Ns 204 10171i,52i $2003/ 060938 H GH CONTRAST TRANSPARENT CONDUCTORS AND
METHODS OF FORM NG THE SAME CROSS- REFERENCES TO RELATED APPLI ATI ONS Thi s
application clains the benefit under 35 U, S, D, 119(e) of 5 U. S.
Provi si onal Patent Application No. 60/913,231 filed April 20, 2007, U S
Provi si onal Patent Application No 60/978,635 filed COctober 9, 2007, and Va.
Provi si onal Patent Application No 61/031,643 filed February 26, 2008, al

of these applications are incorporated herein by reference in their
entireties. BACKGROUND 10 Technical Field This disclosure is related to

hi gh contrast transparent conductors suitable as functional filns in

di splay systens, in particular, to transparent conductors based on
conductive nanostructures, and methods of brining the sane. Description o
the Related Art Conductive nanostructures can formoptically
transparent conductive filns due to their subm cron di nensions. These
conductive filns, also referred to as ''transparent conductors, have
versatile applications as cobr filters, thin filmtransistors, polarizers,
transparent electrodes and the |ike 20Copending U. S. Patent Application No
11/ 504, 822 descri bes transparent conductors based on conductive
nanostructures, in particular, netallic nanow res. Dependi ng
US. Patent Application No. 11/871, 767 descri bes devices and displ ays
featuring nanow re-based transparent conductors, which 25 provide both
optical transparency and electrical conductivity, WD 200
7851pel7es2tiiite06093S Copending U. S. Patent Application No.
11/ 871, 721 describes functional filns (e.g., polarizers) based on highly

al i gned nanowi res. These cc pendi ng applications are incorporated herein by
reference in their entireties As described in the above copending U S
patent applications, 6 nanostructure-|eased transparent conductors are
capabl e of replacing conventional indiumtin oxide (I10)-based transparent
conductive films, Like ITO filnms, nanostructure -based transparent
conductors are particularly useful as functional filns in electrochromc

di spl ays such as flat panel displays and touch screens. 10Several optical
and el ectrical paraneters of a transparent conductor are typically

eval uated for proper function in a display system These paraneters include,
for exanple, optical transparency, resistivity and contrast ratio, Anmong
these, contrast ratio is dosely related to inage qualities produced by the
di splay system 15Contrast ratio of a display systemrefers to the ratio of
t he



brightest white to the darkest black that the display system can produce.
Typically, a higher contrast ratio is associated wth superior inmage
gqualities such as clarity and brightness. Conversely, an inadequate
contrast ratio manifests itself in de-saturated color, lack of true black

| oss of subtle details 20 and so forth. Contrast ratio is a
particularly inportant attribute in a flat panel display, Unlike
conventional cathode ray tube displays, in which light is produced at the
front of the display through excitation of phosphorus by el ectron beans,
flat panel displays are typically backlit such that |ight nust 25 trave
through nultiple optical and el ectronic el enents before energing fromthe
di spl ay. Moreover, flat panel displays such as liquid crystal displays
(LCD) require nodul ating polarized Iight to control the light transmttance
at each pixel. Light depolarization, La, the conversion of polarized |ight
i nto unpol anzed light, is thus predom nant factor that contributes to
Powering the 30 overall contrast ratio and brightness of the display.
204.19/ 7102( iti S2ti eS106093S When used as functional filns
such as pol arizers, coatings on color filters, and transparent el ectrodes
41a flat panel display, there is a concern that nanostructures -based
transparent conductors nmay cause |ight depolarization and | ower contrast
ratio due to the presence of the particulate 6 conductive nedium Factors
that may influence depol arization and contrast ratio include, for exanple,
particle shapes and sizes, inter-particle reflections, and |ight
scattering. Thus; there is a need to reduce or elimnate depolarization
caused by nanostructures in a nanostructure-based transparent conductor in
order to enhance its contrast ratio. '10 BRI EF SUMVARY Met al
nanostruct ure- based ransparent conductors of high contrast ratio (e.g"

hi gher than 1000) are described. Al so described are processes of enhancing
contrast ratio of conductive filns based on conductive nanostructures,

i ncl udi ng nanow res and nanot ubes, 160ne enbodi nent descri bes a transparent
conductor including: a substrate; a conductive network on the substrate,

t he conductive network conprising a plurality of metallic nanostructures;
wherein the transparent conductor has a contrast ratio of greater than
1000. Anot her enbodi nent describes a conposition conprising: a 20 solvent a
vis.coeity nodifier; a surfactant; and a plurality of nmetal nanotubes
wherein the percentage by wei ght of nanatubes is fromO0.05%to 1.4%

A further enbodi nent describes a conposition conprising: a solvent a
viscosity nodifier, a surfactant and a plurality of netal nanotubes,
wherein the ratio of the surfactant to the viscosity nodifier is in the
range of about 80 to about 0.01. A further enbodi nment

descri bes a transparent conductor conprising a plurality of gold nanotubes,
wherein the gol d nanotubee form a conductive network having higher than 85%
| ight transm ssion, |ower than 1% haze and | ower than 1500 OD resistivity.



WD 200/ 78%2pcpus2ungl060938 A further enbodi ment describes a
process conprising formng tenplate nanostructures of a first type of
netallic material: plating each of the tenplate nanostructumw th a plating
metal of a second type of nmetallic material to formplated tenplate
nanostructures; etching the tenplate nanostruclures to form hol | ow
nanostructures of the plating netal; and depositing the holl ow
nanostructures on a substrate to forma conductive network,

Anot her enbodi ment describes a process conprising: formng tenplate
nanostructures of a first type of netallic material, depositing the

tenpl ate nanostructures on a substrate to terma tenplate network; plating
10 each of the tenplate nanostructure in the tenplate network with a
plating netal of a second type of netallic material; and etching the

tenpl ate nanostructures to form hol |l ow nanostructuns of the plating netal,
wherein the holl ow nanostructures forma conductive network. Another

enbodi ment describes a process conprising: formng npl at e nanostructures
of a first type of netallic material: plating each of the tenplate
nanostructure with a plating netal of a second type of netallic material to
form pl ated tenpl ate nanostructures; depositing the plated tenplate
nanostructures on a substrate: and etching the tenplate nanostrtictures to
form hol | ow nanostructures of the plating netal, wherein the hol | ow
nanostructures 20 form a conductive network. A further enbodi ment descri bes
a process conprising: depositing on a substrate tenpl ate nanostructures of
a first type of netallic naterial to forma tenplate network; plating each
of the tenplate nanostructure inthe tenplate network with a plating netal
of a second type of netallic material; and oxidizing the tenplate
nanostructures of the first type of netal. A further enbodi nent desal bes a
process conprising: depositing on a substrate tenplate nanostructures of a
first type of nmetallic material to forma tenplate network; plating each of
the tenpl ate nanostructure in the tenplate network with a plating netal of
a second type of netallic material; and 30 plating a conductive pol yner

| ayer on the second type of netal to forma conposite |ayer. 20419/

78: 52PCI 1 1 1 S2UO0VWD6093S enbodi ments deseti be transparent
conductors prepared by the processes described herein. BRI EF DESCRI PTI ON OF
THE SEVERAL Vit EWs OF THE DRAW NGS In the drawi ngs. identical

reference nunbers identify simlar elenents or acts. The sizes and rel ative
positions of elenents in the drawings are not necessarily drawn to scal e,
For exanpl e, the shapes of various elenents and angles are not drawn to
scal e, and sone of these elenents are arbitrarily enlarged and positioned
to inprove drawing legibility, Further; the particul ar shapes of the

el ements as drawn are not intended to convey any 10 information regarding
the actual shape of the particular elenments, and have been sel ected solely
for ease of recognition in the draw ngs. Figures I A and 113
show schematically a systemfor evaluating the contrast ratio of a
transparent conductor sanple positioned between a pair fl polarizers,

15Fi gure 2 shows schematically an enbodi nent in which nanow res



are plated foll owed by etching. Fi gure 3A shows an enbodi nent
for preparing a conducting fil mconposed of nanotube.s in the order of
first formng a filmbased on tenplate nanowires foll owed by plating and
etching. 20Fi gure 3B shows an enbodi nent for preparing a (:enducting film
conposed of nanotubes in the order of first plating tenplate nanow res
followed by filmformation and et chi ng. Fi gure 3C shows an
enbodi ment for preparing a conducting film conposed of rtanotubes in the
order of first plating tenplate rianowires followed 25 by etching and film
formati on, Figure 4 shows schematically an enbodi nrent n wt hoh
nanewires are plated foll owed by oxidation or blackening Fi gure
5 shows schematically kght polarizallon when transmttng through highly

al i gned nanowi res, Figure OA and 6E3 show schematically a systemfor

eval uating the contrast ratio of a transparent conductor having highly

al i gned nanow res. Figure 7 shows an efficient network of
nanow res i n which nanowires are aligned orthogonally, 5Figure 8 shows an
enbodi nent in which n nowir s are plated with a netal followed by plating
wi th a conductive pol ymer. Figure 9 shows a systemand its
geonetry for evaluating contrast ratio in a transparent conductor sanple.
Figure 10 shows a systemfor direct visual evaluation of contrast ratio in
a transparent conductor sanple. DETAl LED DESCRI PTI ON OF THE i NVENTI ON
Contrast Ratio As used herein, contrast ratio is defined as the
ratio of light transm ssion (TO through two pol ari zers havi ng parall el
transm ssion axes to 15 the light transm ssion (Tv) through two polarizers
havi ng vertical (he, perpendicular) transm ssion axes: Contrast Ratio >Tp
TvFormula (1) Contrast ratio is thus dependent on the efficiency of the
crossed pol arizers. In the absence of depolarization, contrast ratio
measured by a 20 perfect set of crossed polarizers can theoretically reach
infinity, In reality, however, |ight depolarization caused by scattering
and reflection can result in. lowred contrast ratio.

Depol ari zation typically occurs as a consequence of |ight propagation,
reflection, scattering or diffraction. |Inperfect polarizers and any

I nternedi ate optical elenents positioned between the polarizers can
contribute to depolarization and reduce the contrast ratio neasured
according to Formul a



(1), WD 2009/ 78'52cpus2ti 0S106093S Fi gures 1A and 16
schematically show a system for evaluating the contrast ratio of a
transparent conductor sanple as fight travels through the transparent
conductor sanple positioned between a pair of polarizers. Figure I A shows

t he Measurement of L. As shown, light source 5 10 emts unpol arized |ight
14, which successively travels through a first ()d anzer 18, a transparent
conductor sanple 22 and a second pol arizer 26. The first polarizer 18 and

t he second pol arizer 26 are positioned such that their transm ssion axes
(18" and 26', respectively) are perpendicular to each other. The
unpol ari zed light 14 travels through the first pularizer 1/3 and 10 energes
as polarized fight 30, which is polarized along the transm ssion axis 18%
This polarized fight 30 continues to travel through the transparent
conductor sanple 22 and the second polarizer 26. Light 34 energes fromthe
second pol arizer 26 and is polarized along the transm ssion axis 26'. The
pol ari zed light 34 can be detected by detector 38, which produces a val ue
of 15 transm ssion (TO in the absence of any depol arization

t he second pol ari zer 26, which has a transm ssion axis 26" vertical to the
pol ari zation direction of the polarized |ight 30, would have fully bl ocked
the polarized Iight 30 and no light will be detected by the detector 38 a,
Tv is zero). However, any 20 depolarization by the transparent conductor
sanple 22 may convert a portion of the polarized Iight 30 into unpolarized
| i ght, The unpol arized |Iight has a conponent that is polarized along the
transm ssion axis 26' of the second polarizer 2a. which can be detected
after it passes through the second pole zer 26 and energes as the polarized
i ght 34. Figure 16 shows the nmeasurenent of T.. in a set-up
simlar to that in Figure 1A except that the second polarizer 26 is
positioned so that its transmi ssion axis 26" is parallel to the

transm ssion axis 18 of the first polarizer 18, unpol anzed |ight 14 from

| ight source 10 is converted to polarized light 30 by the first polarizer
14, The polarized |light 30 travels through the transparent 30 conduct or
sanple 22 and the second polarizer 26. Energing light 42 is polarized al ong
the transm ssion direction 26", which is parallel to the WO 2(019/

