposes the structured second surface 14, The releasable
surface of the carrier layer 11 can contact the planar first surface 13, The sacrificial template

layer 12 can be substantially planarized using the backill layer 22.

fn many embodiments, a portion 15 of the sacrificial template layer 12 proximate the first surtace
13 has a greater concentration of a thermally stable melecular species than a portion 16 of the
sacrificial temiplate layer proximate the second swiace 14, In many of these embodiments, the

sacrificial femplate laver 12 bas a gradient 25 of thermally stable molecular speciss and the
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gradient 25 is a concentration of thermally stable molecular species that changes as a function of
a distance (normal to a major surface) away from the structured surface 14 along a thickness
direction of the sacrificial template fayver 12, In many of these embodiments, the concentration
of thermally stable molecular species that migrated into the sacrificial template layer 12 increases
S as a distance from the structured surface 14, Preferably the concentration of migrated thermally

stable molecular species within the sacrificial template layer 12 is greatest about or at the first

surface 13,

The wansfer film 39 can be laminated to a receptor substrate 44 and exposed to a heating or
baking out process {0 remove the sacrificial template layer 12 and to form engineered voids

1) defined by a bridging laver 65 and the structured surface 64 of the thermally stable backfil} Jayer
§2. In some embodiments, an optional sacrificial adhesive fayer {not shown) is applied to the

back{ill layer 22 or to receptor substrate 40, prior to lamination.

Examples of receptor substrates 40 include glass such as display swother glass {e.g., backplane
mother glass), display cover glass, lighting mother glass, architectural glass, roll glass, and

15 flexible glass. An example of flexible roll glass ts commercially available under the trade
designation WILLOW glass from Corning Incorporated. Other examples of receptor substrates
include metals such as metal parts, sheets and foils. Yet other examples of receptor substrates

include sapphire, silicon, silica, and silicon carbide.

Display backplane mother glass receptor substrates can optionally include a buffer layer on a side
20 of the receptor substrate to which a lamination transfer film is applied. Examples of baffer layers
are described in U.S. Pat. No. 6,396,079, which is incorporated herein by reference as if fully set
forth, One type of buffer layer is a thin layer of Si0y, as described in K. Kondoh et al., . of Non-
Crystalline Solids 178 (1994) 189-98 and T-K. Kim ¢t al., Mat. Res. Soc. Symp. Proc. Vol. 448

(1997) 419-23, both of which are incorporated herein by reference as if fully set forth.
p X ¥

)
3

)
L,

A particular advantage of the transfer films and methods described herein is the ability to impart
structure to receptor surfaces with large surfaces, such as display mother glass or architectural
glass. Semiconductor patterning methods exist for creating nanopatterns that can be complex,
however these methods are generally slow, complicated, expensive, and limited to the size of a
single wafer (e.g., around 300 mm diameter), Step and repeat stamping methods such as

30 nanoimprint lithography has been used to produce nanopatierns over larger areas thag
semiconductor patterning methods, however these methods are still generally slow, expensive,
and complicated, ofien requiring several conventional photofithographic process steps such as

resist coating, reactive ton etching, and resist stripping.
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The transfer films and method described herein overcomes the above mentioned size constraints
and complexity by utilizing a combination of roll-toroll processing and a cylindrical master
temoplate element. These methods also obyviate the need for photolithographic process steps. The
transfer films described herein have large snough dimensions to be used to impart nanostructures
over, at least, entive large digital display substrates (e.g., 2 35 ich diagonal AMOLED HDTV,

with dimensions of 52 inches wide by 31.4 inches tali}, for example.

The bridging tayer 65 is formed from the thermally stabie molecalar species 28 within the
sacrificial template tayer 12 and the bridging layer 68 is disposed on the structured suvface 64,
many embodiments the bridging layer 68 is formed from the gradient of thermatly stable

molecular species 25 within the sacrificial template layer 12,

As describad and iltustrated in FIG, 2 and FI1G, 3, the sacrificial template layer 12 can be cleanly
baked out leaving a bridging laver 63 disposed on the structured surface 84 and defining
engineered voids. These figures iHustrats that the sacrificial template layer 12 is capable of
being haked cut while leaving engineered voids defined by a bridging layer €5 and the stroctured
sutface &4 of the thermally stable back{ilf fayer 62. The bridging layer 63 is formed from the
thermally stable molecular species 25 within the sacrificial template layer §2 and the bridging

layer 83 is disposed on the structured surface 84,

Fis. 3 iflustrates six cross-sectional SEM micrographs (A, B, C, I, ¥, F) of an illustrative bake
out forming the final bridged nanostructure, These six photos A-F have been aligned so that the

o]
3

surface of the receptor substrate is coplanar across the page. Each photo is taken at specified
temperaturg wnereasing across the page from left to right. Fer example, A is taken at a
temperature of 300 degrees centigrade, B is taken at a temperature of 350 degrees centigrade, C
is taken at a temperature of 400 degrees centigrade, B s taken at & temperature of 454 degrees
centigrade, E is taken at g temperatare of SO0 degrees centigrade after 20 minutes, and F is taken

at a temperatore of 300 degrees cantigrade after 40 minutes,

The bridge strusture forms independently of the jnorganic navostructure that is defined by the
sucrificial template layer, and graduaily seties on top of the nanostructure as the organic polymer
decomposes. The space in between the bridge and the engineered nanostrueture forms
“gogineered voids” whose shapes are defined by the bounds of the engineered nanostructure and
the bridge. As illustrated in FIG. 3, a large volame of sacrifisial template laver decomposes
during the bake out process as compared to the volame of bridge renaining. In some
embadinents, the thickness of the sacrificial template fayer is at least 2 times or at least 3 times,

or at feast 10 times the thickness of the resulting bridge structure.
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FIG. 4 is a schematic process flow diagram of another iflustrative method 208 of forming the
transfer film 31 and final bridged nanostructure 68. The method 200 of forming a transfer film
31 inchudes formying a first layer § which may include sacrifieial material and/or a thermally
stable molecudar species and disposing a sacrificial template laver 12 onto the first layer 5 The
sacrificial femplate fayer 12 has a first surface 13 contacting the first layer § and an opposing

second surface 4 being 8 structured surface.

The first faver § or the sacrifictal femplate tayer 12 can be ona carrier faver 11 (L.e, liner) having
a veleasable surlace. Inother embodiments, a carrier laver 11 is not present. The sacrificial
template layer 12 can be nanostractared by any useful method such as & continuous cast and cure
process or embossed to produce the structured surface 14, In many embodiments a planar first
surface 13 opposes the structured second surface 14, The sacrificial template layer 12 can be

sabstantially planarized using a back{ill layer 22,

The method includes applying the thermally stable backfill laver 22 {0 a structured surface 14 of
a sacrificial template laver 12, to planarize the structured surface 14, ay described above, The
thermally stable backfill layer 22 conforms to the structured sarface 14 of the sacrificial teraplate
fayer 12 and the thermally stable molecular species may not migrate from the thermally stable
backfili fayer 22 or from the sacrificial template layer 12. The first layer 3 can be separated {rom

the thermally stable backfill faver 22 by the sacrificial template layer 12,

in some embodiments the sacrificial template layer 12 includes the thermally stable molecular
species andfor inorganic materials such as, for example, inorganic nanomaterials and may or may
not include the tirst layer 8. The inorganic nanomaterials can be present in a sacrificial layer 12
and the sacrificial material can be cleanly baked out leaving a densified layer of nanomaterials,
[n some embodiments, the densified layer of nanomaterials can completely or partially fuse into
a glass-like material. The densified lfayer of nanomaterials can have substantial void volome,
The densified layer of nanomaterials can be transparent and can have a high index of refraction
compared to surrounding lavers of the disclosed transfer films. Inorgaric nanoparticles can be
present in one or move embedded layers, each layer having a different index of refraction

influenced by the type and concentration of nanoparticles present in the layer,

The transfer film 31 can be laminated to a receptor substrate 48 and exposed to a heating or
baking out process fo remove the sacrificial template layer 12 and to form engineered voids
defined by a bridging layer 65 and the structured surface 64 of the theemally stable backfill layer
62. In these embodiments, the bridging layer 65 is formed from the thermally stable molecular

species in layer § and the bridging layer 63 is disposed on the structured surface 2.
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ln smany of these embodiments, the sacrificial template laver 12 includes a thermally stable
molecular species in layer § and the thermaily stable molecular species is separated from the
struciured surface 14 of the sacrificial template layer 13 by a layer of saerificial materiagl. In
many of these embodiments, the laver of saerificial matenial consists essentially of sacnficial
material. For example the laver of sacrificial material is at least 99 wi% sacrificial material, ovat

least 99,5 wa¥e sacrificial material, or at least 998 wi% sacrificial suaterial.

Fi{z, 5 is a schematic ctional diagram of an illustrative bottom smitting OLED (ie.,
organic light emitting diode) article 388 including the bridged navostructure 8 deseribed herein.
This bottom emiting GLED article 388 tnehudes a Hght transparent support layer 374 and a
nanostructured layer 66 on the support subistrate 374, 1n many embodiments the light transparent
support laver 374 is glass. The nanostructuved faver 69 can be placed in the bottom emitting
QLED article 398 during fabrication of the bottom emitting OLED article 300 by using the

transter filnis and methods described herein,

The panostructured layer 8 includes g structured surface layer 62 and a bridging layer 65 on the
structured surface layer 62 and defining 2 plurality of engiveerad voids. An QLED structure 328
is disposed on the bridzing layer 65, the OLED structure 328 includes an QLED layer 322

separating a top electrode 324 and a bottom electrode 326, The OLED strusturs 328 can include
a pixel defining layer 328, The OLED structure 328 can include additional layers not iHlustrated,
for example the OLED layer 322 may have two or move individual OLED layers forming the
OLED laver 322.

The bridged nanostruciure 60 can define a boundary of high refractive index nmiaterial and low
refractive index material forming the bottom emitting OLED article 388, In many embodiments,
the structured surface fayer 62 (and hight transparent support layer 374) has a refractive index of
1.5 or less and the bridging layer 68 {and OLED layers in contact with the bridging layer 68) has
a refractive index of 1.6 or greater. In OLED lighting displays and elements, the position and
refractive index of each light transparent layer is adjusted to optimize the performance of the

device

FIG. 6 is 2 schematic eross-sectional diagram of an Hlustrative bottom emitting AMOLED (ie.,
active matrix OLED) article 488 including the bridged nanostructure 8% described herein, This
bottom emitting AMOLED articls 404 includes a light transparent support layer 474 and a
nanostructured fayer 68 on the suppost substrate 474, {n many embeodiments the Hght transparent
support layer 474 is glass. The nanostraciured layer 60 can be placed in the bottom emitting
AMOLED anticle 488 during fabrication of the bottom emitting AMOLED article 488 by using

the transier films and methods desceribed herein.
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The nanostructured laver 68 includes a structured surface tayer 62 and a bridging layer 65 on the
structured surface laver 62 and defining a plurality of engineered voids. An AMOLED structure
428 is disposed on the bridging laver 68, the OLED structure 428 includes an AMOLED layer
422 separating a top clectrode 424 and a bottoru electrode 426. The AMOLED structure 428 can
include a pixel defining layer 425, The bottom ¢lectrode 426 can be glectrically coupled to pixel
circuitry 428 through a via 427 in a planarization layer 428, The AMOLED structure 426 can
include additional layers not ilustrated, for example the AMOLED layer 422 may have two or

more individual OLED layers forming the AMOLED layer 422.

