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(57) ABSTRACT 

Methods for roll-to-roll deposition of optically transparent 
and high conductivity metallic thin ?lms are disclosed. In 
general, a method according to the present invention com 
prises: (1) providing a ?exible plastic substrate; (2) deposit 
ing a multi-layered conductive metallic ?lm on the ?exible 
plastic substrate by a thin-?lm deposition technique to form 
a composite ?lm; and (3) collecting the composite ?lm in 
continuous rolls. Typically, the thin conductive metallic ?lm 
is an InCeOiAgiInCeO ?lm. Typically, the thin-?lm 
deposition technique is DC magnetron sputtering. Another 
aspect of the invention is a composite ?lm produced by a 
method according to the present invention. Still another 
aspect of the invention is a composite ?lm comprising 
InCeOiAgiInCeO ?lm formed on a ?exible plastic 
substrate, Wherein the composite ?lm has a combination of 
properties including: transmittance of at least 90% through 
out the visible region; an electrical resistance of no greater 
than about 10 Q/ square; a root-mean-square roughness of no 
greater than about 2.5 nm; and an interlayer adhesion 
between the InCeO/Ag/InCeO metallic ?lm and the remain 
der of the composite ?lm that is su?iciently great to survive 
a 180° peel adhesion test. 

68 Claims, 6 Drawing Sheets 
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METHOD FOR ROLL-TO-ROLL 
DEPOSITION OF OPTICALLY 

TRANSPARENT AND HIGH CONDUCTIVITY 
METALLIC THIN FILMS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to methods for 

roll-to-roll deposition of optically transparent and high con 
ductivity metallic ?lms for use in plastic display electrodes 
and other analogous devices, and to composite ?lms made 
using those methods. 

2. General Background and State of the Art 
A liquid crystal display (LCD) is a type of ?at panel dis 

play used in various electronic devices. Generally, LCDs 
comprise two sheets of polarizing material with a liquid 
crystal solution therebetween. Each sheet of polarizing 
material typically comprises a substrate of glass or transpar 
ent plastic; a liquid crystal (LC) is used as optical switches. 
The substrates are usually manufactured with transparent 
electrodes, typically made of indium tin oxide (ITO) or 
another conductive metallic layer, in which electrical “driv 
ing” signals are coupled. The driving signals induce an elec 
tric ?eld which can cause a phase change or state change in 
the LC material, the LC exhibiting different light-re?ecting 
characteristics according to its phase and/ or state. 

Liquid crystals can be nematic, smectic, or cholesteric 
depending upon the arrangement of the molecules. A twisted 
nematic cell is made up of two bounding plates (usually 
glass slides or plastic plates), each with a transparent con 
ductive coating (such as ITO or another conductor) that acts 
as an electrode, spacers to control the cell gap, two cross 
polarizers (the polarizer and the analyzer), and nematic liq 
uid crystal material. Twisted nematic displays rotate the 
direction of the liquid crystal by 90°. Super-twisted nematic 
displays employ up to a 2700 rotation. This extra rotation 
gives the crystal a much deeper voltage-brightest response, 
also widens the angle at which the display can be viewed 
before losing much contrast. Cholesteric liquid crystal 
(CLC) displays are normally re?ective (meaning no back 
light is needed) and can function without the use of polariz 
ing ?lms or a color ?lter. “Cholesteric” means the type of 
liquid crystal having ?ner pitch than that of twisted nematic 
and super-twisted nematic. Sometimes it is called “chiral 
nematic” because cholesteric liquid crystal is normally 
obtained by adding chiral agents to host nematic liquid crys 
tals. Cholesteric liquid crystals may be used to provide 
bistable and multistable displays that, due to their non 
volatile “memory” characteristic, do not require a continu 
ous driving circuit to maintain a display image, thereby sig 
ni?cantly reducing power consumption. Feroelectric liquid 
crystals (FLCs) use liquid crystal substances that have chiral 
molecules in a smectic C type of arrangement because the 
spiral nature of these molecules allows the microsecond 
switching response time that makes FLCs particularly suited 
to advance displays. Surface-stabilized feroelectric liquid 
crystals (SSFLCs) apply controlled pressure through the use 
of a glass plate, suppressing the spiral of the molecules to 
make the switching even more rapid. 
Some known LCD devices include chemically-edged 

transparent, conductive layers overlying a glass substrate. 
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2 
See, e.g., US. Pat. No. 5,667,853 to Fukuyoshi et al., incor 
porated herein by reference. Unfortunately, chemical etch 
ing processes are often dif?cult to control, especially for 
plastic ?lms. Such processes are also not well-suited for 
production of the ?lms in a continuous, roll-to-roll manner, 
on plastic substrates. 