7852pci 1us21J081060938 transm ssion direction 14, Detector 30 neasures the
light transm ssion (Tp) of polarized |ight 42. In the absence
of any depol ari zation, polarized |ight 42 woul d have had the sanme intensity
as polarized light 30. However, any depol arization 5 by the transparent
conductor sanple 22 may convert a portion of the polarized light 30 into
unpol ari zecl light. This unpolarized |ight has a conponent that is

per pendi cular to the transm ssion axis 26" of the second pol arizes 26,
which will be bl ocked by the second polarizer 26. Accordingly, the |ight
intensity (Tp) of emerging light 42 is reduced relative to that of the

pol arized |light 30 due to 10 depol ari zati on. In the context of
a display systemsuch as liquid crystal displays, the contrast ratio is
directly related to image quality produced, As known, a reflective LCD
contains a liquid crystal imager (e g, an array of liquid crystal cells)
that dynamcally creates pixels of varying light intensities, During 15
operation, when a voltage or signal is applied to an individual pixel, the
liquid crystal imager is activated and reflects Incident [ight while

simul taneously rotating the polarization direction of the light by 90, This
is considered an "on" state. If the liquid crystal inager is not activated,
then those particular pixels of the liquid crystal inager are in the "off’
state, and the light which is reflected



20 fromthemw Il have no rotation of the polarization state. Thus, by
nodul ating polarized |light, the liquid crystal inager controls signal or

i mge information, The signals fromthe "on" pixels should correspond to
bright spots in the final imge. 'Me signals fromthe "off" pixels should
correspond to dark spots in the final imge. Contrast ratio is thus a
measure of inmage quality in such a system?25 and is the ratio of the |ight
transmtted through the systemin the 'en" state (anal ogous to Tp) divided
by that in theoff"” state (anal ogous to T), Enhancing Contrast Ratio through
Reduction of Light Scattering and Reflectivity Co-pending U S. Patent
Application Na 11/504, 822, 11/871,767 and 11/B71, 721 describe, in certain
enbodi ments, netallic nanow na-based 30 transparent conductors, The
metallic nanowires (e, ge, silver nanowires) forma 20/ 7852pcil usno8/ 060938
conductive network that can achi eve higher than 80%1ight transm ssion and
surface or in-plane resistivity of about 10-1000 ohns/square (or 11/0). The
silver nanow re-based network is therefore a suitable candidate for a
functional film (94, a transparent el ectrode or a coating on a col or
filter) in an optical path 5 of a display system Silver nanovvires are
reflective particles. At a loading level requisite for a particular
function (e.g., surface conductivity), there nmay be a sufficient nunber of
sliver nanowi res to cause depol ari zation of an inpinging polarized Nght due
to reflection and scattering. As denonstrated, depolarization can cause a
decrease in Tp 10 and/or an increase in Tv, which in turn | owers the
contrast ratio according to Formula (1), Conversely, increasing ; and/or
reducing -1-, will enhance the contrast ratio. It is notewrthy that,
because T, is the denom nator of Formula (1), a small reduction in Tv can
have a profound inpact on the contrast ratio. Accordingly, although

i ncreasi ng the power of the light sourcelncreasing 15 the intensity of
unpol ari zed light 14 in Figures I A and 1E3) can potentially bring forth

hi gher brightness and hi gher contrast ratio due to an increased Tp..,
decreasing Tv by a simlar degree can nore dramatically inprove the
contrast ratio. Accordingly, reducing depolarization to decrease Tv is
highly effective in enhancing contrast ratio. Thus, methods of enhancing
contrast ratio of a 20 transparent conductor through reducing
depol ari zation and |ight scattering are described. Al so described are
transparent conductors produced according to these methods. The
anount of |ight scattering off a nanostrudure has been assodated with its
di rensions. Typically, the smaller the dinension, the less 25 light is
scattered fromthe surface of the nanostructure. It has been theoretically
denonstrated that |ight scattering from nanotuhes are reduced non-linearly
as the wall thickness decreases Zhu J,, Material Science and Engi neering A
454- 455 (2007). Thus, one enbodi nent provides a process for preparing a 30
conducting fil mconposed of holl ow nanostructures, the process conpri sing:
form ng tenpl ate nanostructuns of a first type of netallic material
depositing WD 2WL9/ 7852pcpus, 2008/ 060938 the tenpl ate nanostructures on a
substrate to forma tenplate network, plating each of the tenplate
nanostructure in the tenplate network with a plating netal of a second type
of netallic material, etching the tenplate nanostructures to form holiow
nanostructures of the plating netal, wherein the holl ow 5 nanostructures
forma conductive network. As used herein, "nanostructures” or "conductive
nanost r uct ur esa



refer to nano-sized structures, at |east one dinmension of which is |ess

t han 500nm nore preferably, |ess than 250nrn, 100nm 50nm or 25nm The
nanost nctures can be forned of any conductive material, including netal
(e,g,, 10 transition netals), netal alloys, metal conpounds (e.g., netal

oxi des), conductive polyner, conductive carbon nanotubes and the We.
Typically, the nanostructures are nade of a netallic material. The netallic

material can be an el enental netal or a netal conpound (e.g.., netal
oxide). The netallic material can also be a netal alloy or a binmetallic
material, which conprises two or nore 15 types of netal. The

nanostructure,s can be of any shape or geonetry. In enbodi nents, the
rianostructures are isotropically shapedaspect rabo 1). Typical isotropic
nanostructures include nanciparticies, In preferred enbodi nents, the
nanostructures are anisotropically shaped (i e. aspect ratio 20 1). As used
herein, aspect ratio refers to the ratio between the Iength and the width
(or dianeter) of the nanostructure, The anisotroplo nenostructure typically
has a lonoituolinal axis along its |ength, Exenplary ani sotropic
nanostructures include nanow res and nanotubes, as defined herein.

The rianostructures can be solid or hollow Solid nanostructures include,
for exanple, nanoparticies and nanowires, |INanowirerf refer to solid

ani sotropi ¢ nanostructuns, as defined herein. Typically, the nanow re has
an aspect ratio (length:dianmeter) of greater than 10, preferably greater
than 50, and nore preferably greater than 100. Typically, the nanow nas are
nore than 500nm or nore than 1li.tm or nore than 10pmin | ength. 30Hol | ow
nanost ni ctures include, for exanple, nanotubes, -Nanotube refer to holl ow
ani sotropi ¢ nanostructures, as defined herein. W) 20 /QThfl NTT/
us2tiiii.1l1060938 Typically, the nanotube has an aspect ratio
(lengt h: di anmeter) of greater than 10, preferably greater than 50, and nore
preferably greater than 100. Typically, the nanotubes are nore than 500nm
or nore than Imm or nore than | Qurn | ength. As disclosed in
co-pending U S. Patent Application No, 11/504, 822, the higher the aspect
ratio (length:dtarneter) of the nanostructures, the fewer nanostrudures are
needed to forma conductive network. As used herein a conductive network
refers to a systemof interconnecting or crossing nanostructures, For
purpose of this description, the conductive network has a 10 surface
resistivity (or "sheet resistance") of no higher than 106WEl. Preferably,

t he conductive network has a resistivity of no higher than 1051210,

104K210, 3,000 C2C, 1,000 t-1.0 and 100 tVO or from 100 Dr to 1000 OIT or
from1l0 cif: to 100 fAiti, in certain preferred enbodi nents, the conductive
network is formed of anisotropic nanostructuns such as nanow res,

nanot ubes, or a 15 mxture thereof. Typically, the conductive network takes
the formof a thinifim also referred to as "conductive film, in various
enbodi nents, the thin filns are about 100nmto 200nmthick, or 50rimto
100nrn thick, or 150rimto 200nm t hi ck, Thus, one enbodi ment
provi des a transparent conductor including: a substrate; a conductive
network on the substrate, the conductive network conprising a plurality of
netal lic nanostructures; wherein the transparent conductor has a contrast
ratio of greater than 1000,. In various enbodi ments, the contrast ratio can
be hi gher than 750, 3000, ot higher than 5000, In other enbodinents, the
transparent conductor have a surface 25 resistivity of |less than 1000 D m

| ess than 500 O0/c, less than 100 rya, or is between 50 WO and 400 DLL In

ot her enbodi nents, the transparent conductor has a a haze of |ess than 5%
haze of less than 1% In further enbodi ments, the transparent conductor has
a alight transmi*.lsion of greater than 85% greater than 90% or greater
than 95% 30Typically, the nanostructures include hollow n nostructures
(e.g., netal la tubes), metal nanowires or a conbination thereof. As
described WD 2(019i 7852pcyl us28887060938



herein, the nanostructures are of certain shapes, dirnensionsk materials
that can cause a reduction of light scattering when conpared to silver
nanow r es. Figure 2 schematically illustrates the process of

pl ati ng nanostructures foll owed by etching the nanostructures. Nanow res
are shown as representative nanostructures, with the understanding that the
process applies to nanostructures of all shapes and structures. For the
sake of sinplicity and clarity, only one nanowire is shown. On a substrate
50, a nanowire 54 of a first type of netal (s g, silver) ffi deposited.
Using the nanowire 64 as a tenplate, a thin coating 58 of a netal of a
second type (e ,0, 10 gold) is plated to forma gol d-pl ated nanow re 60.
Thereafter, a selective etching step is carried out to renove the tenplate,
Le_ the nanowire 54, The renoval of the nanowire tenplate forns a cavity 62
Wi thin the coating 120, thus converting the nanowire 54 of the first type
of netal to a holl ow nanostructure. 66, (e., a nanotobe, of the second type
of netal. 15in certain enbodi nents, the thickness gcl" of the coating 58 on
the tenpl ate nanostructure is less than the dianmeter D' of the tenplate
nanostructure (Figure 2), The thickness of the coating can be controlled by
adjusting the plating tine and/or the surface | oading density of the
tenpl at e nanostruotures In generat the thickness of the coating can be in
the range of 2-30 rim O nore typically, in the range of 5-20 rim 1In
certain preferred enbodi nents., silver nanowires (30-80 nrn in diatneters)
can be plated with a thin layer of gold of about 10-20 ri mthick.

he hol | ow nanostructure 66 resulting fromthe etching (Figure 2) has a wall
t hi ckness substantially equal to the thickness "d" of the coating. As 25
the coating 58 is thinner than the tenplate nanostructure, less light is
scattered fromthe surface of the holl ow nanostructure 66 than it would in
the tenpl ate nanostructure. General | y speaki ng, the
nanostructures of the first type of netal, also referred to as the tenpl ate
nanostructures”. can be initially prepared 30 according to a desired
specification with regard to their dinensions and conposition. As discussed
in nore detail in co-pending U S. Patent Application WO

20417832pcl7us2t.i 08106093S No. 11/504, 022, the nanostru,, ures can be
prepared both chem cally and biologically. Currently, chem cal synthesis in
sol ution phase can provi de nanostructures on commercially relevant scal es.
When nanowi res are used as tenplates, the "tenpl ate nanow res" can be

synt hesi zed with controllable 5 dinensions. For exanple, substantially

uni form silver nanow res of high aspect ratio (about 100 or higher) can be
prepared chemcally in a solution phase synthesis at high yield (> 96%,
See, co-pending U S. Patent Application No 552 to Canbri os
Technol ogi es Corporation, the assignee of the present application, which
application is incorporated herein by reference in its entirety. 10 Copper,
ni ckel and ot her nmetal nanowires can al so be used as tenplates. Typically,
the tenpl ate nanowi res are about 1-50prn | ong and 20-500nrn di aneter.