The bridged nanostructure 68 can define a boundary of high refractive index material and low
refractive index material forming the bottom emitting AMOLED article 448, In many
embodiments, the structured surface layer 62 (and light transparent suppent layer 474) bas a
refractive index of 1.5 or fess and the bridging laver 65 {and AMOLED layers in contact with the
bridging layer 63) bas a refractive index of 1.6 or greater. In AMOLED displays and elements,
the pesition and refractive index of cach light transparent layer is adjusted to optiniize the

performance of the device,

FIG. 7 1s a schematic cross-sectional diagram of an illustrative top emitting AMOLED article
568 including the bridged nanostructure 6 described herein. The top emitting AMOLED 508
inchides a support Jayer 575 and an AMOLED structure S28 disposed on the bridging layer 65,
The AMOLED structure 528 includes an OLED layer 822 separating a top electrode 324 and a
bottom electrode 526 and an optional optical coupling and plavarizing layer 818 is disposed on
the top electrode 524. The AMOLED structure 520 can inchude a pixel defining layer 528, The
bottom electrode 526 can be elecirically coupled to pixel circuitry 528 through a via 527 ina
planarization Jayer §29. The AMOLED structure S20 can include additional fayers not illustrated,
for example the AMOLED laysr 822 may have two or more individual OLED layers forming the
AMOLED layer 322, The AMOLED structure 328 and/or the light transparent layer 818 can

include additional layers such as a color filter layer.

Tn many embodiments the nanostructured layer 60 is optically coupled to the AMOLED structure
828 via the oplical coupling and planarizing layer 515, This optically coupled structure provides
color uniformity and light extraction. In some embodiments the nanostructured layer 68 1s not
optically coupled to the AMOLED structure 320 and is adjacent to the AMOLED structure 326,
This uncoupled structure can provide color uoiformity and light distribation without light
extraction. The nanostractared layer 60 includes a structured surface layer 62 and a bridging
layer 63 on the structured surface fayer 62 and defining a pluvality of engineered voids. The
bridging layer 68 can be fixed fo the optical coupling and planavizing laver S15, A light

transparent laver S16 is disposed on the structured surface layer 63,
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The bridged nanostructure 68 can define a boundary ot high refractive index material and low
refractive index material forming the top enitting AMOLED article 548, In many embodinents,
the structuved surface layer 62 (and light transparent support layer 318) has a refractive index of
5 or tess and the bridging laver 63 (and the optically coupling and planarizing layer 318) has a
S refractive index of 1.6 or greater: In AMOLED displays and elements, the position and refractive

index of each light transparent laver ts adjested to optimize the performance of the device
Thermally Stable Material

A thennail‘y stable material is utilized to form the thermally stable backfill layver of the transfer
im. The thermally stable material includes theroally stable molecular species. Tt is understood
10 that the thermally stable material and the thermally stabile molecular species includes precursor
materials that either are or gransform inte matenials that remain substantially intact during the

removal of sacrificial matertals, such as durtng “bake cut™ or pyrolysis.

Materials that may be used for the backfll} include polystioxane resins, polysilazanes,
polyimides, silsesquinxanes of bridge or ladder-tvpe, silicones, and silicone hybrid materials and
15 many others. Exenmplary polysiloxane resins are availadle under the trade designation
PERMANEW 6000, available from Califorsia Havdeoating Company, Chula Vista, CA. These
molecules typically have an inorganic compenent which leads to high dimensional stability,
mechanical strength, and chemical resistance, and an organic component that helps with

solubility and reactivity.

20 In many embodiments the thermally stabls molecular specias includes silicon, hafnium,
strontium, titanium or zirconiwm. In some ambodiments the thermally stable moelecular species
inciudes a metal, metal oxide or metal oxide precursor. Metal oxide precursors may be used in

order to act as an amorphous "hinder" for inorgaric nanopariicles, or they may be used glone.

fn many embodiments, the materisls useful in the current invention belong to & class of the
25 highly branched organosilicon oligomers and polymers of a general formula (as below) which

can be further reacted to form crosslinked networks by homo-condensation of S1-OH groups,
heterp-condensation with the rematning hydrolyzable groups {e.g. alkoxy), and/or by reactions of
the functional organic groups {e.g. ethylenically unsaturated), This class of materials is derived

primarily from organcsilanes of & general formud
30 ReSiduw,

wherein
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R is selected from hydrogen, substituted or unsubstituted C-Cayp alkyl, substituted or
unsubstituted Cz-Cip aliovlene, substituted or unsubstituted Ci-Cig alkenylene, Co-Cratkynylene,
substituted or unsubstituted C-Cxe ovelnalkyl, substituted or unsubstituted Co-Cap aryl,
substituted or unsubstituted Ce-Cao arylene, a substituted or unsubstituted Cr to Gy arylalkyl
3 group, a substituted or unsubstituted C; to Ca heteroalkyl group, a substituted or unsubstitited

Cato Co heterveveloalkyl proup, and/or combinations of these,
2 YR

Z is a hvdrolvzable group, such as halogen (containing the elements F, Br, Cl or ), Ci-Cowo

atkoxy, Cs-Cao arvioxy, and/ or combinations of these.

The majority of the composition may consist of RS0 units thus the class of materials is often
10 called silsesquioxanes {or T-resing), however they may also contain mono-(R;81-Opa}, di-

{R28i0h) and tetrafunctional groups {Si042). Organicaliv-madified disilanes of the formula:
Z;m Rn Si-Y-8i Rn Z3~n

are often used in the hydrolvzable compostions to farther modify the properties of the materials

{to formt the so-called bridged silsesquioxanes), the R and Z groups are defined above. The

15 materials can be further Tormulated and reacted with metal alkoxides (M{OR }) to form metalio-

silsesquioxanes.
In many embodiments the highly branched organosilicon oligomers and polymers of a general
formuly:
x
.
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20 R, is selected from hydrogen, substituted or unsubstitated C-Cao alkyl, substituted or
unsubstituted Cy-Cioalkylene, substituted or unsubstituted Cr-Cuw alkenylene, Co-Ca alkynylene,
substitated or unsubstituted C-Con cveloalkyl, substituted or unsubstituted Ce-Caparyl,
substituted or unsubstituted Co~Casarylene, a substituted or unsubstituted Cr to Gy arvialkyd
group, a substitited or ansubstituted C; to Cyo heteroalkyl group, a substituted or unsubstitated

23 (s to Cap beterocveloalky] group, andfor combinations of these;
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R; is selected from hydrogen, substituted or unsabstituted Ci-Coy allyl, substituted or
unsubstituted Ca-Cyy atkylene, substituted or unsubstituted Ci-Che alkenylene, Co-Caoalkvnylene,
substituted or unsubstituted Cs-Cro cveloallyl, substituied or unsubstituted Co-Cap aryl,
substituted or uasubstituted Ce-Cao arylene, a substituted or unsubstituted Oy to Gy avylalkyd
group, a substituted or unsubstituted O o Ca heteroatky! group, a substituted or unsubstituted

Cr to Cr heteroeyeloalkyl group, andfor combinations of these;

R is selected fron hydrogen, substituted or unsubstituted C-Cha alkyl, substituted or
unsubstituted Cr-Crpalkylene, substitated or unsubstituted Co-Cop alkenylene, Cr-Cag alkynylene,
substituted or unsubstiteted C5-Can cycloalkyl, substituted or unsubstitied Co-Cog aryl,
substituted or unsubstituted Ce-Cop arvlene, a substituted or unsubstiteted Cs to Coy arylalkyd
group, 4 substituted or unsubstitated Cy to Cos beteroalky! group, a substituted or unsubstituted

Ca tor Cop heterooveloalkyl group, and/os combinations of these;

Ry is selected [rom bydrogen, substituted or unsubstitited C-Oy alkyl, substituted or

uzsubstituted Co-Chgatkylene, substituted or unsubstitiied Cr-Chn alkenylene, Tp-Canalkynylene,
substituted or unsubstituted C3-Con cvcloaibyl, substituted or ansubstituted Ce-Caparyi,
substitated or ynsubstituted Cs-Cro arylene, a substituted or unsubstituted Cr to Cop aryialiovl
group, a substituted or unsubstituted Cy to Cy heteroalioyl group, a substituted or unsubstingted

(s to Cys heterocyeloalky] group, andfor combinations of these,

Rs 18 selected from hydrogen, substituted oy unsubstituted Ci-Cap alkyl, substituted or
unsubstitated C-Crnalkylene, subsittuted or unsubsutuwied Ce-Coalkenylene, Cr-Cagatkynvlene,
substituled or unsubstituted Cx-Chs vycloalkyl, substituted or unsubstituted Ce-{yg aryl,
substituted or unsubstituted Co-Cop arviene, a substituted or unsubstituted Cr to T arvialkyl
group, a substituted or unsubstituted Iy to T heteroalky! sroup, a substituted or unsubstitated

Cyn Cx heterocyelnaliod groap, and/or combinations of these;

Z 15 a hydrolyzable group, such as halogen{countaining the elements F, Br, Cl,

H

or 13, O-Cae

alkoxy, C-Cag aryvloxy, and’ or combinations of these.
m s an integer from O to 500;
s an integer from | to 560;
p is an integer from 0 to 560;

q is an integer from O to 100,
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As used herein, the terin "substituted” refers 0 one substituted with at least a substituent selected
from the group consisting of a halogen (contaimng the elements ¥, Br, CL or 1), a hvdroxy group,
an alkoxy group, a nitro group, a cyano group, an amino group, an azido group, an amidino

group, a hydrazine group, a hydrazono group, a carbonyl group, a carbamy| group, a thiol group,

T4

an ester group, a carboxyl group or & salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, alkyl group, a C; to Oy alkenyd group, & Cr to Ty
atkynyl group, Ce to Cip aryt group, a O to Cuarylatkyi group, a Cr to Cy oxyalkyl group, a O
10 Crg heteroatkyl groap, a Cs 1o Gy beteroarvlalkyl group; a Cs to Cso eycloalkyl group, a Ciio
Cis eycloaikeny! group. 2 G to Ciz cyeloalkyovt group, a beterocyeloalkyl group, and a

18 commbination thereof, instead of hvdrogen of a compound.