There are alternative display technologies to LCDs that 
can be used, for example, in ?at panel displays. A notable 
example is organic or polymer light-emitting devices 
(OLEDs) or (PLEDs), which are comprised of several layers 
in which one of the layers is comprised of an organic mate 
rial that can be made to electroluminesce by applying a volt 
age across the device. An OLED device is typically a lami 
nate formed in a substrate such as glass or a plastic polymer. 
A light-emitting layer of a luminescent organic solid, as well 
as adjacent semiconductor layers, are sandwiched between 
an anode and a cathode. The semiconductor layers can be 
whole-injecting and electron-injecting layers. PLEDs can be 
considered a subspecies of OLEDs in which the luminescent 
organic material is a polymer. The light-emitting layers may 
be selected from any of a multitude of light-emitting organic 
solids, e.g., polymers that are suitably ?uorescent or chemi 
luminescent organic compounds. Such compounds and 
polymers include metal ion salts of 8-hydroxyquinolate, 
trivalent metal quinolate complexes, trivalent metal bridged 
quinolate complexes, Schiff-based divalent metal 
complexes, tin (IV) metal complexes, metal acetylacetonate 
complexes, metal bidenate ligand complexes incorporating 
organic ligands, such as 2-picolylketones, 
2-quinaldylketones, or 2-(o-phenoxy) pyridine ketones, 
bisphosphonates, divalent metal maleonitriledithiolate 
complexes, molecular charge transfer complexes, rare earth 
mixed chelates, (5-hydroxy) quinoxaline metal complexes, 
aluminum tris-quinolates, and polymers such as poly(p 
phenylenevinylene), poly (dialkoxyphenylenevinylene), 
poly(thiophene), poly (?uorene), poly(phenylene), poly 
(phenylacetylene), poly (aniline), poly(3-alkylthiophene), 
poly(3-octylthiophene), and poly(N-vinylcarbazole). When 
a potential difference is applied across the cathode and 
anode, electrons from the electron-injecting layer and holes 
from the hole-injecting layer are injected into the light 
emitting layer; they recombine, emitting light. OLEDs and 
PLEDs are described in the following United States patents, 
all of which are incorporated herein by this reference: US. 
Pat. No. 5,707,745 to Forrest et al., US. Pat. No. 5,721,160 
to Forrest et al., US. Pat. No. 5,757,026 to Forrest et al., 
US. Pat. No. 5,834,893 to Bulovic et al., US. Pat. No. 
5,861,219 to Thompson et al., US. Pat. No. 5,904,916 to 
Tang et al., US. Pat. No. 5,986,401 to Thompson et al., US. 
Pat. No. 5,998,803 to Forrest et al., US. Pat. No. 6,013,538 
to Burrows et al., US. Pat. No. 6,046,543 to Bulovic et al., 
US. Pat. No. 6,048,573 to Tang et al., US. Pat. No. 6,048, 
630 to Burrows et al., US. Pat. No. 6,066,357 to Tang et al., 
US. Pat. No. 6,125,226 to Forrest et al., US. Pat. No. 6,137, 
223 to Hung et al., US. Pat. No. 6,242,115 to Thompson et 
al., and US. Pat. No. 6,274,980 to Burrows et al. 

In a typical matrix-address light-emitting display device, 
numerous light-emitting devices are formed on a single sub 
strate and arranged in groups in a regular grid pattern. Acti 
vation may be by rows and columns, or in an active matrix 
with individual cathode and anode paths. OLEDs are often 
manufactured by ?rst depositing a transparent electrode on 
the substrate, and patterning the same into electrode por 
tions. The organic layer(s) is then deposited over the trans 
parent electrode. A metallic electrode can be formed over the 
electrode layers. For example, in US. Pat. No. 5,703,436 to 
Forrest et al., incorporated herein by reference, transparent 
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indium tin oxide (ITO) is used as the whole-injecting 
electrode, and a MgiAgiITO electrode layer is used for 
electron injection. 

Previous methods of manufacturing such ?lms have not 
succeeded in manufacturing such ?lms by a continuous pro 
cess on ?exible substrates, yielding ?lms with desirable 
properties such as high transmittance, low electrical 
resistance, and stability to temperature and humidity. 

For example, PCT Publication No. WO 99/36261, by 
Choi et al. (Polaroid Corp.) published on Jul. 22, 1999, and 
incorporated by this reference, describes the deposition of 
ITO/Au/Ag/Au/ITO multilayered ?lms on polymer (Arton 
substrate). In this multilayered structure, the Ag layer has a 
thickness of 1(L15 nm and the two ITO layers have a thick 
ness of 35450 nm. As compared with ITO/Ag/ ITO multilay 
ered ?lms, an Au/Ag/Au sandwiched layer works as a con 
ductive layer in the multilayered structure and exhibits an 
enhanced corrosion resistance as the 141.5 nm Au layers 
prevent the water or oxygen from entering the Au/Ag inter 
facial area. It was reported that the ITO/Au/Ag/Au/ITO 
?lms have a sheet resistance below 10 Q/ square and a trans 
mittance above 80%. However, the deposition process for 
these multilayered ?lms is much more complicated than the 
deposition process for ITO/Ag/ITO ?lms. 

U.S. Pat. No. 5,667,853 to Fukuyoshi et al., incorporated 
herein by reference, describes the formation of InCeO/Ag/ 
InCeO ?lms in which the InCeO layers have a thickness of 
about 35450 nm and the Ag layer has a thickness of about 
10415 nm. The InCeO ?lms were deposited by sputtering a 
target that was formed by doping 10430% CeO2 into In2O3. 
The cerium can effectively block the diffusion of oxygen 
atoms from the InCeO ?lms to the InCeO/Ag interfacial 
layer. On the other hand, the Ag layer actually contains 1 
atom percent Au and 0.5 atom percent Cu to enhance the 
stability of Ag atoms in the Ag layer. The design of the 
chemical compositions in both the InCeO and the Ag layers 
was reported to effectively improve the structural stability of 
the InCeO/Ag/InCeO ?lms. The InCeO/Ag/InCeO ?lms 
exhibit a low sheet resistance of 345 Q/square and a high 
optical transmittance of above 90%. The deposition of 
InCeO/Ag/InCeO ?lms ?lms was also disclosed in Us. Pat. 
No. 6,249,082 to Fukuyoshi et al., incorporated by this refer 
ence. However, the deposition of these ?lms was only per 
formed on a rigid glass substrate. The invention was not 
applied to the actual manufacture of information displays. 