The tenpl ate nanostructures are typically fornulated into a conmposition
suitable for deposition on a substrate. As used herein, any conposition of
nanost nctures (including, e.g, nanow res, nanotubes, plated nanowires, or a
conbi nati on thereof) that can be deposited arid fornmed into a filmis
generally referred to as an "ink conposition”, Ink dispersion” or |nk".
Typically, the ink conposition conprises agents that facilitate di spersion
of the nanostructures s and/or inmobilization of the nanostructures s on
the 20 substrates. These agents include surfactants, viscosity nodifiers,
and the like, Detailed description of fornulating the ink conpositions can
be found in co-pending US, Patent Application No. 11/504, 822, which is

i ncorporated herein by reference inits entirety. The nmetal to be plated,
also referred to as the '"plating nietaP, 25 selected based on its
conductivity, electrochem cal potential, reflectivity, chemcal stability
and so forth. For exanple, gold can be plated on a tenpl ate nanostructure
(e.g.: silver nanowire) to forma gol d-coated nanostructure. Etching of the
tenpl at e nanostructure produces gol d nanotubes, which as Shown herein, can
| ower fight scattering as conpered to solid nanostructures.



r suitable nmetals that can be plated on a tenpl ate nanostructure include.
exanpl e, palladium nickel, and platinum WD 2009/ 7852PCl | US2/908/ )938
The plating step can be carried out by, for exanple, electroplating,

el ectro-less plating or netal -nmetal displacement. During el ectropl ating,
the tenplate nanowires initially deposited on the substrate can be used as
a working electrode (Le., a cathode) on which the plating netal can be
deposited 5 electrochemcally, Typically, the plating netal is in its ionic
formin a plating bath, which is in contact with both the tenplate

nanowi res and a counter electrode (e .g., an anode). \Wen an el ectri cal
current is applied, the ions of the plating netal mgrate to the cathode
and are reduced to elenental nmetal while being deposited on the surface of
the tenplate nanowires. Alternatively, the 10 plating netal can be a
sacrilicial electrode, which dissolves into netal ions under the electrical
current. In an electro-less plating, neither electrode nor

el ectrical current is necessary. Instead, a reducing agent is used to
convert a plating netal (inionic form into its elenental torn_ For
exanpl e, the tenplate nanovvires can be subnerged in a plating solution,
whi ch contains a plating netal inits ionic formand a reduci ng agent.
Reduci ng agents suitable for electro-less plating are Known in the art and
include, without limtation, formal dehyde, organic boron agents (e.gc,

sodi um bor ohydri de, di met hyl am noborane), and the like. Plating solutions
equi pped with an appropriate blend of ionic plating netals, suitable 20
reduci ng agents and stabilizers are also comrem ally avail abl e through
vendors such as Stapl eton Technol ogies. Inc, (Long Beach, CA), For exanple,
Stapleton Mcro 291 is a commercial gold plating solution suitable for
plating netals such as silver, nickel. copper. Depending on the relative
activities of the metal formng the 25 tenpl ate nanostructures and the
plating netal, direct or spontaneous netal -netal displacenent offers yet
anot her plating nethodology. In a netal -nmetal displacenent reaction, a nore
reactive netal can replace an ionic formof a |less reactive netal. Thus, if
the tenplate nanowires are made of a nore reactive netal, when the tenplate
nanowi res are in contact with ions of a less 30 reactive netal, the |ess
reactive netal wll be converted into elenental netal while the nore
reactive nmetal is converted to ions. For exanple, using silver nanow res
as tenplates, a thin |ayer of gold can be plated on each tenplate nanow re
by conbi ning silver nanowires and gold salt including nonoval ent salt (e
.g,, ammoniumgold sulfite) and trivalent salt (e .g," chloreatinc acid).
Monoval ent gold salts are typically preferred because they replace silver
atons at a 1;1 ratio, Wiereas a trivalent gold salt replaces three silver
atons per one gold atom Wile the silver nanowire erodes (te,, converting
to silver ions), a gold coating is formed on what remains of the silver
nanowi re. The progress of the displacenent reaction is controllable such
that the silver nanowi res can be partially or fully replaced by gold,

10Sei ective etching renoves the tenplate nanostructuns of the first type of
metal w thout etching the netal coating of the second type of netal. The
etching can be carried out chemcally with an etchant. There is no
particular limtation as to the etchant so long as it discrimnately etches
one netal while preserving the other netal, For exanple, the silver
nanowi re 15 tenplate can be renmoved Wth any silver etchants, including,
but are not hcmed to nitric acid (HNO 3), amoni um psi-sul fate

((NH4) 2S20a), and the like. Optionally, an oxidizing agent can al so be
present to first convert silver to silver oxide, the latter being further
di ssolved by nitric acid. An exenplary oxidizing agent is potassium

per manganate (kWh04), 20As an alternative to chem cal etching,

el ectro-etching can al so be used to renove the tenpl ate nanostructures,
During electro-etching, the tenplate nanostructures are nmade into an anode
and in contact with an electrolyte. A counter electrode (Le., a cathode) is
also imersed in the electrolyte. Selective etching is achieved by
controlling the voltage applied to the el ectrodes. The voltage shoul d be

hi gher than the oxidation potential of the first type of netal (for the
tenpl ate nanostructure) and | ower than the oxidation potential of the
second type of netal (for the plating netal). At such voltage, the tenplate
nanostructuns can be selectively etched as a sacrificial electrode, while
the plated nmetal remains unaffected, For exanple, when etching the



30 silver fromgold coated silver nanowires, the voltage applied is
typically about 0,6V, which is higher than the el ectrochem cal potenti al
for oxidizing silver, but WO 2049/ 7852PCT1US2P081060938 | ower than the

el ectrochem cal potanbal for oxidizing gold. As a result, only the silver
nanowi res are etched. It should be recogni zed that, based on the above
description of the various nethods of plating and etching, any reasonable
conbi nation of 5 plating and etching can be carried out. For exanple, the
tenpl at e nanostructures can be el ectroplated and chem cally etched, or

el ectropl ated and el ectro-etched, or electro-less plated and

el ectro-etched, and so forth. Fi gure 3A sunmari zes the above
process of form ng a conductive film conposed of holl ow nanostructures, in
particul ar, nanotubes, As shown, 10 tenplate nanovvires 54 are initially
formed in solution phase, then fornulated into an ink and deposited on the
substrate 62 and forned into a conductive network, Le., 'tenplate network"
70 By controlling the distribution, orientation and surface | oading density
of the tenplate nanowires (Le., the nunber of nanowires per unit area), the
tenpl ate network 70 can attain specific electrical 15 conductivity and
optical transm ssion, including optical transparency and reflectivity. The
tenpl ate nanovvires 54 are then plated with a layer 58 of the second netal
to form plated nanowi res 60, Thereafter, the tenplate nanowi res are renoved
by etching, and hol |l ow nanostructures (Le" nanotubes 66) are forned.

20Fol lowi ng the plating and etching processes, the tenplate network 70
transforns to a netvnmrk of the plated nanowires 74 and Utimtely into a
new conductive film 78 conposed of holl ow nanostructures of the plating
nmet a Advant ageously, the general distribution, orientation and the | oading
density set by the tenplate nanostructuns are preserved, such that the
final conductive 25 network 78 can be forned with substantially unchanged
optical transm ssion. However, because the wall thicknesses of the

resul ting holl ow nanostructures are generally made thinner than the

di aneters of the tenplate nanostructurv, |ight scatterings can be
significantly reduced. As will be shown in the Exanples, the contrast ratio
of a network fornmed of nanotuties can be orders of 30 nmagni tude higher than
a network fornmed of nanow res (see ag,, Exanple 61. WD 20

[11Ji Sflet7um 008/ 06093 Fi gure 38 shows anot her enbodi nent for
preparing a conductive film conposed of holl ow nanostructures by first

pl ati ng tenpl ate nanostructures in a solution phase followed by film
formati on and etching. Accordingly, this process conprises: formng

tenpl ate nanostructures of a first type of netallic material, plating each
of the tenplate nanostructure with a plating netal of a second type of
metallic material to formplated tenpl ate nanostructures, depositing the

pl ated tenpl ate nanostructures on a substrate, etching the tenplate
nanostructures to form holl ow nanostructures of the plating netal, wherein
t he hol | ow nanostni ctures forma conductive network. 10In Figure 39,

nanow res and nanot ubes are shown as exenplary nanostructures. As shown,
tenpl ate nanowires 54 are initially forned and plated in solutions. The

pl ated oanowires 60 are formulated into an ink and deposited on the
substrate 62 into a conductive film74. Thereafter, the plated nanowl res 60
of the conductive film 74 can be etched to formthe final conductive film
78 conposed of rianotubes 66. See, al so Exanpl e 10. Figure 3C
shows a further enbodi nent for preparing a conductive film conposed of

hol | ow nanostructures by first form ng holl ow nanostructures in a solution
phase followed by filmformation. Accordingly, this process conprises:

form ng tenplate nanostructures of a first type of nmetallic material,



20 plating each of the tenplate nanostructure with a plating netal of a
second type of netallic material to form plated tenplate nanostructures,
etching the tenplate nanostructures to form hol | ow nanostructures of the
plating netal, depositing the holl ow nanostructures on a substrate to form
a conductive network. In Figure 3C, nanow res and nanotubes are shown as
exenpl ary 25 nanostructures As shown, tenplate nanowires 64 are initially
pl ated and etched in solutions through, for exanple, electro-less plating
and chem cal etching. See, also Exanple 11. Ligands that prevent
aggregati on of the nanostructures can be enployed to facilitate uniform

pl ati ng and etchi ng processes. Such |igands include poly(vinylpyrrolidone),
pepti des and proteins 30gc, bovine serum al bum n), which disperse the
nanostructures s in various stages of the plating and etching processes.
The hol | ow nanostructures of the WD 2(09 7852PCTI US2- 008/ 060938 pl ati ng
netal can be isolated (e.g., through filtration and renoval of any plating
solution) before being forrmulated Into an i nk conposition. The ink
conposition is then deposited and i mobilized on the substrate 62 to form
the final conductive network 78, which conprises networking nanotubes 66.
According 5 to this enbodi nent, holl ow nanostructures can be prepared to
neet certain specifications with regard to their dinensions and geonetries,
An end user can then custom ze the ink conposition and in turn control the
optical and electrical properties of the final film In certain

enbodl nents, the ink dispersion of nanostructures (e g, 10 holl ow
nanostructures such as gold nanotubes, or netal nanow res such as silver
nanowi res or plated silver nanowires) nmay contain additives and binders to
control viscosity, corrosion, adhesion, and nanowire dispersion. Exanples
of suitable additives and binders include, but are not limted to, carboxy
met hyl cel lul ose (CMC), 2-hydroxy ethyl cellul ose (NEC), hydroxy propyl

met hyl cellul ose (HPMC), nethyl cellulose (MJ), poly vinyl alcohol (PVA),
tripropylene gylcol (TPG, and xanthan gum (X6), and surfactants such as

et hoxyl at es, al koxyl ates, ethyl ene oxide and propyl ene oxide and their
copol ynmers, sulfonates, sulfates, disulfonate salts, sulfosuccinates,
phosphate esters, and fluorosurfaciants (e,g., Zonyr by DuPont), 20In oneS
exanple, an "ink"™ includes, by weight, fromO0,0025%to 0,1% surfactant (e
g, a preferred range is fromO0.0025%to 0.05% for Zonyr FS0-100), from
0..02%to 4% viscosity nodifier (e.g.., a preferred range is 0,02%to 0.6%
for HPMC), from 94,5%to 99, 0% sol vent and from 005% to 1A% net al
nanostructures (e.g, hollow nanostructures such as gol d nanoi ubes, or netal
nanowi res such as sliver nanowires or plated silver nanow res).
Represent ati ve exanpl es of suitable surfactants include Zan?' FSN, Zonyl (r)
FSO Zonyle FSH, Zonyle FM Triton (x100, x114, x45), Dynol (604, 607),

n- Dedecyl b-D-maltosi de and Novek. Exanples of suitable viscosity nodifiers
i ncl ude hydroxypropyl nethyl cellul ose (HPMC), nethyl cellul ose, 30 xanthan
gum pol yvinyl al cohol, carboxy nethyl cellul ose, hydroxy ethyl cellul ose.
Exanpl es of suitable solvents include water and isopropanot WO