The resulting highly branched organosilicon polymer has a molecular weight in a range from 130

to 300,000 Da or preferably in a range from 150 to 30,000 Da.

Preferably, the thermally stable backfill contains the reaction product of the bydrolysis and

condensation of a methyliriethoxysilane precursor in a polar sobvent. After synthesis, the

[
N

resulting polymer preferably has a molecular weight of nominally less than 30,000 Da. The
therma’iiy stable backfill solution also preferably includes less than fifty percent by weight sitica

nanoparticles nominally of a size between J0-50 nanometers.

The thermally stable compositions described herein preferably comprise inorganic nanoparticles,
These nanoparticles can be of various sizes and shapes. The nanoparticles can have an average
20 particle diameter less than about 1000 nm, less than about 100 nm, less than about 30 nm, or less
than about 35 nn1. The nanoparticles can have an average partick diameter from about 3 nm to
about 58 nm, or from about 3 nm to about 35 nm, or from abouat 5 sm to about 25 am. H the
nanoparticles are aggregated, the maximum cross sectional dimension of the aggregated particle

can be within any of these ranges, and can also be greater than about 100 nm. "Fumed”

o
A

nanoparticles, such as silica and alemina, with primary size less than about 30 nm, may also be
used, such as CAB-OSPERSE PG 002 fumed sitica, CAB-QO-SPERSE 201 7A fumed silica, and
CAB-OSPERSE PG 003 fumed aluming, available from Cabot Co. Boston, MA. Their
mcasurements can be based on transmission clectron microscopy (TEM), Nanoparticles can be
substantially fully condensed. Fully condensed nanoparticles, such as the colloidal silicas,

38 tvpically have substantially no hydroxyls in their interiors. Nosesitica containing fully condensed
nanupz‘u'iicle&; fypically have a degree of crystallinity {(imeasured as isolated particles) greater than
§5%, preferably greater than 60%, and movre preferably greater than 70%. For exanmple, the
degree of erystallinity can range up to about 86% or greater, The degree of crystallinity can be

determined by Xeray diffraction techniques. Condensed erystalling {e.g. zirconia} nanoparticles

L

5 have a high refractive index whereas arsorphous nanoparticles typically have a lower refractive
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index. Various shapes of the inorganic or organic nanoparticles may be used, such as sphere,

rod, sheet, tube, wire, cube, cone, tetrahedron, and the ke,

The size of the particles is generally chosen to avoid significant visible Hght scattering in the
[inal article. The nanomaterial selected can impart various optical properties (1.e refractive
index, birefringence), electrical properties (e.g conductivily}, mechanical properties {e.g
toughness, pencil hardness, scraich resistance) or a combination of these properties. It may be
desirable to use a mix of organic and inorganic oxids particle types 1o optimize an optical or

material property and 0 lower total composition cost.

Examples of suitable inorganic nanoparticles include metal nanaparticles or their respective
oxides, including the elements zircontum (Jr), titaniun {11}, hafoium (H), alurunum {Al), iron
(Fe), vanadium {V), antimony {Sh}, tin {(8n), gold {(Au), copper (Cu), galliom (Ga), indium (In),
chromiam {Cr), manganese {Ma); cobalt (Co), mickel {(MNi}, zine (Zn), viteiam {Y), niobium (Nb),
molybdenum (Mo}, techaetium (Te), nithenivsa (R, rhodivm {Rh), paliadiom (Pd}, sitver {Ag),
cadmium (Cd), lanthanem {La), tanlalom (Ta), tungsten (W rhenium (Rh), osmium {(Os),

iridium (Ir}, platinum {Pt}, and any combinations thereofs

Int & preferred embodiment, nanopartictes of zirconium oxide {zirconia) ate wsed, Zirconia
nanoparticles can have a particle size fron approximately 5 nm o 50 mn, or 3 pptto 15 ooy or
16 nm. Ziveonia nanoparticles can be prasent iy the durable artiele or optical element in an
amount from 10 to 70 wit, or 30 to 50 wits. Zirconias for use in materials of the invention are
commercially available from Malco Chemical Co. {(Napervilie, HLY under the produet designation
NALCO QOSSO0 and from Behier AG Uzwil, 20 Switzerland under the trade designation
"Buhler zirconia Z-WQ sol”. Zirconia nanoparticle can also be prepared such as deseribed in
ULS. Pat. Ne. 7,241,437 (Davidson et al.) and UL S, Pat No, 6,376,590 {Keolb et al.). Titania,
antimory oxides, aluwming, tin axides, and/or mixed meotal oxide napoparticles can be present in
the durable article or optical elerzent in an amount from 13 10 70 wilb, or 30 to 58 wiYs.
Densified cerwnic oxide layers may be formed via a “sol-gel™ process, in which ceramic oxide
particles are incorporated into a gelled dispersion with a precursor of at least one moditving
compenent followed by dehydration and firing, as deseribed in ULS. pat. No. 5,453,104
{Schwabel). Mixed metal oxide for use in materialy of the invention ars commercially available
from Catalysts & Chemical Indostries Corp., (Kawasaki, Japan) ander the product designation
OPTOLAKE.

Other examples of suitable incrganic nanoparticles inclade elements and alloys known as
senticonductors and their respective oxides such as sificon {81}, germanium {Ge), silicon carbide

(510, silicon germanide (S1Ge), aluminium nitride (AIN), aluminium phosphide (AIP), beron
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nitride (BN), baron carbide {B4(), gallium antimonide (GaSb), indiom phosphide (InP), gallium
arsenide nitride (GaAsN}, gallium arsenide phosphide {GaAsP), indium aluminum arsenide
nitride (InAIAsN), zing oxide (Zn0), zine selenide (ZnSe), zine sulfide (Zn8), zine telluride

(ZnTe), mercury zine selenide (HpZnSe), lead sulfide (PbS), lead tetluride (PbTe), tin sulfide

L

(SnS), lead tin telturide (PhSnTe), thallium tin telluride (Th8nTes), zine phosphide (ZnaP2), zine

arsenide (ZmAs:), zine antimonide (ZnsSby), lead(Il) iodide (Pbly), copper() oxide (CuO).

Silicon dioxide {silica) nanoparticles can have a particle size from S nm to 75 anor 10 nm to 30
amy or 20 a1, Sifica nanoparticles are typically in an amount from 10 to 60 wt.-%. Typically the
amount of silica is less than 40 wt%. Suitable silivas are commercially available from Nalco

10 Chemical Co. (Naperville, 111} under the trade designation NALCO COLLOIDAL SHLICAS. For
example, silicas 10 include NALCO trade designations 1040, 1442, 1050, 1060, 2327 and 2329.
the organosilica under the product name IPA-ST-MS, IPA-ST-L, IPA-ST, IPA-ST-UP, MA-ST-
M. and MAST sols from Nissan Chemical America Co. Houston, TX and the SNOWTEX 5T-40,
8T-50, 8T-20L., $T-C, ST-N, §T-0, ST-OL, §T-Z1L, ST-UP, and ST-OUP, also Trom Nissan

[y
(4]

Chemical America Co. Houston, TX. Suitable fumed silicas include for example, products sold
under the tradenams, AEROSIL seres OX-50, 130, <150, and -200 available from DeGussa AG,
(Hanau, Germany), and CAB-O-SPERSE 2095, CAB-O-SPERSE A103, CAB-O-81L M3
available from Cabot Corp. {Tuscola, UL). The weight ratio of polymerizable material o
nanoparticles can range from about 30:70, 40:60, 50:30, 35:45, 60:40, 70:30, 80:20 or 90: 10 or
20 more. The preferred ranges of weight percent of nanoparticles range from about 18 wi% to about

60% by weight, and can depend on the density and size of the nanoparticle used.

Within the elass of semiconductors include nanoparticles known as “quantum dots,” which have
interesting electronic and optical properties that can be used in a range of applications. Quantum

dots van be produced from binary alloys such as cadmium selenide, cadmium sulfide, indium

]
LA

arsenide, and indium phosphide, or from ternary atloys such as cadmium selenide sulfide, and the
fike. Companies that sell guantwn dots include Nanoco Technologies (Manchester, UK} and

Nanosys (Pato Alto, CA)

Examples of suitable inarganic nanoparticles include elements known as rare curth elements and
their oxides, such as lanthanum {La), cerium {CeOy), praseodymium (Pre(i1), neodymium

30 {Nd:01), samarium (Sm205), europium (BuyGr), sadolinium (Gd:Os), terbium (ThaO:),
dysprosiura (Dy:0s), holmium (HouO5), erbium (E6:0:), thulium (Tan0s), yiterbivm (Y5:05)
and latetiom {LuzOq3, Additionally, phosphorecent materials known as "phosphors” may be
included in the thermally stable backfill material. These may include calcium sulfide with

strontium sulfide with bismuth as an activater (CaxSn)$: Bi, Zing suifide with copper “GS

L
L

phosphor”, mixtures of zine sulfide and cadmium sulfide, sirontium aluminate activated by
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Europiun (SrALO:Ea(1D: Dy, BaMgAloOmEa™ (BAM), Y205 Eq, doped ortho-silicates,
Yitrivm atuminiom gamet {YAG) and Lutetium alwminium gamet (LeAG) containing materials,
any combinations thereof, and the ike. A commercial example a phosphor may include one of

the 1SIPHOR™ inorganic phosphors (available from Merck XGaA, Darmstadt, Germany).

The nanoparticles are typically treated with a surface treatment agent. Surface~treating the nano-
sized particles can provide a stable dispersion in the polymeric resin, Preferably, the surface-
treatment stabilizes the nanoparticles so that the particies will be well dispersed in a substantially
homogencous composition. Furthermore, the nanoparticles can be madified over at least a
portion of its surface with a susface treatment agent so that the stabifized particle can
copolymerize or react with the parts of the composition during curing. In general, a surface
treatment agent has a first end that will attach to the particle surface (covalently, ionically or
through strong physisorption) and a second end that impasts compatibility of the particle with the
composition and/or reacts with composition during curing, Examples of surface treatment agents
include alcohols, amines, carboxylic acids, sutfonic acids, phospohonic acids, silanes and
titanates. The preferred type of treatment agent is determined, in past, by the chemical nature of
the metal oxide surface. Silanes are preferved for silica and other for silicenus (ilers. Silanes and
carboxylic acids are preferred {or soetal oxides such as zirconia. The surface modification can be
done gither subsequent to mixing with the monomers or alter pixing. Itis preferred i the case of
silanes 1o react the silanes with the particle or naroparticle surface belose incorporation into the
composition. The required amount of surface modifier is dependent upon several factors such
particle size, particle type. modifier mojecular weight, and modifier type. In general it is
preferred that approximately a monolayer of modifier is attached to the surface of the particle.
The attachment procedure or reaction conditions required also depend o1 the surface modifier
used. For silanes, it is preferved to surface treat at elovated temperstures undes acidic or basic
conditions for from 1-24 hr approximately. Surface treatment agents such as carboxylic acids

may not require elevated temperatures or extended time.