Other methods for producing such ?lms are described in 
Us. Pat. No. 4,166,876 to Chiba et al., U.S. Pat. No. 4,345, 
000 to Kawazoe et al., U.S. Pat. No. 4,451,525 to Kawazoe 
et al., U.S. Pat. No. 4,936,964 to Nakamura, U.S. Pat. No. 
5,178,957 to Kolpe et al., U.S. Pat. No. 6,171,663 to Hanada 
et al., U.S. Published Patent Application No. US 2001/ 
0050222 by Choi et al., PCT Patent Publication No. WO 
98/ 12596 by Staral et al., European Patent Publication No. 
EP 1041644 by Cheung, and European Patent Publication 
No. EP 1155818, all of which are incorporated herein by this 
reference. 

Accordingly, there is still a need for an improved method 
of preparing conductive ?lms on a ?exible substrate. There 
is a particular need for methods that can be used to prepare 
such ?lms in a continuous, roll-to-roll manner, so that the 
?lms can be collected in continuous rolls. 

INVENTION SUMMARY 

In general; a method for forming a composite ?lm accord 
ing to the present invention comprises: 

(a) providing a ?exible plastic substrate; 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
(b) depositing a multi-layered conductive metallic ?lm 

continuously on the ?exible plastic substrate to form a 
composite ?lm; and 

(c) collecting the composite ?lm in continuous rolls. 
The thin-?lm deposition technique can be DC or RF mag 

netron sputtering, ion beam deposition, chemical vapor 
deposition, ion beam enhanced deposition, and laser abla 
tion deposition. A preferred thin ?lm deposition technique is 
DC magnetron sputtering. 

Typically, the thin ?lm that is deposited is an InCeO/Ag/ 
InCeO ?lm with three layers, with exterior InCeO layers 
surrounding an interior Ag layer. However, methods accord 
ing to the present invention can be used to deposit other 
metallic ?lms. 

Typically, the DC magnetron sputtering is performed in an 
atmosphere that contains argon, and, optionally, oxygen. 
Preferably, the atmosphere contains oxygen in the deposi 
tion of InCeO ?lms. The oxygen concentration can be varied 
to optimize the properties of the thin ?lm being deposited. 
The method can further comprise the step of purging the 

surface of the ?exible plastic substrate with plasma prior to 
?lm deposition. The method can also further comprise a 
post-deposition annealing step. 

Typically, the ?exible plastic substrate is polyethylene 
terephthalate (PET), polyethylene naphthalate (PEN), poly 
ethersulfone (PES), polycarbonate (PC), polysulfone, a phe 
nolic resin, an epoxy resin, polyester, polyimide, 
polyetherester, polyetheramide, cellulose acetate, aliphatic 
polyurethanes, polyacrylonitrile, polytetra?uoroethylenes, 
polyvinylidene ?uorides, poly(methyl (x-methacrylates) or 
an aliphatic or cyclic polyole?n. Aliphatic polyole?ns 
include, but are not necessarily limited to, high density poly 
ethylene (HDPE), low density polyethylene (LDPE), and 
polypropylene, including oriented polypropylene (OPP). 
Cyclic polyole?ns include, but are not necessarily limited to, 
poly(bis(cyclopentadiene)). A preferred ?exible plastic sub 
strate is a cyclic polyole?n or a polyester. The ?exible plastic 
substrate can be reinforced with a hard coating. Typically, 
the hard coating is an acrylic coating. 

Typically, a composite ?lm formed according to the 
present invention has superior properties, including high 
optical transmittance, low electrical resistance, high surface 
smoothness, high stability to exposure to high temperature 
and high humidity, high interlayer adhesion, and wet and dry 
etchability. 
A further aspect of the invention is a novel composite ?lm 

comprising a InCeO/Ag/InCeO metallic ?lm coated or 
deposited on a ?exible plastic substrate, wherein the com 
posite ?lm has a combination of properties including: trans 
mittance of at least 80% throughout the visible region; an 
electrical resistance of no greater than about 20 Q/square, 
preferably no greater than 10 Q/ square; a root-mean-square 
roughness of no greater than about 5 nm; and an interlayer 
adhesion between the InCeO/Ag/InCeO metallic ?lm and 
the remainder of the composite ?lm that is su?iciently great 
to survive a 180° peel adhesion test. Preferably, the compos 
ite ?lm further includes a reinforcing hard coating, prefer 
ably an acrylic coating, between the InCeO/Ag/InCeO 
metallic ?lm and the ?exible plastic substrate. 
A preferred embodiment of the composite ?lm includes 

the following properties: transmittance of at least 90% 
throughout the visible region; an electrical resistance of no 
greater than about 5 Q/square; and a root-mean-square 
roughness of no greater than about 2.5 nm. 

Typically, the ?exible plastic substrate of the composite 
?lm is polyethylene terephthalate (PET), polyethylene naph 
thalate (PEN), polyethersulfone (PES), polycarbonate (PC), 
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polysulfone, a phenolic resin, an epoxy resin, polyester, 
polyimide, polyetherester, polyetheramide, cellulose 
acetate, aliphatic polyurethanes, polyacrylonitrile, 
polytetra?uoroethylenes, polyvinylidene ?uorides, poly 
(methyl (x-methacrylates) or an aliphatic or cyclic 
polyole?n, as described above. A preferred ?exible plastic 
substrate is a cyclic polyole?n or a polyester. 

Yet another aspect of the present invention is a multilay 
ered electrode/substrate structure comprising an etched 
composite ?lm made according to the present invention. The 
multilayered electrode/substrate structure can be an OLED 
or a PLED. 

The conductive material can be a light-emitting polymer. 
The polymer can be poly(p-phenylenevinylene) (PPV), poly 
(dialkoxyphenylenevinylene), poly(thiophene), poly 
(?uorene), poly(phenylene), poly(phenylacetylene), poly 
(aniline), poly(3 -alkylthiophene), poly(3 -octylthiophene), or 
poly(N-vinylcarbazole). 