2DW | f1 7852pctitrs2tiAdti 093 If it is desired to change the concentration
of the ink dispersion fromthat disclosed above, the percent of the sol vent
can be increased or decreased. In preferred enbodinments the relative ratios
of the other ingredients, however, can remain the sane, In particular, the
ratio of the 5 surfactant to the viscosity nodifier is preferably in the
range of about 80 to about 0.01; the ratio of the viscosity nodifier |athe
metal nanostructures is preferably in the range of about 5 to about

0, 000625; and the ratio of the nmetal nanostructures to the surfactant is
preferably in the range of about 560 to about 6. The ratios of conponents
of the dispersion may be nodified dependi ng on



the substrate and the nethod of application used, The preferred viscosity
range for the nanostructure dispersion is between about 1 and 100 GP.
Dependi ng on the di mensions and | oading density of the nanostructures, the
conductive network can be optically transparent. TypicaU, the optical
transparence and darity of the transparent conductor can be quantitatively
defined by paraneters including |light transm ssion and haze. "Light

transm ssion” refers to the percentage of an incident light transmtted

t hrough a nedium The incident light refers to visible Iight having a

wavel engt h between about 400nmto 700nm |In various enbodi nents, the |ight
transm ssion of the transparent conductor is at |east 50% at |east 60% at
| east 20 70% at |east 80% or at |least 85% at |least 90% or at |east 95%
Haze is an index of light diffusion. It refers to the percentage of the
quantity of |ight separated fromthe incident |ight and scattered during
transm ssion (i.e., transm ssion haze). Unlike |ight transm ssion, which is
| argely a property of the nmedium haze is often a production concern and is
typically caused by surface 75 roughness and enbedded particles or
conpositional heterogeneities in the nmedium In various enbodi nents, the
haze of the transparent conductor is no nore than 10% no nore than 8% no
nore than 5% or no nore than 1% Typically, a higher haze value is
associated with a lower contrast ratio. In van ous enbodi nents, the
Contrast ratio of the transparent conductor is nore O than 750, nore than
1,000, nore than 2.000, nore than 3,000 More than 4,000, or nore than
5,000, WD 2049 7852PCTJUS2POW/&\B The conducthe. filns forned
by hollow n nostructures are chemically and thermally stable. As
denonstrated in Exanple 12, the optical and electrical properties of the
conductive filns were substantially unchanged after prol onged exposure to
heat and chem cals. The conductive filmis considered stable if its
resistivity does not fluctuate by nore than 30% or nore than 5% or nore
preferably, by nore than 1% when the conductive filmis exposed to external
factors such as heat or chem cals. Thus, certain enbodi nents provides a
transparent conductor film conprising holl ow nanostructures wherein the
transparent conductor film has higher than 85%1Iight transm ssion, |ower
than 1% haze and tower than 1500 OP..: resistivity, and wherein the
resistivity does not change by nore than 1% when exposed to heat or a

chem cal agent. As an alternative or in addition to renoving
the tenplate nanowire as illustrated in Figure 2, another enbodi nent
describes a process of blackening the tenplate nanowires follow ng a
plating step. Mire specifitafly, by dulling or blackening the conductive
nanostructures through oxidation, reflectivity can be reduced, Thus, the
process conprises depositing on a substrate a plurality of tenplate
nanostructures of a first type of netallic material to forma conductive
network: Plating a coating of a second type of 20 netal on each tenplate
nanostructures; and oxidi zing the tenplate nanostructures of the first type
of netal. Figure 4 schematically illustrates the above process
of plating tenplate nanostructures followed by oxidizing the tenplate
nanostructures to form conposite nanostructures of the first type of netal,
its oxide and the second type of nmetal Nanow res are shown as
representative nanostruCtures, with the understanding that the process
applies to nanostructures of all shapes and structures. For the sake of
sinplicity and clarity, only one nanowire is shown. The plating step is
carried out in substantially the same nmanner as that of Figure 2, in which
a tenplate nanowire 54 is coated with a layer 58 of the 30 plating netal.
Thereafter, the tenplate nanowire 54 is oxidized, As a result, at |east the
surface of the tenplate nanovvire 64 is darkened or dulled due to the WO
29/ ci j 52. PC17US2P08/ )938 presence of a netal oxide |layer (La. oxidized
nanowi re 82). The resulting conposite nanowire 86 is |less reflective and
causes |l ess scattering than the tenplate nanowire 110 due to the conbined
effects of plating and bl ackening. The oxi dation of the tenplate nanow ns
can be carded out by 5 known nethods in the art, Typically, the
nanostructures can be oxidized in gas phase or solution phase, If

necessary, oxidization can be carried out at an el evated tenperature to
accelerate the rate of oxidation, Methods involving gas phase oxidation

i ncl ude, for exanple, UV-ozone treatnent, oxygen plasnma, heating in air and
heating via m crowave induction. Oxidizing agents that 10 operate in

sol ution phase include, for exanple, kWn04, hydrogen peroxide, and the Re



In certain enbodi nents, the reduction of reflectivity and |light scattering
needs to be bal anced agai nst a potential decrease of the electrical
conductivity of the conposite nanostructures formed foll owi ng the steps of
15 piatirig and oxi dati on. Because netal oxides are typically not as
conductive as pure netals, it is desirable to control the degree of

oxi dation by controlling the exposure tinme and/or strength of the oxidation
agents. In particular, in the case where the plating nmetal is not as
conductive as the first type of netal form ng the tenpl ate nanostnictures,
preserving the tenpl ate nanostructures in nost 20 part (with only
superficial oxidization) can inprove the overall conductivity of the
conposi te nanostructures. I n general, nanostructures described
herein (including nanow res, nanotubes, or plated nanow res) can be

oxi dized to reduce light reflectivity and |ight scattering, 25 Additional
treatments: I n ot her enbodi nents, additional treatnents and
nodi fications to the above processes can be perfornmed to further reduce
depol ari zati on or to enhance certain physical features of the final
conductive film WD 1049 7852PCTI US21)081 )93 t. H ghly Aligned Nanow i A
transparent conductive filmformed by highly aligned ani sotropic
nanostructures can |l ead to ani sotropic properties. For exanple, nanow res
substantially oriented along their |ongitudinal axes can forma conductive
film5 wth directional conductivity along the direction of the nanow re
alignnment. Optically, such a conductive filmcan function as a wire-grid
pol ari zer. See, co-pending US. Patent Application No 11/871,721, to
Carnbri os Technol ogi es Corporation the assignee of the present application,
whi ch application is incorporated herein by reference in its entirety,
Bnefly,. Figure 5 illustrates schemaucal f yaconductive film 138 functi oni ng
as a wire-grid polarizer 140, As shown, the poiarizer 140 conprises a
substrate 1A/l having a surface 148. An array of nanowires 152 is arranged
parallel to the surface 148. Substantially ell of the nanowi res 152 further
orient along a principle axis 156, which is parallel to a |ongitudinal axis
152 of each 15 nanow re 152. For purpose of clarity and sinplicity, the
nanow res are shown as unconnected, It should be understood, however, that
the nanowires formcontacts at their respective distal ends to create a
conductive nehnork. In addition, other anisotiopic nanostructures, e.g.,
nanat ubes, can be simlarly oriented to form conductive networks. As used
herein, "orient” or "align" refers 20 to the maneuver by which the
respective |longitudinal axes of substantially all O the anisotropic
nanostructures are parallel with a pre-determ ned direction. "Substantially
all" refers to at | east 80% of the anisotropic nanstructures being Oiented
within 10<' of the same pre-determi ned direction. Mre typically, at |east
90% of the anisotropic nanostructures are oriented within 10~ of the sanme

25 pre-determ ned direction. As shown, an incident unpol arized
el ectromagnetic wave (e,g., light) 160 is represented by two orthogonal
pol ari zation states, i.e., a horizontally vibrating conponent 160a and a

vertically vibrating conponent 160b. The conponents 180a and 1601) are both
perpendi cular to the direction of the light propagation 164. The wave 160
enters the conductive film 138 and only the horizontally vibrating
vertically vibrating conponent 160b, which is parallel to the |ongitudinal
axi s 152 of each nanowire 152, cannot nove across the |length of each
nanowire. As a result, instead of transmtting through the conductive film
138, the vertically vibrating conponent 160b is absorbed or reflected by

t he nanow r eE



5 1n other worth, the polanzer 140 has a pol arization direction 170, which
is perpendicular to the principle axis 156, Le., the direction of the
nanow re al i gnnment. Thus, conpared to a conductive network
havi ng randomy oriented nanowires (i.e., an isotropic conductive film. a
hi ghly aligned nanowire 10 network has directional depolarization, La, the
degree of depol arization can vary depending on the rel ative angl e between
the pol arization direction of the highly aligned nanowi re network and that
of an inpinging polarized |light. Oienting the polarization
direction of a conductive filmparallel to the direction of an inpinging
pol arized |ight can reduce depol ari zati on. Figures 5A and 56 schematically
illustrate a systemfor evaluating the contrast ratio of the conductive
film 138 placed between a pair of polarizers. Figure 6A shows the
measurenent of Tv by detecting polarized |light enmerging froma set of
pol ari zers having crossed transm ssion axes (18 and 26'). In Figure GA,
the conductive film 138 is oriented so the nanowires 152 are substantially
at 905 relative to the transm ssion axis 18 of the first polarizer 18 and
O relative to the transm ssion axis 28 of the second poi anzer 26.

Accordi ngly, the conductive film 138 has its polarization direction 170
parallel to the inpinging polarized light 30, which is polarized al ong 18.
The degree of depol arization caused by the conductive film 1138 is | ower
conpared to an isotropic conductive film 25 because |less vertically

pol ari zed conponent (Le., vertical to 18 and 170) is expected to transmt
t hrough, which leads to a |lowered T. Figure 66 shows the
measur enent of Tp by detecting polarized |light emerging froma set of

pol ari zers having parallel transm ssion axes (18 and 26') In Figure 66,
the conductive film138 is oriented so the nanowins 52 are substantially
at 90n relative to the transm ssion axis 18 of the first poiarizer 18 as
well as to the transm ssion axis 26" of the second polarizer 26. As in