Representative embodiments of surface treatment agents suitable for the compositions include

compoundds such-as, forexample, soocetyl srimethoxy-silang, N-{3- iristhoxvsilvltoropyhy
P, ¥ y : YRUNPTOPYE)

methoxyethoxyethoxyethyl carbamate (PEGITES), N-(Garnethoxysilylpropy!)
methoxyethoxyethoxyethyl carbamate (FEG:TES ), 3+ (methaceyioviexy propyltrimethoxysifane,
J-acryloxypropylhivimethoxysilane, 3-(methaceylovioxypropyltristhoxysilane, 3-
{methacryloyloxy) prepyimethyldimethoxysilane, 3-(acrviovioxypropyDimethvldimethoxysitane,
J«{methacrvioyloxyjpropyidimethylethoxysilane, 3-{methacryloyloxy)
propyldimethylethoxysilane, vinyldimethylsthoxysifane, phenylirimethoxysilane, n-

o

octyltrimethoxysilane, dodecyitrimethoxysilane, octadecylinmethoxysilane,
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propyfirimethoxysilane, hexyhirimethoxystane, vinyimethyldiacetoxysilane,
vinylmethyldiethoxysilane, vinyltriacetoxysilane, vinyliriethoxysilane, vinylriisopropoxysitane,
vinyltrimethoxysilane, vinyvltriphenoxysilaie, vinyliri-t-butoxysilane, vinyltris-isobutoxysilane,

vinyliriisopropenoxysilane, vinvitris(2-methoxyethoxy} silane, styrylethyltrimethoxysilane,

L

mercaptopropy ltrimethoxysilane, 3-5 glycidoxypropylirimethoxysifane, acrylic acid, methacrylic
acid, oleic acid, stearic acid, dodecanoic acid, 2-[2-(2-methoxyethoxyJethoxylacetic acid
(MEEAA), beta-carboxyvethylacrylate, 2-(2~methoxyethoxyacetic acid, methoxyphenyl acetic
acid, and mixtures thercof, Further, a proprietary silane surface modifier, commercially available
from OS1 Specialties, Crompton South Charleston, WV under the trade designation "Silquest

10 A1230", has been found particularly suitable,

In some embodiments the thermally stable molecular species includes a metal, metal oxide or
metal oxide precursor. Metal oxide precursors may be used in order to act as an amorphous
"hinder" for inorganic nanoparticles, or they may be used alone. Sol-gel techniques may be used

to react these precursors in order to cure the material into a solid mass and are known to those

——ti
Ly

skitled in the art. Suitable metal oxide precursors inchude alkyl titanates such as titanium (IV}
butoside, n-propyl titanate, titanium triethanolamine, titantum phosphate glycol, 2-ethythexyl
titanate, titantam (IV) ethoxide, titanium {1V) isopropoxide, and the like. These are commercially
available under the "TYZOR" trade name owned by Dorf-Ketal Inc. (Houston, TX), Also
suitable metal oxide precursors include zirconium chloride or zirconmtum({IV) alkoxides such as
20 zirconium (IV) acrylate, zirconium(IV) tetraisopropoxide, zircontum{IV) tetracthoxide,
zirconium{IV) teteabutoxide, and the lke, all available from Aldrich (St. Louis, MO). Also
sititable metal oxide precursors include hafnivm(iV) chloride or hafinium alkoxides such as
hatnium(IV) carboxyethyl acrylate, hafutum{IV) tetraisopropoxide, hafnium{IV} fert-butoxide,

hatnium(IV) n-butoxide, also available from Aldrich {81, Lows, MO). These materials can also

[~
L]

be used as inorganic nanomaterials b the sacrificial template layer in order to form the bridging

faver.
Saerificial Materialy

The sacrificial layer is a material capable of being baked out or otherwizse removed while leaving
the structured surface layer and the bridging layer, substantially intact, The sacrificial layer

3 includes, for example, the sacrificial template layer and the optional sacrificial releasable layer,
depending upon a construction of the transfer film. The structured surface of the sacrificial layer
can be formed through embossing, a replication process, extrusion, casting, or surface
structuring, for example. The structured surface can include nanostructures, microstrugtures, of

hierarchical structures. Nanostructures comprise features haviog at least one dimension (e.g.,

fad

S height, width, or length) less than or equal fo two microns. Microstructures comprise features
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having at least one dimension (e.g., height, width, or length) less than or equal to one sullimeter,

Hierarchical structures are combinations of nanostructures and microstrugiures.

3

The sacrificial layer (e.g., 12) can comprise any material as long as the desived properties are

obtained. Preferably, the sacrificial layer is made from a polvmerizable composition comprising

L0

polymers having number average molecular weights of about 1,600 Da or less {e.g., monomers
and oligomers). Particularly suttable moncmers ov oligomers have molecular weights of about
S00 Da or fess, and even more particularly xuitable polymerizable molecules have molecular
weights of about 200 Da or less. Said polyiierizable compositions are typically cured using
actinic radiation, e.g., visible light, ultraviolet radiation, eleciron beam radiation, heat and

16 combinations thereof, or any of a variety of conventional anionic, cationic, free radical or other

polymerization techniques, which can be photochemically or thermally initiated.

Useful polymerizable compositions comprise curable tunctional groups koown in the art, such as

epoxide groups, allyloxy groups, (methjacrvlate groups, epoxide; vinyl, hydroxyl, acetaxy,

carboxylic acid, aming, phenolic, aldehvde, cinnamate, alkene. alkyne, ethylenically unsaturated
i3 groups, vinyl ether groups, and any dertvatives and any chemically compatible combinations

thereof,

The polymerizable composition used to prepare the sacrificial template Javer may be
monofunctional or multifunctional {e.g, di~, tri-, and tetra-} by terms of racdiation curable moieties.
Examples of suitable monofunctional polvmerizable precuersors inclade styrene; alpha-
20 methylstyrene, substituted styrene, vinvl esters, vinyl ethers, octyl (meth)acrylate, nonylphenol
ethoxylate (meth)acrylate, isobomyl {methlacrylate, isononyl {meth)acrylate, 2-(2-

ethoxysthoxylethyl (meth)actylate, 2-ethyihexyl {methiacryl

g, lauryl {meth)acrylate, beta-
carboxyethyl {meth)acrylate, isobuty! (wmethjacrylate, oyelosliphatic epoxide, alpha-epoxide, 2-
hydroxyethyl (mathiacrylate, 1sodecyl {amthacrviste, dodeovi{mathjacryiate, n-butyl

23 (meth)acrylate, methyl (methacrviate, hexyl {methYacrvlate, {methaceyvlic acid, N-
viayleaprofactam, stearvl {meth)acrylate, hydroxy! functional caprolactone ester {meth)acrylate,
isovctyl (methjacrylate, hyvdrosoyethy! (meth)acrylate, hyvdroxypropyl (meth)acrylate,
hydraxvisopropyl (metiacrylate, hydroxybutyl {methlacryviate, hvdroxyisobutyl {metsjacrylate,

tetealivdrofuryl (methacryiate, and any combinations thereof,

3¢ Examples of suitable multifunciional polymerizable precursors include ethyi glycol
di{methacrylate, hexanediol di{meth)acryiate, tricthylene glycol di(meth)acrylate, tetraethylene
glyveol dimethacrylate, trimethyloipropane triimethlacrylate, rimethyiolpropanepropane
tri{metit)acrylate, glycerol sri{methiacrylate. pentaerythritol in{methjacrylate, pentaerythritol

tetralmethacrylate, neopentyl glveol dilmethjacryiate, bisphenol A ditmethjacryiate, poly({1,4-
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butanediol) difmethacrylate, any substituted, cthoxylated or propoxylated versions of the

matlerials Hsted above, or any combinations thereol.

The polymerization reactions genevally lead to the formation of a theee-dimensional

“grosstinked™ macromolecular network and are also knows in the art as negative-tone

ig

phatoresists, as reviewed by Shaw et al., “Negative photoresists for optical lithography,” IBM
Journal of Research and Development (1997) 41, 81-94. The formation of the network may occur
through either covalent, ionig, or hydrogen bonding, or through physical crosslinking
mechanisms such as chain entanglement. The reactions can also be initiated through one or more
intermediate species: such as free-radical generating photisinitiators, photosensitizers, photoacid
10 generators, photobase generators, or thermal acid generators. The type of curing agent used
depends on the polymerizable precursor used and on the wavelength of the radiation used to cure
the polymerizable precursor. Examples of suitable commercially available free-radical generating
photoinitigtors include benzophenone, benzoin ether, and acylphosphine photoinitiators, such as

those sold under the trade designations “IRGACURE” and “DAROCUR™ from Ciba Speciaity

[
LA

Chenticals, Tarrytown, NY. Otber exemplary photoinitiators include 2,2~dimethoxy-2-
phenylacetophenons {DMPAP), 2,2-dimethoxyacetophenone {DMAP), xanthone, and

thioxanthone.

Co-initiators and amine synergists may alse be included to improve curing rates. Suitable
concentrations of the curing agent in the crosstinking matrix range from about 1wt % to about 1¢

20 wt.%, with particularly suttable concentrations ranging from about T wi% to about 3 wt.%;
based on the entire weight of the polvmerizable precursor. The polymerizable precursor may alse
include optional additives, such as heat stabilizers, ultraviolet light stabilizers, free-vadical
scavengers, and combinations thereof. Examples of suitable commercially available ultraviolet
light stabilizers inchide benzophenone-type uliravinlet absorbers, which are available under the

25 trade designation “UVINOL 400” from BASF Corp., Parsippany, NI under the trade designation
“CYASORB UV-1164" from Cytec Industries, West Patterson, NJ; and under the trade
designations “TINUVIN 900,” “TINUVIN 123" and “TINUVIN 11367 from Ciba Specialty
chemicals, Tarrvtown, NY. Examples of suitable concentrations of ultraviolet ight stabilizers in
the polymerizable precursor range from about 0.1 wi.% to about 10 wi. %, with particularly

30 suitable total concentrations ranging from about | wt.% (o about 5 wit.%, relalive to the entire

weight of the polymerizable precursor.