Alternatively, the multilayered electrode/ substrate struc 
ture can include a conductive material that is a luminescent 
organic or organometallic material. The luminescent organic 
or organometallic material can be selected from the group 
consisting of metal ion salts of 8-hydroxyquinolate, trivalent 
metal quinolate complexes, trivalent metal bridged quinolate 
complexes, Schiff base divalent metal complexes, tin (IV) 
metal complexes, metal acetylacetonate complexes, metal 
bidentate ligand complexes incorporating an organic ligand 
selected from the group consisting of 2-picolylketones, 
2-quinaldylketones, and 2-(o-phenoxy) pyridine ketones, 
bisphosphonates, divalent metal maleonitriledithiolate 
complexes, molecular charge transfer complexes, rare earth 
mixed chelates, (5-hydroxy) quinoxaline metal complexes, 
and aluminum tris-quinolates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features, aspects, and advantages of the 
present invention will become better understood with refer 
ence to the following description, appended claims, and 
accompanying drawings where: 

FIG. 1 is a graph showing the transmittance across the 
visible spectrum of several samples of InCeO ?lms depos 
ited on PET. 

FIG. 2 is a graph showing the thickness and sheet resis 
tance of InCeO/Ag/InCeO ?lms deposited on Arton. 

FIG. 3 is a graph showing the transmittance across the 
visible spectrum of InCeO/Ag/InCeO ?lms deposited on 
Arton. 

FIG. 4 is a graph showing the Ag layer thickness versus 
the sheet resistance and optical transmittance for ?lms 
deposited on Arton. 

FIG. 5 is a graph showing the InCeO layer thickness ver 
sus the sheet resistance and optical transmittance for ?lms 
deposited on PET. 

FIG. 6 is a graph showing the optical transmittance across 
the visible spectrum for InCeO/Ag/InCeO ?lms deposited 
on HC/Arton and HC/ PET. 

FIG. 7 is a diagram of a simpli?ed model of a test to check 
interlayer adhesion of the ?lms. 

FIG. 8 is a drawing showing damage of a laser-etched 
sample after the peel test, showing damage in the areas 
etched with 5 or 10 pulses. 

FIG. 9 is diagrams showing results from AFM to show 
surface morphology of as-deposited, annealed, aged, and 
annealed and aged InCeO/Ag/InCeO ?lms deposited on 
HC/Arton: (a) as-deposited; (b) annealed; (c) annealed; and 
(d) annealed and aged. 
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6 
FIG. 10 is optical photomicrographs of InCeO/Ag/InCeO 

?lms showing surface morphology: (a) as deposited on Si; 
(b) annealed on Si; (c) as deposited on HC/Arton; and (d) 
annealed on HC/Arton. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The invention provides a method for roll-to-roll deposi 
tion of highly conductive, transparent metallic ?lms on ?ex 
ible plastic substrates, for example to develop ?exible dis 
play electrodes. The invention also provides for a composite 
?lm that has a balance of properties including transmittance 
of at least 80% throughout the visible region; an electrical 
resistance of no greater than about 20 9/ square, more pref 
erably no greater than about 10 Q/square; a root-mean 
square roughness of no greater than about 5 nm; and an 
interlayer adhesion between the InCeO/Ag/InCeO metallic 
?lm and the remainder of the composite ?lm that is su?i 
ciently great to survive a 1800 peel adhesion test. As used in 
the speci?cation and claims of this patent application, “com 
posite ?lm” refers to ?exible sheeting that is the composite 
of a thin conductive metallic ?lm and a ?exible plastic sub 
strate on which the metallic ?lm is deposited or formed. The 
preferred highly conductive, transparent metallic material 
comprises InCeO/Ag/InCeO ?lm. Preferably, the composite 
?lm further includes a reinforcing hard coating between the 
thin conductive metallic ?lm and the ?exible plastic sub 
strate. 

I. Methods for Roll-to-Roll Deposition 
A. Thin-Film Deposition Methods 

In general, a method for forming a composite ?lm accord 
ing to the present invention comprises: 

(1) providing a ?exible plastic substrate; 
(2) depositing a multi-layered conductive metallic ?lm 

continuously on the ?exible plastic substrate by a thin 
?lm deposition technique to form a composite ?lm; and 

(3) collecting the composite ?lm in continuous rolls 
The thin-?lm deposition technique can be DC or RF mag 

netron sputtering, ion beam deposition, chemical vapor 
deposition, ion beam enhanced deposition, or laser ablation 
deposition. Preferably, the thin-?lm deposition technique is 
DC magnetron sputtering. 

For DC magnetron sputtering, the sputtering is performed 
in a maximum sputter power of from about 300 watts to 
about 2000 watts. Preferably, the DC magnetron sputtering 
is performed at a sputter power sequence of from about 500 
watts to about 800 watts, followed by from about 50 watts to 
about 100 watts, followed by from about 500 watts to about 
800 watts. More preferably, the DC magnetron sputtering is 
performed at a sputter power sequence of about 600 watts, 
followed by about 70 watts, followed by about 600 watts. 

Typically, the deposition distance for DC magnetron sput 
tering is from about 2 inches to about 12 inches. Preferably 
the deposition distance for DC magnetron sputtering is from 
about 9 inches to about 11 inches. More preferably, the 
deposition distance for DC magnetron sputtering is about 10 
inches. 

Typically, the DC magnetron sputtering is performed in an 
atmosphere that contains argon, and, optionally, oxygen, and 
has a pressure of 24 mT. Preferably, the atmosphere con 
tains oxygen. Preferably, the ?ow rate of oxygen is from 
about 0.2 to about 2.0 standard cubic centimillitor. More 
preferably, the ?ow rate of oxygen is from about 0.2 to about 
1.0 standard cubic centimillitor. Still more preferably, the 
?ow rate of oxygen is from about 0.2 to about 0.6 standard 
cubic centimillitor. Preferably, the ?ow rate of argon is from 
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about 5.0 to about 20.0 standard cubic centimillitor. Still 
more preferably, the ?ow rate of argon is about 10 standard 
cubic centimillitor. 