Fi gure BA, the conductive film 138 has its polarization direction 170
parallel to the inpinging polarized Iight 30, which is polarized al ong 1W
As di scussed in connection with Figure 6A, the degree of depolarization
caused by the conductive film 138 is |ower conpared to an isotropic
conductive filmbecause |less vertically polarized conponent (le_ vertical
to 18/ and 70) is expected to transmt through, which |leads to a higher
proportion of the polarized |light 42the pol arized conponent al ong 26") and
Tp. Collectively, an increase in Tp and a decrease in T, produce a higher
contrast ratio according to Formula (1). As shown, a conductive film 10
havi ng highly aligned ani sotropi c nanostructures can be oriented in a
particular direction vis-a-vis an inpinging light to reduce depol ari zation
and increase contrast ratio. Thus, in various enbodi nents, the nethods of
reduci ng depol ari zation further conprise orienting the anisotropic

nanost nrctures havi ng | ongitudi nal axes such that substantially all of the
ani sot ndpi ¢ nanostructures 15 are aligned along their respective

| ongi tudi nal axes. The alignnent of the aniscitropic nanostructures can be
achi eve by, for exanple, nechanically-applied or flowinduced shear force,
A nore detail ed dEscription can be found, for exanple, in co-pending U S.
Pat ent Application No, 111871, 721. 20i n anot her enbodi nent, shown in Figure
7, the anisotropic nanostructures (e g, nanowires) are substantially
aligned in two orthogonal directions, La. about 50% of the nanow res 180
are aligned in a first direction 180a, and the other 50% of the nanow res
184 are aligned in a right angle fromthe first direction 184a, This

di stribution of nanowires creates a highly efficient 25 network 188, in
whi ch the connectivity of the nanowires is statistically optim zed.
Conparing to a network of randonmly oriented nanow res, fewer nanowires are
needed to produce the sane |evel of connectivity and el ectri cal
conductivity. Fewer nanowi res can significantly reduce scattering, haze,
and depol ari zation, all of which are directly related to the nunber of
nanostructures in the path of light. Thus, in various enbodi nents, the

nmet hods of reduci ng depol ari zati on, as descri bed above, further conprise
orienting a first popuiation WD 29N12. PCTI CSN081060938



of ani sotropic nanostructures substantially along a first direction: and
orienting a second popul ati on of ani sotropi c nanostructures substantially
al ong a second direction, the first direction and the second direction
bei ng orthogonai to one anot her. The orientation can typicafly
take place as part of the deposition and formation of the conductive film
See. co-pending U S. Patent Application No. 111871J21. As discussed,
orienting the anisotropic nanostnictures in a conductive film provides
further reduction of depolarization as well as reducing the reflectivity of
t he ani sotropic nanostructures. In certain enbodinents. the 10 nanow res
are deposited and oriented on a substrate prior to plating. In other

enbodi ment, ani sotropi c nanostructures can be plated and etched (v g, in

el ectro-less plating and chem cal etching) prior to being deposited and
oriented on a substrate. 2. Further Pl ating 15Dependi ng on the types of the
plating netal, the conducthfe filns prepared according to the nethods
descri bed above can vary in their absorption characteristics. This can

mani fest in the color of the film For exanple, a gold coating typically
gives off a blue hue. Wien gol d nanot ubes or gol d-pl ated bl ackened sil ver
nanowi res are further plated wwth a thin layer of 20 nickel (e.g., 10-20 nm
thick), the blue color is neutralized. The optical characteristics
(absorption and transm ssion) of the conductive filns can thus be
fine-tuned by further plating of the nanostructures with a suitable netal
Moreover, the conductivity and reflectivity of the final conductive film
can al so be inpacted by further plating. 253. Conductive Polyner Filns

In certain enbodi nents, the nanostructure -based conductive filmcan be
further conbined with a transparent conductive polynmer film Polyner filns
are typically less reflective than netallic nanostructures In addition, the
conductive polymer filmfills in the space between the nanostructures and

\'S,0 2049/ 7852N T il k 2018/ 060938 ves conductivity. Finally, the
polymer ti(typically of neutral color) can also adjust the absorption
characteristics of the conposition film Figure 8 schematically

shows the formation of a conposite conductive filmconprising formng a
nanostructure -based conductive network 5 200, plating the conductive
network 200 to forma coating 210, and form ng a conductive polymer film
220, En certain enbodi nents, the conductive polyner filmis a polypyrrole
film The polypyrnole filmcan be produced el ectrochemcally or chemcally.
Preferably, using nanostructure-based conductive network as an 10 el ectrode
(Le., an anode), pyrroie nononers can el ectrochemcally polynerize and form
a coating on the conductive network. The conducti ve pol yner
filmcan also be formed chemically in the presence of an oxidative agent
according to known nethods in the art. The gold layer functions as a seed

| ayer on which the polynerization takes place. O her suitable
endue: live polyners suitable include, but are not mted to,
pol ypar aphenyt ene, pol ythl ophene, pol yaniline. 4. Overcoat In a

further enbodiment, an inert |ayer of overcoat can be deposited to
stabilize and protect the nanostructure-based conductive network.



20 The overcoat can also provide favorable optical properties, such as
anti-glare and anti-reflective properties, which serve to further reduce
the reflectivity of the nanostructures. Thus, one enbodi nment
provi des a transparent conductor conprising a substrate; a conductive
network on the substrate, the conducti 25 network conmprising a plurality of
netal lic nanostructures (e.g.: nanolubes), and an overcoat over the
conductive network. Transparent conductors according to this
enbodi nent are thernmally and chemically stable. In particular, they can

wi thstand the thermal and chem cal treatnents that are typical conditions
for device fabrications, such 3D as preparing color filters (e g, for a
flat panel display system) that are coated WD 20491 7852PCTI US2t| 081060938
with a transparent conductive filmconprising netallic nanotubes .g., gold
nanot ubes). Typical ly, the transparent conductor is considered
thermally stable when the difference in the surface resistivity of the
transparent conductor before 5 and after the heat treatnment Is no nore than
5% More typically, the difference is no nore than 1% The transparent
conductors described herein (e.g., gold nanotubes protected by an overcoat)
are stable when baking at a tenperature up to at | east 250C Mire typically,
the transparent conductor is stable at tenperatthe up to at |east 200C,
150C, or100eC. The transparent conductor 1(3 shows little changes in
surface resistivity (less than 1% after prolonged heat treatnent (for at

| east about 1.5 hour, an hour, or 30 m nutes) under these tenperatures. For
exanpl e, the transparent conductor is stable and the surface resistivity
changes by less than 1% when it is baked at 200 ct for up to 1.5 hours
15The transparent conductor is also chemcally stable when exposed to
certain chemcals commonly used in device fabrications, such as coating a
color filter. Typically, the transparent conductor is considered chemcally
stable when the difference in the surface resistivity of the transparent
conductor before and after the chemical treatnent is no nore than 20 5%
More typically, the difference is no nore than % i n various
enbodi ments., the transparent conductor is stable when exposed 4% sol ution
of potassium hydroxide (KOH) for up to 5 mnutes, The surface istivity
remai ns |argely unchanged (less than 5% after the exposure. |In other

enbodi nents, the transparent conductor is stable when exposed to a 25 5%
solution of tetranethylarrinoni umhydroxide (TMAH) for up to 5 m nutes, The
changes in the surface resistivity of the filmare |less than 1%

In chem cals | ess caustic than the bases descri bed above, the transparent
conductor are chemcally stable even after prol onged exposure. Thus, in

ot her enbodi nents, the transparent Conductor is stable when exposed 30 to a
5% sol uti on of isopropyl alcohol (IPA) for up to 30 m nutes. The changes
the surface resistivity of the filmare less than 1% In yet other

enbodi nents, WO 2lili9i 7852pcixs2tiiilil06093S the transparent conductor
is stabl e when exposed to a 5% solution of N-nethyl- 2-pyrnolidone (N MP)
for up to 30 m nutes, The changes the surface resistivity of the filmare

| ess than 1% One skilled in the art will recognize that the
transparent conductors described herein are aiso chemcally stable, as
defined hercin,in any conbinati ons of the above chem cal s,



The overcoat can be one or nore of a hard coat, an anti-reflective layer, a
protective film a barrier layer, and the like, all of which are
extensively discussed in co-pending US. Patent Application Nes. 11/871, 767
and 10 111504, 822, Exanpl es of suitable hard coats include

synt hetic polyners such as polyacrylics, epoxy, polyurethanes, polysilanes,
silicones, poly(silico-aciylic) and so on. Suitable anti-glare materials
are well known in the art. including without limtation, siloxanes,

pol ystyrene/ PMVA bl end, | acquer (a g., butyl
acetate/nitrocel | ul ose/ wax/ al kyd resin), polythiopheries, polypyrreles,

pol yur et hane, nitrocellul ose, and acrytates, all of which may conprise a
light diffusing material such as colloidal or funed silica. Exanples of
protective filminclude, but are not limted to: polyester, polyethylene
terephtl-ialate (PET), polybutylene terephthal ate, polyrnethyl

rnet hacrylate (PMVA), acrylic resin, 20 polycarbonate (PC), polystyrene,
triacetate (TAC), polyvinyl alcohol, polyvinyl chloride, polyvinylidene

chl oride, polyethylene, ethylene-vinyl acetate copol yners, polyvinyl
butyral, netal |en-crosslinked ethyl ene-nethacrylic acid copol yners,

pol yur et hane, cel |l ophane, polyolefins or the like; particularly preferable
are PET, PC, PMVA, or TAC, 25 Applications of the Hi gh Contrast Transparent
Conduct ors The hi gh contrast transparent conductors prepared by
any of the above-described processes can be used as functional filnms such
as transparent el ectrodes, polarizers, color filters Ma wde variety of
devices, including all the devices that currently makes use of netal oxide
films (P g, ITO. Exanples of 0 suitable devices include flat panel

di spl ays such as LCDs, plasnma display WD 2049/ 7852Cf| US2POS/ 060938 panel s
(POP), coatings onfilters for c lored flat panel displays, touch screens,
el ectromagnetic shield, electromagnetic interference, electrostatic

di scnarge (ESD) filnms such as used in thin-film Transistors , functional

gl asses (e.g., for electrochrom c wi ndows), optoelectrcinic devices

i ncluding EL | anps and photovoltaic cells, and the like. In addition, the
transparent conductors herein can be used in flexible devices, such as

fl exi bl e displays and touch screens. See, co-pending U S. Patent
Application No,. 11/871,767, EXAMPLES 10EKAVMPLE 1 SYNTHESES OF SI LVER
NANOVVERES Silver nanowi res were synthesized by a reduction of
silver nitrate dissolved in ethylene glycol in the presence of poly(vinyl
pyrrolidone) (PVP), The method was described In e,g. V. Sun, B. Gatos, B.
Mayers, & V. Xia, 15 "Crystalline silver IlaCl ONNl EVS by soft sol ution
processi ng", Nanoleft. (2002), 2(2) 165-168. Uniformsilver nanow res can
be selectively isolated by centrifugation or other known nethods

Al ternatively, uniformsilver nanowires can be synthesized directly by the
addition of a suitable ionic additive (e.g., tetrabutyl anmoni um chl ori de)
20 to the above reaction mxture. The silver nanow res thus produced can be
used directly without a separate step of size-selection. This synthesis s
described in nore detail in U S Provisional Application No. 60/815,627, in
the nane of Carnbrios Technol ogi es Corporation, the assignee of the present
application, Wiich application is incorporated herein in it entirety.

in the follow ng exanples, silver nanovyires of 30nmto 80nrn n vvicliks
and about Burn-25prn in length were used Typically, better optical
properties (higher transm ssion and | ower haze) can be achi eved with higher
aspect ratio wires (La |longer and thinner).



WO 2049/ 7852ClI 1 US2808/ ) 938 EXAMPLE 2 PREPARATI ON OF NANOW RE- BASED
CONDUCTI VE Ri s The nanowires can be fornulated into an ink
conposition prior to deposition and optional orientation on a substrate, 5A
typi cal ink conposition conprises by weight, fromO0,0025%to 0.1%
surractant (e.g., a preferred range is fromO0, 0025%to 0.05% for Zonyl
FSO0-100), frorn 0.02%to 4% viscosity nodifier (e,g, a preferred range is
0.02% to 0,5% for hydroxypropyl methylcelitilose or HPMC), from 94.5%to
99. 0% sol vent and from0.05%to 1.4% nmetal nanow res. Representative 10
enrnpl es of suitable surfactants include Zonyl (r) FSN, Zonyi(r) FSO

Zonyl (r) FSH, Triton 1x100, x114, x45), Dynol (604, 607), n-Dodecyl
b-D-mal t osi de and Nevelt. Exanples of suitable viscosity nodifiers include
hydr oxypropyl nethyl cellul ose (HPMC), nmethyl celluk:ise, xanthan gum

pol yvi nyl al cohol, carboxy nethyl cellul ose, hydroxy ethyl cellul ose.
Exanpl es of suitable solvents include 15 water and i sopropanot

The ink conposition can be prepared based on a desired concentration of the
nanow res, which is an index of the |oading density of the final conductive
filmfornmed on the substrate. The substrate can be any material onto which
nanowi res are 20 deposited. The substrate can be rigid or flexible,
Preferably, the substrate is also optically clear, ta, |ight transm ssion
of the material is at |least 80%in the visible region (400nm- 700nro).
Exanpl es of rigid substrates include glass, polycarbonates, acrylics, and
the like. In particular, specialty glass such as alkali-free glass 25 (e
.g., borosilicate), low alkali glass, and zero-expansi on gl ass-ceram c can
be used The specialty glass is particularly suited for thin panel display
systens, including Liquid Crystal Display (LCD). Exanpl es of
fl exi ble substrates include, but are not |imted polyesters (e g,

pol yet hyl ene terephthal ate (PET), polyester naprithalate, arid 30

pol ycar bonate), polyolefins (e.g., linear, branched, and cyclic

poi yol efins), poiyvinyls (e .g., polyvinyl chloride, polvvinylidene

chl oride, polyvinyl acetals, W 20 NJTh5ZPCI | USNOM ) 938 pol ystyrene,

pol yacryl ates, and the like), cellul ose ester bases (e.g, cellulose
triacetate, cellulose acetate), polysul phones such as pol yet hersul phone,
pol yi m des, silicones and ot her conventional polyneric filns.