Examples of suitable {ree-radical scavengers include hindered amine light stabilizer (HALS)
compounds, hydroxylamines, sterically hindered phenols, and combinations thereof. Examples of

suitable commercially available HALS compounds include the trade designated “TINUVIN 2927

Lad
N

from Ciba Specialty Chemicals, Tarrytown, NY, and the trade designated “CYASORB UV-24"
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from Cytec Industries, West Patterson, NI Examples of suitsble concentrations of free radical

scavengers in the polvmerizable precursor range from about §.05 wi% to about 025 wit.%.
B 3 i o

Patterned structured template layers can be formed by depositing a layer of a radiation curable

composition onto one surface of a radiation transmissive carrier (o provide a laver having an

L

exposed surface, contacting a master with a preformed surface bearing a pattern capable of
imparting a three-dimensionat structure of precisely shaped and located interactive functionat
discontinuities 1ncluding distal surface portions and adjacent depressed surface portions into the
exposed surface of the layer of radiation curable composition an said carrier under sufficient
contact pressure to impart said pattern into said layer, exposiog said curable composition toa
{0 sufticient level of radiation through the carrier to cuve said composition while the laver of
racliation curable composition is in contact with the pasterned surface of the master. This cast and
cure provess can be done in a continuous manner using a rolf of carvier, depositing a layer of
curable material onto the carrier, taminating the cureble material against a master and curing the
curable material using actinic radiation.  The resulting rolt of camier with a patterned. structured
15 template disposed thereon can then be rolled up. This wmethod is disclosed, for example, in UL 8.

Pat. No., 6,858,253 {Williams et al.).

Other materials that may be ussd for the sacrificial fayer include, polyvinyl alcohol (PVA),
ethyleeliuniose, methyleelhulose, polynotbernenes, poly{methylmethacrylate (PMMA),
poly(vinyibutyral}, pois{eyvelohexene carbomate), poly(eyelohexene propylene) carbonate,

20 poly(ethylene carbonate), poiy{propylene carbonate; and other aliphatic polycarbonates, and any
copolymer or blends thereof, and other materials described in chapler 2, section 2.4 “Binders” of
RUE. Mistler, B.R. Twiname, Tape Casting: Theory and Practice, American Ceramic Society,
2600, There are many commercial saurces for these materiais. These materials are typically easy
{0 remove via dissolution or thermal decomposition via pyrolysis or combustion. Thermal

25 wating is typically part of many manulacturing processes and thus removal of the sacrificial
miaterial may be accomplished during an existing heating step. For this reason, thermal

decomposition via pyrolysis or combustion is a more preferred method of removal.

There are several properties that are preferred in the sacrificial materials, The material should be
capable of being coated onto a substrate via extrusion, kwife coating, solvent coating, cast and

30 cure, of other tvpical coating metheds. 1t is preferred that the material be a solid at room
temperature, For thermoplastic sacrificial materials, i is preferred that the glass transition
temperature (T} 18 low enough to allow it to be embossed by a heated tool. Thus, it is preferred
that the sacrificial material have & Tg above 23 °C, more preforred above 40 °C and most

preferred above 90 °C



{

(v

0

L

20

WO 2015/108953 PCT/US2015/011375

Z25 .
Another material property that is desired for the sacrificial material is that #s decomposition
temperature be above the curing temperature of the backiill material{s). Onee the backfill
material is cured, the stractured layer is permanently formed and the saerificial template layer
can be removed via any one of the methods listed above. Materials that thermally decompose
with fow ash or Jow total residue are preferred over those that have higher residuals. Residue left
behind on a substrate may adversely impact electrical and/or optical properties such as the
conductivity, tranaparency or color of the final product, Since it is desirable to minimize any
changes o these properties in the final product, residual levels of less than 1000 pprs are
preferred. Residuals fevels of less than 00 ppor are more preferred and residual level below 50

ppm are moss preferred.

The term “cleanly baked out” means thal the sacrificial layer can be reroved by pyrolysis or
combustion without feaving a substantial amount of residual material such as ash. Examples of
preferred residual levels ave provided above, although different residual levels can be used

depending upon a particular application,

In certain embodiments, swelling occurs in the polymer in the presence of certain solvents. The
solvent laden polymer can allow for uptake of the thermally stable molecular species, but may
also inbibit uptake of the thermally stable molecular species depending on the matertals imvolved,
The solvent may also change the distribution of the thermally stable molecular species in the

polymer, which will affect the final size, shape or morphology of the bridge.
Sacrificial Adhesive Layer

The sacrificiaf adhesive layer can be tmplemented with any material enhancing adhesion of the
transfer film to the receptor substrate without substantially adversely affecting the performance
of the transfer film. This layer can also be described as an adhesion promoting laver. The
sacrificial adhesive laver appears to facilitate the {inal permanent bond between the receptor
substrate-and the baked-out thermally stable structure. The sacrificial adhesive layer is capable

ot being cleanly baked out during the methods deseribed herein.

Objecis and advantages of this disclosure ave further illustrated by the following exampies, but
the particular materials and amounts thereof recited in these examples, as well as other

conditions and details, should not be construed to unduly lanit this disclosure.
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Examples

All parts, percentages, ratios, ete. in the examples are by weight, unless noted otherwise.
Solvents and other reagents used were obtained from Sigroa-Aldrich Corp., St Louis, Missour

unless specified differently.
Synthesis of Pelybutansdiol 2900 Discrylate

Acrylate groups are attached to a polvbatanediol oligowmer with hvdroxyt end functionality. The

synthetic scheme is shown below,

3
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A 1000 ml three neck round botton: flask is equipped with a nitrogen sparge line, temperature
probe, addition fumnel, mechanical stirrer, heating mantle, and Vigeraux column with a
distiliation take-off head and round botiom flask receiver. A mixture of 420 grams poly
tetrahydrofuran diol (average molecular weight = 2900 g/mol ), 211 grams methyl acrylate, 0.5
grams titanivim (V) butoxide, (.12 grams Aluminum Nenitrosophenylhydroxytamine, and 0.1
grams 4-hydroxy TEMPO was added to the flask.. A odld and steady sparge of nitrogen gas was

pitt into the bulk of the reaction.

The reaction is heated 1o a temperature of ~ 100°C, with good agitation of the reaction mixture.
The reaction is allowed to continge until aboat 260 milliliters of methano! and methy! acrylate
are distilled into the receiver. At this point, an additional 420 grams of methyvl acrviate s added

dropwise through the addition funnel, keeping the addition rate roughly equivalent to the rate of

distiflation through the column into the recetver, This addition takes approximately 6 hours to
complete. The reaction poi temperature is adjusted as secessary 1o keep a steady distiflation rate,

but does not exceed 120°C. After completing the addition, the reaction is held at 110°C for about
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12 hours, Next, the distillation receiver is emptied, and a vacuum is pulled on the reaction using
an aspirator, With a full aspivator vacuumn, the reaction temperature i3 held at 1 H0°C for one hour
after no additional distillate is removed. Finally, the flask is cooled to about ~60°C and pouved

into a jar. Analvsis by NMR and LC show the product 13 >99% of the desived material.
5 Exampile 1 ~ Bridged Navostructured Avticle
Resin Formation

In order to create a “bridged” nanostructured surface, 60 wit. % the PBD-2900 resin described
abave is mixed with 40% SR601 ethoxylated bisphenol diacrylate (Sartomer Co, Exton, PA) as

an additional crosslinking monomer, The chemical structure of both resing is shown in below.
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The PBD-2000/5RA0GT resin is mixed with 0.5% Darocur 1173 and 0.1%% Lucirin TPO

'Jc

photoinitiators and rolled for 24 hours antil all solids are fully dissolved.
Microstructured film

Microstructured filims are prepared by molding and UV curing the rosii on 2 mil unprimed PET
film coated with & micrometers of PMMA copolymer (75 wi.% polymethylmethacrylate, 25 wt,
Y% polyethyl acrylate, "PRDA10-A™, Akuglas Inc.} using a roll-to-rol web coating process. The
20 resin is poured onto the moving web, at a web speed of about 10 fi/min (about 3 meters/min.),

and the coated web is pressed against 8 mivrostructured release-coated polymer tool using a nip
ficated to 90 °F (43 °C) and a pressure of 30 psi. While in contact with the polymer tool, the
resin is then cured using two banks of FUSION high intensity UV D-bulb lanips {obtained from
Fusion Systems, Rockville, M), one set at 600 waft/2.5 con {100% power setting), and the other

setat 360 watt/ 2.5 em {60% power setting). The cured, microstructured resin is separated from

2
LA
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the polymer tool and wound into a roll. The resulting vucrostructured film has prisms of 340nm

height with a periodicity of 600nm.

A sample of the cured PBE2900/SRO0T resin filas (2 i x 3 o~ 530 om x 75 ) is coated with
PERMANEW 6000 (California Hardeoating Company, Chuia Vista, CA} by spin coating. A
solation is ereated by diluting PERMANEW 6600 (o 15 wite by adding a 80720 (whv) of
wopropanol/batanol selvent system filtered through a 1.0 pm FTFE fiker. A glass microscope
slide is used to support the filim during the spin coating process. The sample was mounted on the
vacuum chuck of a Model W8-6505-6/npp lite spin coater (Laurel] Technologies Corporation,
Noith Wales, PA USA). A vacuum of 64 kPa {19 inches of Hg) is applied to hold the glass to
the chuck. The spin coater is programmed {or 508 KPM for 16 seconds {coating application
slep) then 2000 RPM for 10 see (spin step), then 300 BPM for 10 seconds {dry step). The
sample §s removed from the spin coater and placed on a hotplate at BG°C for 4 hoars to remove

the solvent and cure the PERMANEW 6000 to a partially cured state.
Sacrificial Adhesive Layer Coating

Glags shides, 50 mm x 75 mm, are cleaned with IPA and a lint {ree cloth. The slide 18 mounied
on the vacuum chuck of a Model WS-6305-6/upp lite spin coater (Laurell Technologies
Corporation, North Wales, PA USAJ A vacuum of 64 k¥Pa {19 inches of Hyp) is applied 1o hold
the glass to the chuck., The spin coater is programmed for 500 RPM for 10 seconds (coating

application step) then 1300 REM for 10 see (spin step), then 500 RPM for 10 seconds {dry step).

A solution of I0A/AA Optically Clear Achesive {90% {sooctyiacrylate, 10% acryhic acid, as
described mn ULS. Reexam patent RE24,906 (Ubrich)} ix diluted to 5.4 wi% in ethyl
acetate/heptace, Approximately 2-3 mb of the 1OA/AA solution is applied to the glass slide
during the coating appiication portion of the spin cycle. The shide is then removed frony the spin
coater and put on a hotplate at 130°C for 30 minuies and coversd with an aluminum tray. The

slide is then allowed to cool to room temperature.
Lamination

The partially cured flm stack s Jaminated at 160°F (T1°C) to the 10A/AA coated glass slide
using a thermal filin lzminator (GBC Catena 35, GBC Documeni Finishing, Lincolnshire, 11L).