Typically, the line speed during deposition is up to 4 feet/ 
min. Preferably, the line speed during deposition is from 
about 0.6 to about 1.0 feet/min. When the deposited ?lm is 
an InCeO/Ag/InCeO ?lm, preferably, the line speed during 
deposition is about 0.7 feet/min during deposition of the 
InCeO layers and is about 0.8 feet/min during deposition of 
the Ag layers. The line speed is adjusted to control the thick 
ness of the InCeO and the Ag layers in the deposition. The 
line speed can also be adjusted to be optimum for the target 
size used and for the scale of the deposition process. 

In one preferred embodiment, deposition occurs on a 
12-inch wide web of the ?exible plastic substrate, there are 
four magnetron sputtering sources cooled by a source of 
cooling water, and the target is 6 inches in diameter. Other 
suitable arrangements are known. 
B. Structure of the Composite Film 

The thin conductive metallic ?lm can be an InCeO/Ag/ 
InCeO ?lm. Typically, the thickness of the InCeO layers is 
from about 10 nm to about 60 nm and the thickness of the Ag 
layer is from about 5 nm to about 20 nm. Preferably, the 
thickness of the InCeO layers is from about 30 nm to about 
45 nm and the thickness of the Ag layer is from about 12 nm 
to about 16 nm. 

Typically, the InCeO layer has a composition close to that 
of the InCeO target and has an amorphous structure. After 
annealing, the InCeO ?lm still has an amorphous structure. 

Typically, the Ag layer contains about 1 atom percent of 
Au and about 0.5 atom percent of Cu to enhance the stability 
of the silver atoms in the silver layer. 

In still another alternative, the thin conductive metallic 
?lm is selected from the group consisting of silver, gold, or 
their alloys. Other conductive metals can also be used. 

The ?exible plastic substrate can be any ?exible self 
supporting plastic ?lm that supports the thin conductive 
metallic ?lm. “Plastic” means a high polymer, usually made 
from polymeric synthetic resins, which may be combined 
with other ingredients, such as curatives, ?llers, reinforcing 
agents, colorants, and plasticizers. Plastic includes thermo 
plastic materials and thermosetting materials. 

The ?exible plastic ?lm must have su?icient thickness 
and mechanical integrity so as to be self-supporting, yet 
should not be so thick as to be rigid. Typically, the ?exible 
plastic substrate is the thickest layer of the composite ?lm 
(for example, 200 pm in thickness). Consequently, the sub 
strate determines to a large extent the mechanical and ther 
mal stability of the fully structured composite ?lm. An 
exemplary preferred ?exible substrate, therefore, is formed 
from a material that is stable at 130° C. for 6 hours, resistant 
to 1' mandrel tracking, and >2H pencil hardness. 

Another signi?cant characteristic of the ?exible plastic 
substrate material is its Tg. Tg is de?ned as the glass transi 
tion temperature at which plastic material will change from 
the glassy state to the rubbery state. It may comprise a range 
before the material may actually ?ow. Suitable materials for 
the ?exible plastic substrate include thermoplastics of a rela 
tively low glass transition temperature (up to 150° C.), as 
well as materials of a higher glass transition temperature 
(above 150° C.). The choice of material for the ?exible plas 
tic substrate would depend on factors such as manufacturing 
process conditions (e.g. deposition temperature, and anneal 
ing temperature) and as well as post-manufacturing condi 
tions (e.g. in a process line of a displays manufacturer). Cer 
tain of the plastic substrates discussed below can withstand 
higher processing temperatures of up to at least about 200° 
C. (some to 300°i350° C.) without damage. 
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8 
Typically, the ?exible plastic substrate is polyethylene 

terephthalate (PET), polyethylene naphthalate (PEN), poly 
ethersulfone (PES), polycarbonate (PC), polysulfone, a phe 
nolic resin, an epoxy resin, polyester, polyimide, 
polyetherester, polyetheramide, cellulose acetate, aliphatic 
polyurethanes, polyacrylonitrile, polytetra?uoroethylenes, 
polyvinylidene ?uorides, poly(methyl (x-methacrylates) or 
an aliphatic or cyclic polyole?n. Aliphatic polyole?ns 
include, but are not necessarily limited to, high density poly 
ethylene (HDPE), low density polyethylene (LDPE), and 
polypropylene, including oriented polypropylene (OPP). 
Cyclic polyole?ns include, but are not necessarily limited to, 
poly(bis)cyclopentadiene)). A preferred ?exible plastic sub 
strate is a cyclic polyole?n or a polyester. 

Various cyclic polyole?ns are suitable for the ?exible 
plastic substrate. Examples include ArtonTM made by Japan 
Synthetic Rubber Co., Tokyo, Japan; ZeanorTM made by 
Zeon Chemicals L.P., Tokyo Japan; and TopasTM made by 
Celanese A. G., Kronberg Germany. Arton is a poly(bis 
(cyclopentadiene)) condensate that is a ?lm of a polymer and 
that has the formula 

in which X is a polar group. 
Alternatively, the ?exible plastic substrate can be a poly 

ester. A preferred polyester is an aromatic polyester such as 
Arylite. 