The i nk conposition can be deposited on the substrate according. 5 to, for
exanpl e, the nmethods described in co-pending U S, Patent Application No.
11/ 504. 822. As a specific exanple, an aqueous di spersion of
sliver nanow res, La, an ink conmposition was first prepared. The silver
nanowi res were about 35nin to 45nrn in wdth and around 101.1min | ength.
The ink conposition 10 conprises, by weight, 0,2%sliver nanowires, 0.4%
f-1PMC, and 0.025% Triton x100, The ink was then s.pin-coated on glass at a
speed of 500rprn ler 60s, followed by post-baking at 50C for 90s and 180c
for 90s. The coated filmhad a resistivity of about 20 ohmal sq, with a
transm ssion of 96% (using glass as a reference) and a haze of 3,3% As
understood by one skilled in the an, other deposition techniques can be
ernpl oyed, e.g.. sedinentation flow netered by a narrow channel, die flow,
flowon an incline, slit coating and the like. It is fuilller



understood that the viscosity and shear behavior of the fluid as well as
the interactions between the nanowires may affect the distribution and

i nterconnectivity of the nanow res deposited, 20ExAnpte 3 EVALUAL1UN OF
OPTI CAL AND ELECTRi CAL PRC PRTi ES OF TRANSPARENT CONDUCTORS The
transparent conductors prepared accenting to the nmethods descri bed herein
were evaluated to establish their optical and electrical properties. The
i ght transm ssion data were obtai ned according to the nethodol ogy in ASTM
D100' 3, Haze was neasured using a BYK Gardner Haze-gard Plus Unl ess
specified otherwise, the |ight transm ssion and haze are neasured in the
presence of a glass substrate. The surface resistivity was WO 2049/
78S2pci 1us2ti 0706093S neasured using a Fluke 175 True RVS Mul tinmeter or
contactiess resistance neter, Del com nodel 7176 conductance nonitor,

The interconnectivity of the nanowi res and an areal coverage of the
substrate can al so be observed under an optical or scanning electron 5

m croscope ExA Re 4 EVALUATI ON OF CONTRAST RATI O Figure 9
illustrates a systemfO evaluating the contrast ratio of a transparent
conductor. As shown, the transparent conductor sanple 50 is placed between
a stationary polarizer 264 and a rotating polarizer 258 A mask 262 havi ng
an aperture (about 20nm) 206 is ptaced between the transparent conductor
sanple 250 and the rotating polarizer 258. A light source 270 provides
unpol ari zed incident [ight. A detector 274 is positioned about 600mm away
fromrotating polarizer and detects Tp. and Tv energing fromthe aperture
266. For neasuring Tp, the rotating polanzer 258 is initially
posi tioned such that its trarismssion axis is in parallel alignment with
the transm ssion axis of the stationary polarizer 254 (see. also, Figure
18), A nunber of ineasurenents of the transm ssion can be taken by varying
the rotating 20 polarizers 258 in snmall-degree intervals fromthe initial
position to ensure that the highest ; is obtained. For neasuring Tv, the
rotating polanzer 253 is initially positioned such that its transm ssion
axis is in vertical or perpendicular relative to the transm ssion axis of
the stationary polarizer 254 (see, also, Figure 14 A 25 nunber of
nmeasurenents of the transm ssion car be taken by varying the rotating

pol ati zers 258 in small-degree intervals fromthe initial position to
ensure that the [owest Tp is obtained. Figure 10 illustrates
direct visualization to qualitatively evaluate the contrast ratio of a
transparent conductor sanple. As shown, the 30 transparent conductor sanple
290 is positioned between a first polanzer 294 W) 2009/

78: 52PCTI US2- 008/ 060938



and a second poi naer 298. The relative positions of the transm ssion axes
of the two polarizers are adjustable by rotating one or both polarizers, A
| i ght source 300 directs unpolarized Iight froma bottom surface 204 of the
first polarizer 294. The energino light froma top surface 308 of the
second pol arizer 298 can be directly inspected. Sanples w th higher
contrast ratio appeared darker, EXAMPLE 5 LO PLATI NG AND OXI DATI ON

Three sanples of conductive filnms were prepared according to the nethod
described in Exanple 2, Sanples #14 were formed of silver nanowires in
decreasing |l evels of surface density, Each sanple included a set of
identically prepared glass slides coated with conductive filns of the sane
density and fornmed of the silver nanow res, The silver nanow res on each
slide were electrochemcally plated with a | ayer of gold tor a specific
period of time, 15 followed by oxidation of the underlying silver

nanow res. The optical and el ectrical properties of the
sanples, including transm ssion (T%, haze (H® and resistivity 0) were
measured according to the methods described in Exanple 3, The contrast
rati o was eval uated according to the nethod described in Exanple 4 and

cal cul ated accordThg to 20 Forrmula (1). GoldPlating:: A
Princeton Applied Research (Princeton, NJ) 263 potentiostat/gal vanostat was
ed in all electrochem cal experinents A copper foil fin xI in was used as
the counter electrode. A glass slide coated with silver nanow res was the
wor ki ng el ectrode. Both electrodes were immersed in a gold plating
solution: Technic 40 GOLD STRIKE RTLe", A current (1 rnAfin2) appl i ed
to the electrodes and the plating took place for 2 seconds to 120 seconds,
The deposited filns were then thoroughly rinsed with deionized water and
dried in the air, For each sanple, transmssion (T%, haze
(11% and resistivity (a) were neasured as a function of the plating tine,.
Where the plating tinme was indicated as zero, bare nanowire filns were
measured, These data were shown in Tables 1-3, which correspond to Sanpl es
1-3, respectively. As shown in Tables 14. plating tinme, which
determ ned the thickness of the gold coating, mldly affected the |ight
transm ssion of the gold-plated conductive filnms. A slight decrease in
transm ssion (about 20% at the nost) was observed in all the sanples as the
pl ati ng progressed. The sanples al so showed | ncreased haze and reduced
resistivity as the plating progressed_100xi dati on: A Princeton
Applied Research (Princeton, NJ) 263 potentiostatigal vanostat was used in
all electrochem cal experinments. A platinumfoil fin xi in was used as
counter electrode. The working el ectrode s gol dsflver nanow res coated
glass slide. The electrolyte was 0 1 M 15 sodium sulfate. Silver oxidation
was performed by sweeping the potential fromO to 0.8 V versus SCE
(saturated cal onel electrode), and the scan rate was 20 inlits. The
oxidized filnms were then thoroughly rinsed with deionized water and dried
inthe air. It was observed the light transm ssion was
substantially unchanged in the oxidized filns as conpared to the
gold-plated filns. However, the oxidation significantly reduced the haze
val ues and increased contrast ratio in nost of the filns. The nost dramatic
increase in contrast ratio was observed in Sanple 1 (in the filmthat was
subj ected to 10 seconds of gold plating), in which the contrast ratio (CR =
7794) increased by nearly 80 fold as 25 conpared to the bare silver
nanowi re sanple (CR -100) and 60 told as conpared to the oxidi zed nanowi re
sanple with no plating (CR 130). Furthernore, the resistivity
was observed to he related to the thickness of the gold coating arid the
wire density of the initial filmformed of the nanow res. The oxidation
step caused a decrease in conductivity (La, increase 30 in resistivity) in
nearly all but the filns with the thickest gold plating. The results



were consistent with the fact that silver oxide is | ess conductive than
silver. Because the underlying silver nanovvires were insulated from
oxidation filmhaving the thickest gold plating; the conductivities in
those filnms were substantially unchanged. As shown, conductive filnms could
achi eve high contrast ratio 5 followng plating and oxidaticm In certain
circunstances, the increase in contrast ratio may have to be acconpli shed
at the expense of slight |oss of conductivity. However, a bal ance between
conductivity and contrast ratio could be struck such that an optimal set of
paranmeters is reached. WD 2009/917852P(Tfit S20081060938 TABLE 1 SAMPLE
AGL -5 M RE SURFACE DENS1 Pl ating tine (s) Gold Plating After OxhalUon H
CYO T (% R(air) H(% I (9 R(W) CR



3,07 88.2 21,72 1.67 89.1 57 130 2s 321 87.6 21.03 026 89.5 1613 503 5s
2.97 87,6 17.30 0.2 0.19 0.45 90.2 967



5619 10s 20s 119 3.63 87.2 86.4 16.30 21.24 892 86.9 372 7794
188 3248 SCs 4.1:2 84



84 1.25 8&5 83 00s 5.72 819 13.41 5.4 82.3 12356 120s 8.8 76.8 9.24 8.74
77.8 8,1734 WD 20( 19PCT/ US2008/ 060938 TABLE 2 SAMPLE 2: AGl111-3 (WRE
SURFACE DENSI TY: Pl ating



time (s) Gold Plating After Oxidation H (%W T (% Ritl) H(% T (% R OA
CR 4,98 85,8 11.34 2,4787,1 45 2$ 55 83.4 12.86 0, 31



89.3 2464 b5s 5.38 834 11,42 024 89.7 4923 2727 10s 6,2 814 16.69 0.63 869
1239 1208 20s 6,39 80.9 11,70 041



85,6 306 1760 1 30s 5,89 81.6 9.763 0.43 84.2 133 2453 60s 734 78.1
7.234 1.15 76.4 45 336 1206 gA 752 5.191 9, 06



743 5,78 34 TABLE 3 SAMPLE 3: AGL19- (WRE SURFACE DENSITY: 10% Cold
PlatingAfter xidation | T (YRpin H() T (% RL)/LT) CR 7J
8318153 37 20s



8,22 786610 046 84.3 1167.6 4169 30s 8,72 77,76,78 0,84 814 70 62 2181 40s
9.91 74,7545 153 764, 35 21 1192 60s 102 74<14,86 68.94.79



3,06 5.02 71.2 1 19.11 192 90s 12.9 64,6 17.3 85 Ex. GOLD NANOTLI BES
FLECTRO LESSPLATt N AND CHEM cAL ETCHt NG Si | ver nanowi res were prepared and
formed into thin films on glass slides according to nethods descri bed
herein. The silver nanowres of the thin filns were further plated with a
thin layer of god by electro-less plating or solution phase plating,

foll owed by chem cal etching (see, also Figure 3A) St apl et on
gold plating systens were used to conduct the eletrol ess plating.