The laminated sample is removed from the laminator and allowed cool to roont temperature,
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Beake-out

After lamination, the anprimed PET supporting the film stack is separated from the PMMA
copolymer feaving the PMMA copolymer and all other layers adhered to the glass slide, The
sample is placed in a box furnace (Lindberg Blae M box furnace model BFS1732PC-1, Asheville

3 NC, USA) and brought from 25°C o 300°C at a rate of approximately 10°C/min. The furnace is
held at 306°C for thisty minutes, then heated to 500°C at a rate of approximately 10°C/min and
held for one hour. The furnace and sample are then allowed to cool down to ambient

temperature.

For surface imaging, specimens are mounted on an aluminum stub. Cross sections are prepared
10 by scoring with a scribe and fracturing at ambient. These are mounted on an additional stub.

All specimens are spulter coated with gold/paliadium and were examined using a Hitachi S-4500

Field Bmission Scanning Electron Microscope.  All images are the product of secondary

clectron imaging (SE), a technique used to image surface morphology of a sample. The resulting

bridged inorganic nanostsucture is shown in FIG, 84 and 88,
= =

ot
L7

The surfaces of these “bridged” samples are examined using X-ray Photoelectron Spectroscopy
{XPS). This technigue typically provides an analysis of the outermost 3 to 10 nanometers {nm}
on the specimen surface, but in this case an Argon jon gun is used to ablate the top layers of the
bridged sample, The photoelectron spectra with ablation can provide information about the

distribution of elemental avd chemical (oxidation state andfor functional group} concentrations
24 present through the sample. 1 is sensitive to all elements in the periodic table except hydrogen
and helium with detection limits for most species in the 0.1 1o 1 atomic % concentration range.

The conditions during the XPS analysis are reported in Table | below,

Table 1. XPS§ analysis conditions for bridge composition experiment

Instrument ) Physical Electronics VersaProbe 5000

analysis areas = 500um x 1300pm

photoelectron take off angle | 45% % 20° solid angle of acceptance

N~FAY SOUICE Muonochromatic Al Ka {1486.6eVY 85W
charge neutralization Low energy ¢ and Ar” flood sources
charge covrestion None

sputter ion gun conditions 2 keV Ar', 2 mm by 2 mm raster, ~1 Onov'oun 810

analysis chamber pressure ~5x 10 Tore
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The results of this experiment are shown below in FIG, 9, confirming the presence of silicon
throughout the top 2008m of the bridge laver. FEG. 9 is XPS astomic concentration as a function

of sputter depth on bridged nanostructure confinming presence of silicon
Example 21 Creation of bridged nanestrictuved surface with a Silecs backfi

> All steps and materials described in Example 1 above ave used here, except a high refractive
index {n=1.85) polvsiloxane coating solution “BCES0™ (Silecs Oy, Finland) is used in place of
the Perma-New 6000 hardeoat solusion. The SCES0 ix baked at 1006°C {or four hours in order to
remove the methylisobutylketone solvens i this formulation. A collection of SEM micrographs
from the resulting microstructure is shown i FIG 184D, FIG, 10 illustrates {(a.h) SEM with
10 various magnifications of sample in plan-view {¢.dy SEM cross-sections of PRD-2900/601

sample backfitled with Stiec 830 after bake-out,

Example 3: Changing bridge miorphology

Synthesis of MTES-Silica in Ethumol Provedure

A 1000wl 3-neck round bottom flusk is charged with 266.5 grams of Nalco 1034A (35.0%
8 g ,

—
3 4 )

aqueous silica sol) (Nalco Company, Naperville, 1L}, With the batch mixing, 372.5 grams
methyltricthoxysilane, MTES, (Alta Aesar, Ward Hill, MA) and 255 grams glacial acetic acid
{EMD Chemicals fnc., Gibbstown, NI) are added to the batch. The baich is heated to 60°C and
held for 1 hour, After 1 hour, the bateh is allowed to cool o room temperature. After
approximately 4 hours at roont temperature, 1.03 grame formic acid, ACS, 88-+% {Alla Aesar,
20 Ward Hill, MA) and 7.21 granis tetramethylammonium hvdroxide, 25% wiw in methanol (Alfa
Aesar, Ward Hill, MA) are added to the batch. The bateh is heated to approximately 80°C and

held overnight (approximately 16 hours), then allowed o cool to room temperature.

A dituted sample of MTES-sthea in ethanol is nrade by adding a 50 gram aliquot of the reaction

mixture described above and 8.8 grams anhydrous alechol €95/ v/v ethanol/2-propanocl} GT

{2
L5

Baker, Phillipsburg, PA) to a 125 glass bottle. The final diluted sample is a low viscosity,

translucent dispersion and is measured to be 30,9 wi¥%e solids,
Formulation

All process steps described in Example 1 above are used, except the custom synthesized MTES-

based polysiloxane coating solution i ethanol is used ia place of the Perma-New 6008 hardeoat
30 solution. A collection of cross-section and plan-view SEM .ss*;icmgraphs from the resuiting

miicrostructure is shown in FEG. 11A-B. FIG 11 illustrates 11A and 11B SEM cross-sections of

PRBD-290/5RA0DT transfer films backfilled with MTES-Silica solution nethanol, while §
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shows a plan-view SEM micrograph. The right side of this image shows an additional “skin™
fayer that forms on top of the porous inorganic microstructure and 111 shows a close-up of the

sanig porous microstruciure.
Example 45 Creation of non-planar bridge siructure

5 All process steps described in Example [ above are used, except SR415 (highly ethoxylaied
trivnethylolpropane triacrylate) is used instead of the PBD-2900/SR60T sacrificial resin system,
The same photoinitiator system (0.5 wi1.%% Darocur 1173, 0.1% Lucirin TPO} is used in this resin.
A grossssectional SEM micrograph from the resulting microstructure is shown in FIG. 12, FIG,
12 illustrates an SEM cross-section micrograph of a microstructures SR4135 sample backfilled

10 with Perma-New 6000 after bake-out
Example 5; Bi-layer Bridge using Zirconia Nanopavticle Dopants
Svnthesis of A-174 functionalized Zirconia nanoparticles

A 3000 ml 3-neek round bottom flask is charged with 606.0 grams of a 45,4 wi.% solids

b

dispersion of 10 mm zirconia particles {prepared as described in U.S. Patent No. 7241437 and

s
L¥ )]

{1.S. Patent No. 6,376,590). Nexi, the flask is eqaipped with a stir bar, stir plate, condenser,
heating mantle, thermocouple and temperature controller. With the batch mixing, 380.6 grams
deionized water and 1000.0 grams I-methoxy-2-propanol (Al Aesar, Ward Hill, MA) are
added to the batch. The batch is held for approximately 18 mimutes at room temperature with
mixing. During this 15 minute bold, 73.0 grams of 97% 3-

20 {(MethacryloxypropyDirimethoxysilane (Alfa Aesar, Ward Hill, MA}, 0.61 grams of a 5 wi%
Prostab 5198 {BASF, Florham Park, NI} aqueous solution and 400g I-methoxy-2-propanol are
added to a 1000 ml poly beaker. The 3-(methacryloxypropybitrimethoxysilane/Prostab/1-
methoxy-2-propanol premix is added to the baich with stirring. The premix beaker is rinsed with
aliguots of 1~methoxy-2-propanol totaling 70.0 grams. The rinses are added to the batch, Next

25 5.0 grams 29% ammonium hydroxide (EMD Chemical Ine, Gibbstown, NI} is sdded (o the

batch. The batch is heated to 80°C and held for approximately 16 hours with mixing. After the 16

hour hold, the batch is allowed to cool to room temperature. The water is removed from the batch

by alternate vacuun distitlation and addition of 1500 grams 1-methoxy-2-propanol. The batch s

concenteated by vacuum distiflation to result in a very fluid translucent dispersion with 62.3 wi%

30 solids of A-174 functionalized zirconia.

All process steps deseribed in Example 1 above are used, except a sacrificial resin that is also
known to show the bridging effect was doped with the zirconia nanoparticles described above. A

10 wt.% solution of Zr0:-A174 describied above is charged into SR9038 (highly ethoxylated



WO 2015/108953 PCT/US2015/011375

BEA diacrviate, Sartomer Co.,) reiative to the weight of the SRO038 adong with 0.5 wi. %
Darocur 1173 and 0.1 wt.% TPO photoinitiators, The chemical structure of SRY038 and SEM

cross-sectional micrographs of the resulting samples after bake-out is shown in FIG. 13A-8.
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& Chenmieal structure of SRO038 resin

XPS§ sputter depth profiles are obtained from this sampie, The spectra are shown in FI1G, 14
below, and the analysis conditions for the experiment sre outlined in Table 2. Three spots are
profited and all are found to have a surface fayer rich i G, St and C and free of Zr. Estimation
of the layer thickness fram XPS was ~23-35um.  Beneath this laver, a thicker laver rich in O and
16 Zr along with fower fevels of §1, C, Y and Na was found. Profiles were stopped within this
second layer, FIG. 14 tllustrates an exampie sputter depth profile. Three areas are examined
and all gave similar results. The surface faver (up to ~10 minutes of sputtering) is rich in O, St

and C. When this layver is penetraied, a layer rich in O and Zr with lower kvels of 84, C, Y.

Table 2. XPS analysis conditions

Fstrument Physical Llectronies Quantera {I™
analysis-areas = S80um x FSG0um

photoelectron take off angle | 45° + 20° solid angle of acceptance

X~TAY SOUrce Maonochromatio ALK {1486.6eV) 85W
charge neutralization Low energy € and Ar” flood sources
charge correction None

sputter on gun conditions 2 keV ArY, 3 rony by 3sm vaster, <3 damw/nun 5102

analysis chamber pressure <3x 10 Towr

[
LA

Example &

To iflustrate the ability to independently modify the refractive index of both the bridge and the

nanostructured laver, four examples were created according to Table 3 below.
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Structured Layer Bridge Laver
TABLE 3 Refractive Index Refractive Index
Example 6a | Sirich Sirich
Example 6b | Sinch Zr rich
Example 6c | Zrrich Sirich
Example 6d { Zrrich Zr rich

Example 6a: Silica lorded structuved Iayer, sffica loaded bridge layer
Bridge layer coating

The substrate film was an unprimed 2 mil unprimed PET {iim coated with 4 micron thick PMMA

copelymer (75 wt.% polymethylmethacrylate, 25wt % polyethyl acryiate, "PRDS16-A7,

(¥ 4

Altuglas Ine.) using a roll-to-roll web coating process. A bridge resin solution was created by
mixing ethoxylated bisphenol A dimethacrylate (SR540, available from Sartomer Company,
Exton, PA) inclading a photoinitator package comprising §.3% Darocur 1173 and 6.1 wit% TPO,

with PermaNew 6000 (gvailable from Calitornia Hardcoating Company, Chula Vista, CA}in g

4

9575 resin: PermaNew ratio, The rexin muxture was coated between the base film and a release

1.