The ?exible plastic substrate can be reinforced with a hard 
coating. Such a hard coating typically has a thickness of 
from about 1 pm to about 15 um, preferably from about 2 pm 
to about 4 pm, and can be provided by free radical polymer 
ization (initiated either thermally or by ultraviolet radiation) 
of an appropriate polymerizable material. Depending on the 
substrate, different hard coatings can be used. When the sub 
strate is polyester or Arton, a particularly preferred hard 
coating is the coating known as “Lintec.” Lintec contains 
UV-cured polyester acrylate and colloidal silica; when 
deposited on Arton, it has a surface composition of 35 atom 
% C, 45 atom % O, and 20 atom % Si, excluding hydrogen. 
Another particularly preferred hard coating is the acrylic 
coating sold under the trademark “Terrapin” by Tekra 
Corporation, New Berlin, Wisconsin. 

Applicants have observed that the hard coating provides 
signi?cant improvement in certain properties of the compos 
ite ?lm, such as improved interlayer adhesion between the 
transparent conductive metallic ?lm and the hard coating, 
and a reduction in roughness of the composite ?lm. Signi? 
cant effects of the hard coating may include an improvement 
in surface morphology (the hard coating acts as a planariZing 
layer, reducing roughness) and the chemical bond between 
the conductive metallic layer and the acrylic hard coating 
layer. In the event that the composite ?lm is to be laser 
etched to form electrodes, the hard coating may facilitate the 
etching process, as discussed in commonly assigned US. 
patent application Ser. No. 10/008,808, ?led Nov. 13, 2001. 
Accordingly, the use of a hard coating is preferable in 
C. Pre-Deposition Purging Step 
A method according to the present invention can further 

comprise a pre-deposition purging step. This step comprises 
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the step of purging the surface of the ?exible plastic sub 
strate with a plasma prior to ?lm deposition. The plasma can 
be Ar+O2, Ar, or Ar+N. Plasmas of other gases can also be 
used. The use of a pre-deposition plasma step can improve 
interlayer adhesion of a composite ?lm according to the 
present invention. 
D. Post-Deposition Annealing Step 
A method according to the present invention can further 

comprise a post-deposition annealing step. Typically, the 
post-deposition annealing step comprises annealing the ?lm 
at a temperature of between about 130° C. and about 250° C. 
for from about 0.5 hr to about 2 hrs. Post-deposition anneal 
ing is carried out at ambient conditions. The use of a post 
deposition annealing step can improve interlayer adhesion of 
a composite ?lm according to the present invention. 

In contrast to the annealing process ofU.S. Pat. No. 5,667, 
853 to Fukuyoshi, for glass based constructions, the tem 
perature of the present annealing process is limited by the 
properties of the composite ?lm. This annealing process has 
been found to provide signi?cant improvements in interlayer 
adhesion in many cases. Certain appearance properties of the 
composite ?lm, notably color and brightness, also must be 
considered in establishing suitable annealing conditions. 
These effects are further described in the Examples. 
D. Desirable Properties of the Composite Film 

Typically, the composite ?lm has a transmittance of at 
least 80% at a visible light wavelength reference point. 
Preferably, the transmittance is at least about 90%. 

Typically, the composite ?lm has an electrical resistance 
of no greater than about 20 Q/square. Preferably, the com 
posite ?lm has an electrical resistance of no greater than 
about 10 52/ square. More preferably, the composite ?lm has 
an electrical resistance of no greater than about 5 Q/ square. 

Typically, the composite ?lm has a root-mean-square 
roughness of no greater than about 5 nm. Preferably, the 
composite ?lm has a root-mean-square roughness of no 
greater than about 2.5 nm. More preferably, the composite 
?lm has a root-mean-square roughness of no greater than 
about 1.3 nm. 

Typically, the composite ?lm is stable to a 500-hour expo 
sure at 60° C. at 90% relative humidity. 

Preferably, the composite ?lm has interlayer adhesion suf 
?ciently great to survive a 180° peel adhesion test. Further 
details of this test are provided in the Example. Interlayer 
adhesion is a critical property during use of the composite 
?lm, in which there may be a tendency of the composite ?lm 
to delaminate between the conductive metallic ?lm and the 
remainder of the construction on aging, or during process 
ing. Interlayer adhesion of a composite ?lm according to the 
present invention can be improved by the use of pre 
deposition plasma purging, post-deposition annealing, or the 
use of a hard coating in the composite ?lm, as disclosed 
above. 

Preferably, the composite ?lm is wet and dry etchable; 
alternatively, the composite ?lm, including a hard coating, is 
laser etchable. 

Preferably, the composite ?lm has a brightness L of at 
least about 80.0%, a red to green shift a of between about 0 
and about —7.00 and a blue to yellow shift b of between 
about 0 and about 7.00. Further details as to the measure 
ment of the brightness, the red to green shift, and the blue to 
yellow shift are provided in the Example. 
II. Composite Films Made by the Process of the Invention 

Another aspect of the present invention is a composite 
?lm made by the process described above. Preferably, the 
thin-?lm deposition technique is DC magnetron sputtering 
as described above. 
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10 
Preferably, the DC magnetron sputtering is performed in 

an atmosphere that contains argon and oxygen. 
Preferably, the thin conductive metallic ?lm is an InCeO/ 

Ag/InCeO ?lm as described above. 
Preferably, the ?exible plastic substrate is a cyclic poly 

ole?n. 
The composite ?lm preferably has the desirable properties 

described above, including high transmittance, low electrical 
resistance, low root-mean-square roughness, stability to high 
temperatures at high relative humidity, and high interlayer 
adhesion. Preferably, the composite ?lm is wet and dry etch 
able; alternatively, if a hard coating is used, preferably the 
?lm is laser etchable. 