M crogol d(r) 291 (Stapleton Technol ogies Corp,) could be adjusted to plate
gold on a suitable substrate at 3-10 m croinches/mnute (rentn- 10
254nmtninute), The plating time was 2 m nutes for each plating system
pnmsenteci by different concentrations of the plating solution, For a given
plating time (e g, 2 mnutes), the nore diluted the plating solution was,
the thinner the gold coating Was pl at ed. It was observed that
the filnms fornmed by gold plated sliver nano\ res (te" "gold-plated filns")
were | ess conductive than the bare silver nanowire filns. Optically, the
haze and transm ssion values in gold-plated filnms were substantially
unchanged conpared to the bare silver nanowire filnms (see, Table 4).

The gold-plated filnms were subsequently etched in solution phase tot 2
mnutes in the presence of 10 ppm KI Nnal, 1% NaNG3, and 1% HNO3 to produce
final filnms conposed of gold nanotubes.



Al t hough the light transm ssion was | argely unaffected by the etching, the
haze values were significantly reduced in the final filnms follow ng etching
whi ch renoves the tenplate silver nanow res, The reduced haze value is an
i ndi cator of dimnished reflectivity and fight scattering, which events
also lead to increased contrast 'ratios, In addition, Table 4
shows a correl ation between the thickness of the gold coating (i.e., the

t hi ckness of the wall of the gold nanotubes) and the contrast ratio, There
is aclear trend that as the gold coating gets thinner 30 (plated by nore
diluted plating solutions), filmof higher contrast rati os were obtai ned.
WO 2DI 9/ QL 7852pci |l us2008/ )938 The final filnms exhibited | owered
conductivity, which appeared to be a cost for increasing the contrast
ratio. The results were also consistent with fact that gold is generally

| ess conductive than sliver. TAB 4 Gold Plating (2 mnutes) Etching (2
mnutes) gold 292 H(% T (% R (ari) H( T (% R (DD CRO (Bare
wiresi. 4.34 882



14. 28 4% 3.46 76,6 8986 223 77.8 151 183 2% 351 76.3 7883 260 666 1%
3.56 771



71.76 0,72 81,9 259 1407 0.5% 3.08 80.0 47.61 0,84 81,6 257 1016 0. 25% 426
74.8 40.56 0.38 86.2 775 4340 0.12% 353 82.9



63,97 0.24 88.2 1459 5390 EXAWPLE 7 ETCHI NG VS. OXI DATI ON Two
silver nanowires filns were prepared according to Exanple Z The filns were
el ectroplated for 20 seconds according to the nmethod 10 described in
Exanple 5 to achieve the sanme gold coating. One fil mwas subjected to

el ectro-etching to renove the tenplate silver nanowires, while the other
was oxi dized to blacken the tenplate silver nanow res. Duri ng
the el ectro-etching, a Princeton Applied Research (Princeton, NJ) 263

pot enti ost ati gal vanostat was used-A platinumfoil 1in )(tin 15 was used as
the counter electrode. A glass slide coated with gold-silver nanow res was
used 85 the working electrode. The electrolyte was 5%NaNO2 wi th 5% HNGCS.
Silver etching was perforned by sweeping the potential fromO to 0.8 V
versus SCE (saturated cal onel electrode) at a scan rate of 20 mvV/s. WD
2(019i 7852pcil es2ti 0106093S The etched filnms were then thoroughly rinsed
W th deionized water and dried in air. The oxidation was carried out in the
nmet hod descrl bed in Exanple The results were hown in Table 5.

El ectra-etching and oxi dati on had substantially the sane inpact on the

el ectrical and opUcal properties In the final filnms, Both increase the
contrast ratio by nore than 20 fold conpared to bare silver nanovvire filns
(CR--t -100) TABLE 5 Gold Plating , (20 seconds) Post-plating Treatnent H

(A T (%



R(QL) H(%9 T (% R ((),11:) CR Bare wres (Ag) 59 83.9 15.42
ol d-plated foll owed by el ectmetching 626 813 1025 0,41 85.5 169 2185
Gol d-pl ated fol |l owed by oxidation 6,04 81,7



9,68 041 85S 118 2750 10EXAMPLE 8 ELECTRO ETCH LNG AND CHEM CAL ETcHI NG
Two silver nanowires filnms were prepared according to Exanple 2, The filns
were el ectroplated for 20 seconds according to the nethod described in
Exanple 5 to achieve the sane gold coating. One filmwas 15 subjected to
el ectro-etching to renove the tenplate silver nanowires, while the. other

was subjected to chem cal etching. The el ectro-etching was
earned out according to the nethod descdbed in Exanple 7, WO
DPCri us2p08/ 060938 In the chem cal etching, the filmwas

exposed to the tenant for different durations of time vvhile the

transm ssion, haze, resistivity and contrast ratio were evaluated as a
function of the etching tine. As shown in Table 6, both electro-etching and
chem cal etching 5 were capable of significantly inproving the contrast
ratio by renmoving the reflective silver nanowires Chem cal etching for 2

m nutes increased the contrast ratio by nore than 40 fold conpared to that
of a bared silver nanowna film (CR = -100). Electra-etching al so increased
the contrast ratio, but to a | esser degree. 10TABLE CGold Plating (20
seconds) Etching H (%



T(W R(c2/0) Tinme (s) H(Y% T (% R (all) CR Bare wires (Ag) 5.9 819 |
5,42 ol d-plated followed by electro- eting 6.26 81.3 10.25 40 0.41
85.5



169 2185 Col d-plated foll owed by chem cal etching (seconds) 5.71 822 10. 17
30 4.29 82.7 18 66 552 82,3 9.97 60 3.41 83 21 93 s.o0 51.1 10.55



90 2.58 82.8 37 116 133 866 5.90 82.1 10.44 110 0,64 84.8 6,09 81.3
11.94 120 0. 23 858 276



4150 EXAMPLE 9 ADDI Tl ONAL TREATMENT - OVERCOAT Optically

cl ear overcoats were deposited on conductive filnms fornmed of gold

nanot ubes, which were prepared through gol d-plating and etching of silver
nanow res. The additional overcoat functions as a protection WD 20419

18. 52Pecl US2U0B10 193 | ayer and al so i ncreases the adhesi on between net al
wires and the underneath substrate. One overcoat material was Optically
Clear UV-curable Hard Coat, t e , AC HC-5619 (by Addi son Cl ear Wave), Table
7 showed optical and electrical properties of a gold tube sanple with hard
coat AC HC-5619. It is 5 observed that the overcoat did not affect the
coated film TABLE 7 Overcoat H T (%9 R (SWCR None 015 321,87918 AC 019
88.7 3i546184 EXAMPLE 10



FI LM FORMATI ON BASED ON GOLD- COATED SI LVER NANOW ft ES FOLLOWE ETCHI NG

10CGol d-coated silver nanowires were prepared in solution phase according to
an eiectroless plating process. The gol d-coated silver nanow res were
formul ated into an ink conmposition and deposited on glass to forma
conductive film The conductive filmwas further etched to convert the

gol d-pl ated silver nanowires to gold nanotubes (see, also Figure 3B)

El ectrol ess Pl ating: Silver nanowires (100ppm) in a solution
cont ai ning 5Cpprn gold plating solution (Mcrogold 291) 1000ppm

pol y(vi nyl pyrrolirione)(PVP) and 3000popm NHACH was coated wth gold, The

t hi ckness of the gold coating can be controlled by adjusting the
concentration of the plating solution and the 20 plating tinme (see, also,
Example 6) Filmarm. The gol d-coated saver nanow res were
allowed to settle overnight and the sttpernatant [iquid was renoved, The
resul ting sedi nent was re-solvated with 1000pprn PVP and 300ppm NH3 in

wat er. Follow ng this solvent 25 exchange, the dispersion was filtered
through a filter (e o., 0.8pmsieves). The gol d-coated silver nanow re
residues remaining in the filter was re-solvated with deionized water. This
processoan be repeated several times, 78S2pcilus2tiii8l06l)938

An i nk conposition was fornul ated by dispersing 0.12% gol d-coated sil ver
nanowi rea 0.4% F-1PMC, and 0.025% Triton x100 in deionized water. The ink
conposition was spin-coated on Eagle 2000 glass (150 x 150 nmm) at 500 rpm
for 30s to forma film The concentration of the gold-coated 5 silver

nanowi res can be adjusted to control the resistivity of the film The filns
were baked at 50 C for 90 seconds then at 180 t'C for 90 second El ectml ess
Etching; Sliver etching was carried out in 1% (N114)2820,s and 0. 3%

NI -140f1 for 1 mnute to convert the gold-coated silver nanowires to gold
nanot ubes The final, etched filns were thoroughly rinsed w thd&oni zd wat er
and dried in the air, followed by baking at 180 C for 90 seconds,
Optionally, an overcoat can be further coated and cured on the final filns
(see, also Exanple 9), The final filnms (conposed of gold nanotubes) had, on
average, 15 0, 15% haze 89.8% transnmi ssion, 1080 CAC in resistNity and 5542
in contrast ratio.



EXAMPLE 11 NANOBE FORWMON FOLLOWED BY Firs{ FoRtvwiorl Gold nanotubes
were prepared in a solution phase by first coating 20 gold on silver
nanovvires according to an el ectroless plating process foll owed by etching
the silver nanowires. The resulting gold nanotubes were fomulatcd into an
i nk conposition, which was cast into conductive filns (see, also Figure
3C), Electroiess Plating: 95Sliver nanowires (100pprn) in a solution
cont ai ni ng 50pprn gold plating solution (Mcrogole 291) 1000ppm

pol y(vi nyl pyrrolidone) (Pi/F:) and 3000ppyrn NFLOL-1 was coated wi th gol d.
The thickness of the gold coating can be controlled by adjusting the
concentration of the plating solution and the plating tine (see, also,
Exanple 6), WD 20 /cil isnricylus2tiii8l06093S El ectrol ess Etching: The
gol d-coated silver nanowires were allowed to settle overnight and the
supernatant |iquid was renoved. The resulting sedi nent was resoivated with
1000pprn PVP and 300pprn NH3 in water. Follow ng this soivent exchange, the
di spersion was filtered through a filter (0,1" 0, 6pm sieves). The

gol d-coated silver nanowire residues remaining in the filter was
re-solvated into an etchant containing 1% (NH, 1) 2$208. Gol d ri anot ubes were
formed in the solution phase. The etchant sol vent was exchanged with

dei oni zecl water through several cycles of filtration and re-sol vation.

10Fi I m Formation: An MK conposition was formul ated by di spersing Oold

nanot ubes, 0.4% HPMC, and 0.025% Triton x100 in del onized water. The ink
conposition was spin-coated on Eagle 2000 glass (150 x 150 nm at 500 rpm
For 30s to forma film The concentration of the gol d-coated silver

nanowi res 15 can be adjusted to control the resistivity of the film

The filnms were air dried then baked at 180 G for 90 seconds, Optionally,
the filnms can be further coated with an overcoat (see, also Exanple 9).