10 finer {Release Liner, 30 microns thick, commercially available from CP Films, Fieldale, VA as
"T50™) in a nip with a fixed gap of O mil, with a pressure of 80 PSL The laminate was cured with
radiation from a Fusion “D" lamp operating at 600 W/n was transmitted through the film to cure
the resin while in contact with the release liner. The release liner was then removed from the

sample, resulting in a thin laver of cured bridge resin on a PMMA copolymer coated PET film.
15 Structured remplate

The substrate used was a primed (.002 fnch (0.081 mm) thick PET. The replicating resin was a
75425 blend of SR 39¢ and SR238 {(both available from Sartomer USA, Exton, PA} with a
photoinitator package comprising 1% Darocur 1173 {Available from Ciba, Tarrytown, NY), 1.9
wi.% tricthanolamine (available from Sigma-Aldrich, St. Louis, MO3, and 0.5 wt.% OMANGTI
20 (available from Gelest, Inc. Morrisville, PA}. Replication of the resin was conducted at 20 fi/min

(6.1 m/min} with the replication tool temperature at 137 deg F (38 deg C). Radiation from a
Fusion D" lamp operating at 600 W/in was transinitted through the film to cure the resin while
in contact with the tool. The replication tool was patterned with a 600um pitch {inear sawtooth

EYOOve.

25 The replicated template film was primed in a plasma chamber using argon gas at a {low rate of

250 standard cofmin (SCCM), a pressure of 2§ mTorr and RF power of HI0O Watts for 30
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seconds. Subsequently, a release coated tool surface was prepared by subjecting the samples to a
tetramethylsilane (TMS) plasma at 3 TMS flow rate of 150 SCCM but no added oxygen, which
corresponded 1o an atemic ratio of oxygen to silicon of about 0. The pressure in the plasma
chamber was 25 mTorr, and the RE power of 1600 Watts was used for 10 seconds. This created

a release coated structuted ool film.
Structured layer coating

The structured resin layer was then coated on the cured bridge resin on the PMMA copolymer
coated PET film.. The structured resin was ethoxylated bisphenol A dimethaerylate (SR540,
available from Sartomer Company, Exton, PA) including a photoinitator package comprising 0.5
wit.% Darccur 1173 and 0.1 wi.% TPO. The resin was coated between the base film and the
structuved tool film in a nip with a fixed gap of 0 mil, with a pressure of 10 PSL The faminate
was cured with radwation from a Fusion "D lamp operating at 500 Win was transmitted through
the filin to cdre the resin while in contact with the structured too! film. The swructured ool filin
was then removed from the samople, resuiting in a film stack consisiting of a thin layer of cured

structured vesin, a thin layer of bridging resin, a PMMA copolymer laver, and PET.
Beckfill coating

A section of the film stack previously described was attached to & 30 num x 75 mn in microscope
slide with tape. A backfill coating solution was crested with PermalNew 6000 (available from
California Hardeoating Company, Chula ¥ista, CA) was diluted o 3% w/w in IPA/butanol,
brought to room temperature, angd fitered through a 1.8 am filter. The sample of the treated film
was coated with the PermaNew solution, which was applied to the fil sample by spin coating
o a Cee 200X Precision spin coater {Brewer Science, Ine. Rolla, MOY. The spin parameters

were 300 rpm/3 sec (solution application), and 2600 rpm/30 see, then 300 rpm for 10 seconds.

Approximately § mifliliters of the PermaNew solution was applied to the replicated film during
the solution application step of the spin eyele. The costed sample was placed iy a oven at 80°C

for four hours {6 cure the PermaNew coating, then cooled to room teryperature
Sacrifivial Adhesive Layer Coating

Glass slides, 50 mm x 73 mm, were cleanad with IPA and a lint free eloth, The slide was
mounted on the vacuum chuck of a spin coater. The spin coster was programmed for 360 RPM
for § seconds {coating application step) then 1500 RPM for 10 see (spin step), then 500 RPM for

60 seconds {dry step).
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A solation of I0A/A A Optically Clear Adhesive (90% tsooctylacryiate, 10% acryiic acid, as
deseribed in U.S. Reexar patent RE4,906 (Ulrich)) was difuted to 5 wi% in ethyl
acetate’heptane. Approximately 1-2 mi of the HOA/AA solution was applied to the glass shde
during the coating application portion of the spin eycle. The slide was then removed from the

5 spin coater and allowed to dry.
Lamineation

The filra was laminated at 71 degrees centigrade {180°F) to the IGA/AA coated glass slide using
a thermal film laminator (GBC Catena 33, GBC Document Finsshing, Lincolnshire, 1L). The

huninated sample was removed from the Jaminator and allowed cool {0 room temperature.
10 Bake-out

After Jamination, the PET support was separated from the laminated fayers, leaving the Perma-
New, SR340, co-PMMA, and IOAJAA layers adhered to the glass slide. The sample was placed
int a box furnace {(Lindberg Blue M box furnace modet BF31732PC-1, Asheville NC, USA) and

brought from 25%C to 300°C at a rate of approximately H°Clnin. The furace was held at

—
4

300°C for thirty minutes, then heated to S00°C at a rate of approximately 10°Ci/min and held for
one hour to decompose the IDA/AA, PMMA copolymer and the SR340. The furnace and sample
were then to eno! down to ambient temperature, A cross-sectional SEM micrograph from the

resulting mucvostructure {5 shown in FIG, 16.
Example 6b: silica loaded structuved layer, siveonis loaded bridge layer
20 Preparation of Zr filled Bridge resin

3-{MethacryloxypropyDtrimethoxysilane -Zirconia particles were prepared as follows: A 30600
m 3-neck round bottom flask was charged with 600.0 grams of'a 45.4 wie solids dispersion of
10nm zirconia particles {prepared as described in U.S, Patent No, 7,241,437 and U.S, Patent No.
6,376,590}, Next, the flask was equipped with a stir bar, stir plate, condenser, heating mantle,

25 thermocouple and temperature controtler. With the batch mixing, 380.6 grams detonized water
and 1000.0 grams 1-methoxy-2-propano! (Alfa Aesar, Ward Hill, MA} were added to the batch.
The batch was held for approximately 13 minutes at room temperature with mixing. During this
15 minute hold, 73.0 grams of 97% 3-(MethacrvloxypropyDtrimethoxysilane (Alfa Aesar, Ward
Hill, MA), 0.61 grams of a 3wt Prostab 5198 (BASF, Florhasy Park, NI} agueous sohstion and

30 400g T-msthoxy-2-propanol were added 1o a 1000 mi poly beaker, The 3+
{methacryloxypropyiXrimethoxysitane/Prostab/ I-methoxy-2-propanc| premix was added to the

batch with stirring, The premix beaker was rinsed with aliquots of Tamethoxy-2-propanai totaling
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70.0 grams. The rinses were added to the batch, Next 5.0 grams 29% ammoninm hydroxide
(EMD Chemical Ing, Gibbstows, NJ) was added to the batch. The batch heated to 86°C and held
for approximately 16 bours with mixing. After the 16 hour hold, the bateh was allowed to cool to
room temperature, The water was removed from the baich by alternate vacuwm distitlation and
addition of 1500 grams L-methoxy-2-propanol. The batch was concentrated by vacuum

distitlation to result in a very fuid translucent dispersion with 62.3 wi% solids.

A 250 ml one-neck round bottoro flask was charged wish 20.82 grams of the 62.3wi% solids
dispersion of A174-Zirconia, To tus dispersion, 100 grams of -methoxy-2propanol, 9.5 grams
of ammontum hydroxide and Sartomer SR9038 (Warrington, PA) were added with mixing. The
flask was placed ona Rotovapor and vacuum distitled to remove the solvent. The yield after
distitlation was 102.3 grams. A total of 96.% grams of this transhucent, blue/vellow dispersion
was transferred to a 120 ml amber bottle, To this hottle 0.057 grams Irgacure TPO (BASE,
Florham Park, NJ) and 0.484 grams Davocur 1173 (BASF, Flovham Park, NJ) were added. The

dispersion was mixed to ensure dissolution of the photoinitiators..

A bridge resin sofution was sreated by mixing the Zr fitled 6038 mixture described above with
PermaNew 6000 (avatiable from California Hardcoating Company, Chula Vista, CA) n a 90:10

resin: PermaNew ratic.

All process steps described in Exampie 6a above are used, except the Zr fitled SR9038 described
above is used as the bridge resin. A cross-sectional SEM micrograph from the resulting

microstructure using a stlica filled buckfill and a zirconia filled bridge is shown in FIG. 17.
Example 60 2iveonia structured layer, siliva bradge layer

A bridge resin solution was created by mixing 60 wi % of the PBI2900 resin described above,
mixed with 40 wt.% SR80 ethoxylaied bisphenol diaceylate (Sartomer Co, Exton, PAY, and
wncluding a photoinitator package comprising 0.5% Darccur 1173 and G.1% TPO. This resin
sofution was mixed with PerntaNew 6000 (avaiiable from California Hardeeating Company,

Chula Vista, CAY in a 20010 resinPermalew tatio.

A backfill coating sohition was ereated in the following manner: A 500 ml 3-neck round bottom
flask was charged with 175.0 grams of 8 45.4 wit% solids dispersion of H0nm zirconia particles
{prepared as deseribed in 115, Patent Neo., 7.24 1,437 and U.S. Patent No, 6,376,390), Nexy, the
flask was equipped with a stir bar, stir plaie, condenser, heating mantle, thermocouple and
semperature controller, With the batch m i‘xing, 78.8 grams methyltriethoxysilane, MTES, (Alfa
Aesar, Ward Hill, MA) and 86.0 grams antydrous aleohol (93/3 vwiv ethanol/2-propancl, Avantor

Performance Matevials Inc, Center Valley, PA) were added to the batch. The batch was held for 1
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hour at room temperatare with mixing. After 1 hour, the batch heated to 70%C and held at 70°C
for 4 hours with mixing. After the 4 hour hold, the batch was allowed to cool to room
temperatare. This dispersion was filtered through 8 I micron 37 mm syvinge fifter (Pall Life
Sciences, Ann Arbar, Ml) into a 32 ounce ghass bottle. The final sample was a low viscosity,

3 slightly hazy, transtucent dispersion and was measured to be 32.9 wi.% sohids.