Another aspect of the present invention is a composite 
?lm comprising an InCeO/Ag/InCeO metallic ?lm coated or 
deposited on a ?exible plastic substrate, wherein the com 
posite ?lm: (1) has a transmittance of at least 80% in the 
visible region; (2) has an electrical resistance of no greater 
than about 20 Q/ square, preferably no greater than about 10 
Q/ square, more preferably no greater than about 5 Q/ square; 
(3) has a root-mean-square roughness of no greater than 
about 5 nm, preferably no greater than about 2.5 nm, more 
preferably no greater than about 1.3 nm; and (4) has an 
interlayer adhesion between the InCeO/Ag/InCeO metallic 
?lm and other elements of the composite ?lm that is su?i 
ciently great to survive a 180° peel adhesion test. Preferably, 
in this aspect of the present invention, the transmittance is at 
least 90% through the visible region, the electrical resistance 
is no greater than about 5 Q/square, and the root-mean 
square roughness is no greater than about 2.5 nm. More 
preferably, the composite ?lm has a root-mean-square 
roughness of no greater than about 1.3 nm. In this aspect of 
the present invention, the composite ?lm can further com 
prise a reinforcing hard coating located between the InCeO/ 
Ag/InCeO metallic ?lm and the ?exible plastic substrate. 
Typically, the reinforcing hard coating is an acrylic coating. 
Typically, the ?exible plastic substrate is as described above. 
III. Multilayered Electrode/Substrate Structures 

Another aspect of the present invention is a multilayered 
electrode/substrate structure comprising a composite ?lm 
according to the present invention, i.e., a composite ?lm 
made according to the process described above, that has 
been wet etched or dry etched to form electrodes. A pre 
ferred dry etching process is disclosed in commonly 
assigned US. patent application Ser. No. 10/008,808, ?led 
Nov. 13, 2001. 
The multilayered electrode/ substrate structure can be an 

OLED or a PLED. Preferably, the multilayered electrode/ 
substrate structure has surface roughness of less than about 8 
nm. More preferably, the multilayered electrode/substrate 
structure has surface roughness of less than about 5 nm. Still 
more preferably, the multilayered electrode/substrate struc 
ture has surface roughness ofless than 2.5 nm. 

Preferably, the multilayered electrode/substrate structure 
has a driving voltage of less than about 20 volts. 
The multilayered electrode/ sub strate structure can include 

a conductive material that is a light-emitting polymer. 
Typically, the light-emitting polymer is selected from the 

group consisting of poly p-phenylenevinylene (PPV), poly 
(dialkoxyphenylenevinylene), poly(thiophene), poly 
(?uorene), poly(phenylene), poly(phenylacetylene), poly 
(aniline), poly(3-alkylthiophene), poly(3-octylthiophene), 
and poly(N-vinylcarbazole). Preferably, the light-emitting 
polymer is poly(p-phenylenevinylene) (PPV) or poly 
(?uorene). In another alternative, the multilayered electrode/ 
substrate structure includes a conductive material that is a 
luminescent organic or organometallic material. 
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The luminescent organic or organometallic material is 
typically selected from the group consisting of metal ion 
salts of 8-hydroxyquinolate, trivalent metal quinolate 
complexes, trivalent metal bridged quinolate complexes, 
Schiff base divalent metal complexes, tin (IV) metal 
complexes, metal acetylacetonate complexes, metal biden 
tate ligand complexes incorporating an organic ligand 
selected from the group consisting of 2-picolylketones, 
2-quinaldylketones, and 2-(o-phenoxy) pyridine ketones, 

12 
deposited by sputtering an Ag-1.0 at% Au-0.5 at% Cu target 
with a power of 50*80 W. The sputtering gas was Ar at a 
?ow rate of 10 sccm and the line speed was about 0.7%).8 
feet/min. The line speed was adjusted to control the thick 
ness of the deposited ?lms. The distance between the plas 
tics and the targets was 10 inches for depositions of both 
InCeO and Ag layers. 

Characterization of the InCeO/Ag/InCeO ?lms was corre 
lated with the deposition processing, to reach the optimal 
performance of the ?lms. The thickness and refractive index 

b1sphosphonates, divalent metal maleon1tr11ed1thlolate 10 of the InCeO/Ag/InCeO ?lms were measured With an E1111} 
complexes, molecular charge transfer complexes, rare earth - - - - - 

. d h 1 t 5 h d . 1. t 1 1 someter. The chemical compos1tlon was character1zed With 
mlgel C .e a es’ _ rolxy) qumoxa me me a comp exes’ XPS spectrum. A Digital Instruments Nanoscope III Atomic 
an a ummum ms'qulno ates' Force Microscope (AFM) and an optical microscope were 
~ The multllayered electrode/substrate structures can be used to Observe and evaluate the surface morphology and 
incorporated into deV1ces such as touch panels or ?ex c1r- 15 roughness_ The Sheet resistance was measured using a 
cu1t5~ _ _ _ _ _ 4-probe conductivity tester (Loresta). An ultraviolet/visible 

The 1nventloP 15 lllusmltefl by the fOHOWlng Example spectrometer (UV/V IS) and a colorometer (Hunter) were 
ThIS Example IS for Illustratlve purposes Only and 15 1101 applied to measure the visible light transmittance and to 
intended to limit the invention. characterize the color and the brightness of the deposited 

20 ?lms. 
EXAMPLE Interlayer adhesion of the ?lms was evaluated using a 

I. Experimental Procedure 180o peel test method with 3M tapes 810 or 600. The gauge 
Substrate materials were the different polymer plastics. length was 1 inch and the cross-head speed was 12 in/min. 

Table 1 lists the properties of the plastic substrates selected Before the test, the tape was kept on the sample surface for a 
for the deposition of InCeO/Ag/InCeO ?lms. The hard coat- 25 20-hours dwelling time. During the test, the lamination pres 
ing on Lintec Arton has a surface composition of 35 at % C, sure was 4 and one-half pound roller was used. 
45 at % 0, and 20 at % Si, excluding hydrogen, and contains Post treatments of annealing and aging were applied on 
UV cured polyester acrylate and colloidal silica. the InCeO/Ag/InCeO ?lms deposited on different plastics, 

TABLE 1 

Properties of plastic rolls used for the ?lm deposition. 