The final filnms (conposed of gold nanotubes) had, on average, 20 0.31%
haze, 89, 1% transmi ssion, 699 Citi in resistivity and 5005 in contrast
rati o. EXAnPLE 12 CHEM CAL AND THERMAL SrAFti LITY OF GOLD NANOTUBE FI LMs
Conductive filnms conposed of gold nanotubes as prepared herein 25 exhibited
thermal and chem cal stability The optical and electrical properties of the
conductive filns were unaffected when subjected to thermal and chemi cal
treatnments. In this exanple, the thermal and chem cal treatnents are
typical conditions for preparing color filters (e.g., for a flat panel

di splay system) that are coated with a transparent conductive film
conprising netallic nanotubes



30 (e.qg,, gold nanotubes). WD 2049 7852PCTI US2-0081 ) 938

Tabl e 8 shows that a transparent conductive film (wth ACWovercoat) was
stabl e after prolonged baking at 230 C. The transparent conductive hi mwas
formed by a network of gold nanotubes according to Exanple 10. The

di mensi ons of the average gold nanotubes are as foll ow ng: about 10 pmin

| ength, an outside dianeter of about 60 nm an interior dianmeter of about
40 run, with a wall thickness of about | Ohm As shown the percentage change
inresistivity was less than 1% The optical properties also remained
unchanged ai npared. to untreated filns. TABLE 8 Thet mat Treatnment H (% T
(%9 R (Dd) %45R No treatnent 0,32 90.0 1076 Baking at 230 ')C 1 hour) O.
5 902 1063 <1% Bel ong at 230 ' 3C taddthooal 0,5 hour) 0.37



90,2 1000 j<1 % 10It was further observed that the tenperature stability
of gol d nandt obeS depends on the thickness of their wells. Thicker walls
typically afford better tenperature stability. However, thicker walls can
also lead to a lowered contrast ratio. As shown, the wall thickness of the
nanot ubes can be controlled (e .g., by adjusting the plating tinme) to
arrive at an optim zed set of 15 paraneters including stability and
contrast ratio. Tabl e 9 shows that a transparent conductive
filmformed of gold nanotubes (with ACWovercoat) was stable after being
subnmerged in a nunber of chem cals including potassium hydroxi de (KOH),

t et ranet hyl ammoni um hydr oxi de (TIVIAH), isopropyl alcohol (IRA) and
N-net hyl - 2-pyrrd i done (NW, 20 The transparent conductive filmwas fornmed
by a network of gold nanotubes according to Exanple 2 and 6. The di nensi ons
of the average gold nanotubes are as follow ng; about 10 pmin |l ength, an
outside dianeter of about 60 nrit an interior dianeter of about 40 nm wth
a wall thickness of about 1Onm As shown, the re.sistivities of the filns
were |argely unchanged after exposure to the chemicals. W DOANJ 7051C
/11S2,008 093 TABLE 9 Chemical Treatrne H(%9 T (%9 R (OM No treatnent
0,24 89,3 700



4% KOH (5 mnutes)0,22 89.4 724 5% Ti Vi AH (5 m nutes) | PA (30
m nutes) 0 39 389 075 NVP (30 m nutes) <l %



EMWLE 1$ PALLADI UM NANOTUBES Pal | adi um nanot ubes were forned
by first plating palladiumon a 5 silver nanow re conductive network,

foll owed by etching the underlying silver nanowires. Plating: Princeton
Appl i ed Research (Princeton, NJ) 263 potentiostattgal vanostat was used for
pal | adium (Pd) plating experinments A 10 platinumnmesh Iin x| in was used as
the counter electrode. A glass slide coated with silver nanowires was the
wor ki ng el ectrode. Both el ectrodes were imersed in a palladiumplating
sol ution: Technic PALLASPEED VHS RTIP, A current (2 mAiin2) was applied to
the el ectrodes and the plating took place for 105 and 20s. The deposited
films were then thoroughly rinsed with deionized 15 water and dried in the
air, Chem cal Etching: An etchant m xture conprising: 10 ppm
Ki M 104, 1% NaNG3, and 1% HNO3 was. used and the etching was carried out
for 1 mn. Followng etching, the final filns, which conprise palladium
nanot ubes, were thoroughly 20 rinsed with deionized water and dried in the
air. Results: The optical and electrical properties of the
sanples, including tnrisms ion (T%,. naze (HQ and resistivity (Cl) were
measured following plating as well as follow ng etching. The contrast
ratios of the linai filnms were WO 2049 7852PCTI US2008 WB8 eval uat ed
according to the nmethod described in Exanple 4 and cal cul ated according to
Formula (1), The results are shown in Table 10, TAB 10 Plating Time (s)

Pal | adi um Pl ating After Etching
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1,55 78,7 375.9 OMb 81.5 -4000 -1000 As shown, because palled urn is
generally | ess conductive than 5 silver, the filnms fornmed of palladi um
nanot ubes show hi gher resistivities than filns fornmed of the bare silver
nanow res, which typ tally have a contrast ratio of about 100.

Li ke gol d nanotube.s, palladi um nanotubes can form conc.uctive filnms with
contrast ratio as high as 4000 when plating was carried out for 10 10
seconds, At longer plating tinme (e.g., 20 seconds), nore palladi um was
plated to forma thicker film As a result of the filmthickness, the
contrast ratio was reduced. Accordingly, by adjusting the plating tine, one
can adjust the thickness to optimze the contrast ratio of the final film
EXAVMPLE 14 S| LVER NANOW RETPOLYPYRROLE F3LMS Pyrrol e nononers were plated
chemcally (el ectro-ieshe presence of silver nitrate, idvilich served as an
oxi dant . As shown in Table 11, in the absence of a gold
coating, the polypyrrole filmalone did not significantly inprove the
contrast ratio of the 20 conposite filmas conpared to that of the bare
silver nanowire filnms, WO NOWV7S:52C1 illlS2008 )938 TABLE 11 Sanpl es
AgNGB H) T ()



R pill CR BareAgFthn 282 88.8 42 Apipolypyre 0.5% 314 83.2 55 1% 2, 88
84.9 125 224 2% 4.06 77.6



50 123 4% 3S4 82M 112 194 8% 8.82 71.8 56 93 Al'l of theabove
U S patents, US. patent application publications, US, patent applicattons,
foreign patents, foreign patent applications and non-patent publications
referred to in this specification and/or listed in the Application Data
Sheet, are incorporated herein by reference win their entirety.

Fromthe foregoing it wll be appreciated that, although specific

enbodi ments of the invention have been descri bed herein for purposes of
illustration, various nodifications nay be made w thout deviating fromthe
spirit and scope of the invention. Accordingly, the invention is not
limted except as 10 by the appended clains. CLAIMS 1.A transparent
conductor including: substrate; and a conductive network on the
substrate, the conductive network, conpr sing a plurality of netallic
nanostructures; wherein the transparent conductor has a contrast reto of
greater than 1000. 2The transparent conductor of claim1l whereln the
metallic



nanostruojures are nmetal nanow res, netal nanotubes, or a conbination

t her eof , 3. The transparent conductor of taim1l wherein the
contrast ratio is greater than 3000. 4. The transparent
conductor of claim1 wherein the o ast ration S greater than 5000. 5, The
transparent conductor of claim'l having a |ight ransm ssion of greater
than 85% 6. The transparent conductor claiml having a light transm ssion
of greater than 90% The transparent conductor of claim
having a light sm ssion of greater than 95% B. The transparent conductor
claiml having a surface resistivity of less than 1000 Cic. WD 2049
7852c11t s2i i eWD6093S aThe transparent conductor of claim@8 having a surface
resistivity ot less than 500 Wi. 10. The transparent conduct or
of claim8 having a surface resistivity of ess than 100 ok.

11. The transparent conductor of claim1l wherein the surface resistivity of

the conductive layer is between 50 Pic and 400 12. The
transparent conductor of claim1 wherein the: transparent conductor has a
haze of |ess than 5% The transparent conductor of claim

1 wherein the transparent conductor has .a haze of |ess than 1%
14, The transparent conductor of chum | wherein the nanostructures are gold

nanot ubes. The transparent conductor of claiml w
nanostructures are alloy or birnetal hc nanotubes. 16. The
transparent conductor of claim 15 wherein the nanostructures are

gol d/silver alloy or binetallic nanotubes. 17. The transparent

conductor of claim 1 wherein the nanostructures are oxi di zed nanot ubes or
oxi di zed nanowi res 18, The transparent conductor of claiml further
conprising an overcoat over the conductive networKk.



7852perlus2iiitirlii 60938 19The transparert conductor of claim 18 wherein
baki ng the transparent conductor up to at least 100 C for up to 1 hour
changes the surface resistivity of the transparent conductor |ess than A,
20. The transparent conductor of claim 18 wherein baking the

-p rent conductor up to at least 200 c¢.0 for up to 1.5 hours changes the
surface resistivity of the transparent conductor |ess than 1% 21The
transparent conductor of claimtransparent conductor to a 4% sol ution of
KOH for up to surface resistivity of the filmby no nore than 5%

22. The transparent conductor of claim 18 wherein exposing the transparent
conductor to a 5% solution of TIVIAH for up to 5 m nutes changes the
surface resistivity of the filrn by less than 1% The
transparent conductor of claim 18 wherein exposing the transparent
conductor to IPA for up to 30 m nutes changes the surface resistivity of
the filmby less than 1% 24, The transparent conductor of

cl ai m 18 wherei n exposing the transparent conductor to NWfor up to 30

m nut es changes the surface resistivity of the filmby less than 1% 25. A
conposition conprising: a solvent; a viscosity nodifier; a surfactant; and
a plurality of netal nanotubes wherein the percentage by wei ght of nano
ubes is fromO0,05%to 1A%, WD 20419/ 78S2peri us2s01060938

26. The conposition of claim25 wherein the solvent is water, an akohot, a
ket one, an ether, an hydrocarbon or an aromatic sol ven 27. The
conposition of claim25 wherein the viscosity nodifier is hydroxypropyl

met hyl cellul ose (FIPMC), nethyl cellul ose, xanthan gum pol yvinyl al cohol,
carboxy nethyl cellul ose, or hydroxyl ethyl cellul ose. 28. The
conposition of claim25 wherein the surfactant is Zonyr) FSN, Zan? FSO
Zonyr FFA, Anyl FSH, Triton, Dynel, n-Qodecyl-0-D-- nultoside, or Novak.
29, A conposition conpri sing:



a solvent, a viscosity nodifier: a surfactant; and a plurality of netal
nanot ubes, wherein the ratio of the unt to the viscosity nodifier is in the
range of about SO to about 0,01, 30.The conposition of claim29 Wera' n the
ratio of the viSC, sity nodifier to the netal nanotubes is in the rah9e of
about to about 0.000625. 31, The conposrtion of claim29 \wherein the ratio
of the nmetal notubes to the surfactant is in the range of about 560 to
about 5. The cornoostion of claim?29 having a viscosity of between |I arid
100 cf). A process cornpri ing: formng tenplate nanostructures of a flrst
type of netallic material; plating each of the tenplate nanostructure with
a plating netal of a second type of netallic material to form plated
tenpl at e nanostructures; etching the tenplate nanostructures to form hol | ow
nanostructures netal; and depositing the holl ow nanostructures
on a substrate to form- conductive network. 34.The process of claim 33
further conprising, after deposiHng aligning substantially all of the

hol | ow nanostructures along their respective |ongitudinal axes.

The process of claim 34 wherein the depositing conprises depositing and
orienting a first popul ation of the hollow nanostructures along a first
direction, and depositing and orienting a second popul ation of the holl ow
nanostructures along a second direction, the first direction and the second
di rection being orthogonal to one another. 36. The process of
cl im33 wherein the plating is carried out by electroplating, ele-less

pl ati ng or netal -netal displacenent. The process of
claim 33 wherein the etching is carried out electrochemcally or

chem cal ly. The process of claim 33 wherein the plating
is carded out by electroess plating and the etching is carded out
chemcally in a solution phase.



WO M | 7852yus2tiii 81060938 40, The process of claim 33 wherein
the conductive network has a surface resistMy of no nore than 5000,i O.

41, The process of claim 33 wherein the conductive ne optically
transparent. 42. The process of claim33wherein theplate

nan. ostructures are ani sotropi ¢ nanostni ctures. 43. The
process of claim42 wherein the holl ow nanostructure has a wall thickness
that is less than a dianeter of the tenplate nanostructure.

44. The process of aim42 whereinplate r lostructures are netallic

nanow r es, 45. The process of claim44 wherein the tenpl ate
nanostrudl ures are silver nanow res. 46. The processof claim 44
wherein the silver nanoires are boutrimin diameters. 47. The
process of claim44 wherein the plating nmetal is gold, pailadkn.,

ni ckel pl ati num 48. The process of claim47 wherein the platin
netal ol d and the holl ow nenostructures are gol d nanot ubes 49,
The process of clainmd7 wherein the nanotubes are 20nrn thick. 60,

The process of claim3. further conprising formng an at on the conductive
network, 51ns rent conductor forned by the process of claim 33,