All process steps deseribed in Example 6a above are used, except the PBD-2900/SR601T mixture
described above was used as the bridging resin, and the backfill coating solution was the Zry
solution described above instead of the PermaNew solution. A cross-sectional SEM micrograph

from the resulting microstructure using a zirconia filled backtil! and a silica filled bridge is

10 shown in FIG. 18
Example 6d: wivconia structured layer, zirennia bridge laver

Al process steps deseribed in Exarple 6a above are used, except the Zr / 9038 mixture
described in example 6b was used as the bridging resin, and the backfill coating solution was the

Zr solution deseribed in example 6¢ instead of the PermaNew solution, A cross-sectional SEM

o
¥z

micrograph from the resulting microstructure zirconia filled backfill and a zirconia filled bridge

is shown in FEG. 19,
Example 7

in order to quantify the migration of molecular species into the sacrificial resin during the
backfilling process, we prepared a flat fitm of the PBD-2900/601 sacrificial resin mixture,

20 described in Example 1, then coating the thermally stable back{ill material for elemental analysis
by XPS. Flat films were coated using a notch bar on an wnprimed PET substrate and cured with
altraviolet radiation 1o a non-tacky state. The film thickness was ~1.96pm for the PED-2900/601
sample as measured by optical interferometry. PermaNew-6000 was spin coated per Example 6,

over these fibms and cured at 80°C for four hours to match the traditional sample preparation

)
1A

technique, I0A/AA Optically Clear Adhesive of Example 6, was spin coated and dried onto
these coatings and the film stack was laminated to a glass stide. The unprimed PET was pecled
off the film stack to expose the bettom surface of the resin samples. The samples were not placed
in the oven for the final bake-out step. With the resin sample rentaining intact, the sample was

analyzed using x-ray photoelectron spectroscopy to determine the clemental composition as a

Lad
s

function of depth through the film, Table 4 shows the experimental condisions for this XPS
analysis. A Ceo fon gun was used to ablate away layers of the resin in order to profile the
composition af successive depths, all the way down to the cured Perma-New Jayer. The % of film

etched was determined using established etch rates of each of the resins under the Cen fon gun,
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The etch rate were determined by teking the known thickness of each resin laver divided by the
sputer time i order to reach the bulk of the Perma-New coating {marked by 30% silicon signal)
in each of the film stacks, Then, the etch rate was used o convert steh time into gtch depth (in
nanometers) for each resin coating, Finally, the etch depth of each coating was normalized to
find % of film etched. The result is shown in ¥, 18, The bhigher atomic siticon concentration
beiween § and 10 % o the sacrificial resin Jayer (PBD-220G/5R601) spectrunt cortesponds to &
layer of migrated polysiloxane chains abont 100-200 nay thick that formed in the lower reglons

of the coating during the spin coating and baking step.

Table 4. XPS analysis conditions for resin depth profiling experiment

Insirument A Phivsical Electronics VersaProbe 50060™

analysis areas - bi}ugm_x I580um

photmlu,tron take off dngle 45° £20° solid angle of “acceptance

X-ray souree Menochromatic Al K1 (1486.6eV) 85W

charge neutralization Low energy ¢ and Ar” flood :,aum;a 77777

charge correction { C-CH 284 8eV

spulter ion gun conditions | 10keV {;-6\-;' 3mm by 3mm raster, ~12nA target current
analysis chasber pressure | ~Sx10°* Tore

Thus, embodiments of LAMINATION TRANSFER FILMS FOR FORMING ARTICLES
WITH ENGINEERED VOIDS are disclosad.

All references and publications cited herein are expressly incorporated herein by reference in
their entirety into this disclosare, except to the extent they may divectly contradict this disclosure.
Although specific embodiments have been illustrated and described heretn, # will be appreciated
by those of otdinary skilt in the art that a variety of alternate and/or equivalent implementations
can be substituted for the specific embodiments shown and described without departing from the
scope of the present disclosure. This application is intended to cover any adaptations or
variations of the specific embodiments discussed herein. Therefore, it is intended that this
diselosure be limited only by the claims and the equivalents thereof. The disclosed embodiments

are presented for purposes of Hlustration and not Houtation.
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What is claimed ix

1. A transfer film comprising
a sacrificial tomplate layer having a first surface and a second surface having a structured

surface opposite the first sarface;

T

a thermally stable back{ill layer conforming 1o the structured surface of the sacrificial
template layer;

wherein a portion of the sacrificial template layer proximate the first surface has 8
greater concentration of a thermally stable moleaudar species than a portion of the sacrificial

template layer proximate the second surface.

o)

The transfer film according 1o claim 1, wherein the sacrificial template layer comprises a
faver of thermally stable molecular species and the layer of thermally stable molecular species is
separated from the structured surface of the sacrificial template layer by a layer of sacrificial

material,

-
s

“

3. The transfer film according to claim 2, wherein the layer of sacrificial material consists

gasentially of sacrificial material.

4, The transfer film according to elaim 1, wherein the sacrificial template layer comprises a
20 gradient of thermally stable molecular species and the gradient comprises 4 concentration of
thermally stable molecular species that changes as a function of a distance from the structured

surfiice along a thickness direction of the sacrificial template layer.

5. The transfer film according to claim 4, wherein the concentration of thermally stable
25 molecular species increases as a distance from the structured surface increases.
8. The transfer film according to claim S, wherein the concentration of thermally stable

molecular species is greatest about the fivst surface.

30 7. The fransfer film according to claim 1, wherein the thermally stable molecular species

comprises siticon, alumingm, hafvium, bartem, strontiium, titanium, or zZirconium,

8. The transfer film according to claim 1, wherein the thermally stable molecular species

comiprises a metal or metal oxyde or metal oxide precursor.

Lo
L9 41
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9. The transfer film according 1o claim §, wherein the thermally stable molecular species
comprises an organosilicon poivmer
10, The transfer film according to claim 4, wherein the sacrificial template fayer comprises a
{methjacrylic polymer.
1t The transfer fm according to clatm 10, wherein the {methlacrylic polymer comprises a

majority of polyether segments or a2 majority of sthoxyviated segments.

12, The transfer film according to claim 1, wherein the thermally stable molecular species

mrigrates from the thermally stable backfill faver into the sacrificial teniplate layer.

13. The transfer film according to claim I, wherein the sacrificial template layer is capable
of being baked oot while leaving engineered voids defined by a bridging laver and the structured
surface of the thermally stable back{iil laver, wherein the bridging layver is formed from the
thermally stable molecular species within the sacrificial template layer and the bridging layer s

disposed on the structured surface

id, The wanster film acearding to claim 1, further comprising a support substrate having a
releasable surface, the second surface of the sacrificial template laver disposed on the releasable

surface of the support substrate,

5. A method, comprising:

faminating a transfer fm according to claim 1 1o a recepror substrate;

baking out the sacrificial template layer to form engineered voids delinad by a bridging
layer and the structured surface of the thermally stable backfill laver, wherein the bridging layer
is formed from the thermally stable melecuiar species within the sacrificial ternplate layer and

the bridging layer is disposed on the strustived surface.

16, The method according to claim 1§, wherein the receptor substrate comprises sapphire.

17. A method, comprtising:

laniinating a transfor fim according to claim 3 to a receptor substrate,;

baking out the sacrificial template layer to form engingersd voids defined by a bridging
layer and the structured surface of the thermally stable backfill layer, wherein the bridging laver
is formed fromy the layver of thermally stable molecular species and the bridging laver is disposed

on the structiured surface
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18 A method, comprising:
laminating a transfer film according to claim 4 to a receptor substrate;
baking out the sacrificial template laver to formt engineered voids defined by a bridging
5 fayer and the structured surface of the thermally stable backfill layer, wherein the bridging layer
is formed from the gradient of thermally stable molecular species within the sacrificial template

fayver and the bridging layer is disposed on the structured surface.

19, A method of forming a transfer Rlm, comprising:
i0 applying a thermally stable backfill layer to a structured surface of a sacrificial template

laver, the thermally stable backfill layer conforms to the structured surface of the sacrificiaf
template laver and comprises thermally stable molecular species; and
allowing a portion of the thermally stable molecular species to migrate into the sacrificial

template layer to form the wanster fitm.

15
2Q. The method according to claim 19, wherein the allowing step forms a gradient of
thermally stahle molecular species within the sacrificial template fayer and the gradient
comprises a concentration of thermally stable moleeular species that increases as a function of a
distance from the structured surface.
20
2k The method according to claim 19, wherein the sacrificial template layer can be cleanty
baked out leaving a bridging laver disposed on the structured surface and defining engineered
voids.
25 22, A method of forming a transfer film, comprising:
forming a first layer comprising thermally stable molecular species;
disposing a sacrificial template layer onto the first layer, the sacrificial template layer
comprising a first surface contacting the first layer and an opposing second surface being a
structared surface; and
30 applying a thermally stable backfifl layer to a structured surface of a sacrificial template

layer, the thermally stable backfill layer conforms to the structured surface of the sacrifictal
terplate layer and the thermally stable molecular species does not migrate from the thermally
stable backfill laver,

wherein the first layer is separated from the thermally stable backfill layer by the

35 sacrificial template layer.
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23, A hottost emitting OLED comprising:

a light transpavent support layer;

# nanostractured  layer on the support substrate, the nanostructured  Jayer comprising a
structured swrface Javer and a bridging laver on the structured surfice laver and defining a
plurality of engineerad voids; and

an OLED structure disposed on the bridging tayer, the OLED structure comprising a

OLED laver separating a top electrode and a bottomy electrode.

24. The bottom emitting OLED sccording to elaim 23 wherein the siructured surface layer

has a refractive index of 1.5 or less and ths bridging laver hay a refractive index of 1.6 or greater,

25, A top emitting OLED comprising:

a support layer;

an OLED structure disposed on the support layer, the OLED strocture comprising a
OLED layver separating a top eleetrode-and a bottom electrode;

a planarizing layer disposed on the top electrods;

a panostructured layer on the OLED structure, the nanostructured . layer comprising a
structured surface layer and a bridging layer on the structured surface layer and defining a
plurality of engineered voids, wheremn the bridging layer is adjacent to the OLED siructure; and

a Hpht transparent laver disposed on the structured surface layer.

26, The top emitting OLED aceording o claim 25 wherein the structured surface layer has a
refractive index of 1.5 or less and the bridging layver has a refractive index of 1.6 or greater,
27. The top emitting OLED according to claim 23 wherein the nanostructured layer is

optically voupled to the QLED structure via an optical coupling and planarizing layer

28. The top emitting OLED according to claim 25 wherein the nanostructured layer is not

optically coupled to the OLED structure.
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