Plastics Aromatic HC/Arton HC/PET 
for deposition Alton Polyester PEN PET Lintec Autotype 

Grade JSFR Ferrania KALADEX Dupont CHC—PN188W AutoFlex 
G-7810 AryLite S1020/500 Teijin PFW EBA180 L 

Film, 
ST-504 

Thickness (pm) 188 115 125 175 188 180 
Surface RMS 3.7 5 2.0 5.2 2.3 Not tested. 

(Hm) 
Tg (C) 171 330 120 78 171 78 
Barrier 35.1 200 i 3 .41 31.4 similar to 

(g/mZ/day) (40/100) (22/50) 4 (40/100) (40/100) PET, 
(° C./RH) Not tested. 
Surface energy 38.9 40.7 43.8 43.3 36.3 40.4—42.0 

(mN/M) 
Transmittance 91.31 87.04 85 >85 91.14 89 

(@ 550 nm) 

50 
In addition, silicon wafer and glass were used as the sub 

strate materials for the deposition. 
Deposition experiments were carried out using Avery 

Sputtering System with the DC magnetron sputtering mode 
and the roll-to-roll substrate transportation. 

The base pressure of the deposition chamber was 1.5*4>< 
10—3 mT, and the working or deposition pressure was 
2.4i3.1 mT. Prior to ?lm deposition, the plastic roll was 
purged with Ar+O2 plasma to modify the surface chemistry 
of plastic materials. For the optimization of the plasma 
purging, the sputtering power was changed from 600 to 1200 
W, and the gas ?ow-rate ratio of Oz/Ar was adjusted as 8/ 20, 
8/40, 8/80, 4/40, and 5/50 sccm, respectively. 
An In203-10%CeO2 target was sputtered with a power of 

500*800W, for the deposition of InCeO ?lms. In the 
depositions, the gas ?ow-rate ratio of O2/Ar was controlled 
in a range of (0*2)/ 10 sccm and the line speed of the plastic 
roll was about 0.3*1.2 feet/min. An alloyed Ag layer was 
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to investigate the in?uences on the properties, the interfacial 
adhesion, and the structure stability. The annealing process 
was in air with a temperature of 80*245o C. and a time of 
3&120 min. The aging was carried out at conditions of 60° 
C. and 90% relative humidity (RH) for 500 hours. 
II. Results and Analysis 
A. Deposition and Characterization of InCeO/Ag/InCeO 
Films 
Deposition of InCeO and Ag Films. 
The InCeO and Ag ?lms were ?rst deposited on plastic 

rolls, respectively. The deposition was performed to investi 
gate the optical and electrical properties, and to control the 
thickness of the InCeO and Ag ?lms, in order to do the 
following deposition of InCeO/Ag/InCeO ?lms. 

Table 2 shows the thickness and properties of the InCeO 
?lms deposited on PET. The transmittances of the samples 
whose properties are given in Table 2 are shown in FIG. 1; 
FIG. 1 plots the transmittance as a function of wavelength 
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across the visible spectrum. The InCeO ?lm was prepared at 
conditions of an Oz/Ar ?ow ratio of 0.4/10 sccm (a pressure 
of 2.6 mT) and a sputtering power of 600 W. It can be seen 
that variation of the InCeO thickness, from 8.7 to 42.8 nm, is 
correlated with that of the line speed, from 3.5 to 0.4 feet/ 
min. 

TABLE 2 

Thickness and properties of InCeO ?lms deposited on PET 

I. 
Sample ID 73—1 73-2 73-3 73-4 73-5 73-6 49-4 

Line speed 3.5 3.0 2.5 2.0 1.5 1.0 0.4 

(feet/min) 
Thick- 8.7 10 12.3 16.5 21.3 34.2 42.8 

ness (nm) 
Rs IX 330K 76K 36.5K 22.7K 11.3 K 17.3 K 

(ohm/sq) 
T % (@ 97.33 98.18 97.04 95.74 94.5 90.71 89.74 
550 nm) 

Data in Table 2 and FIG. 1 show that the increase of 
InCeO thickness results in the reductions of both sheet resis 
tance and optical transmittance. However, even when the 
thickness is increased to 42.8 nm, InCeO ?lm still has a high 
sheet resistance of 17.3 k ohm/sq (see Table 2). 

Table 3 shows the thickness and properties of the Ag ?lms 
prepared under a sputtering power of 68 W and an Ar pres 
sure of2.6 mT (Ar ?ow rate of 10 sccm). It can be seen that 
the Ag thickness is controlled by the adjustment of the line 
speed. When the thickness is less than 5 nm, the sheet resis 
tance is suddenly increased above 140 ohm/sq, suggested a 
discontinuous Ag layer formed on the PET substrate. 

TABLE 3 

Thickness and properties ong ?lms deposited on PET 

II. 
Sample ID 72-1 72-2 72-3 72-4 72-5 72-6 72-7 

Line speed 0.2 0.4 0.8 1.0 1.5 2.5 3.5 

(feet/min) 
Thickness 47.7 26.7 12.3 10 6.53 4.7 2.3 

(11m) 
Rs (ohm/sq) 0.79 2.23 6.12 7.18 14.23 144.80 26073 
T % (@ 3.39 27.97 67.31 71.48 80.52 71.73 65.99 
550 nm) 

Usually, Ag ?lm has a low optical transmittance (see 
Table 3) and a blue color (J. Stollenwerk, B. Ocker, and K. 
H. Kretschmer, “Traneparent conductive multilayer-systems 
for FPD applications”, 95’ Display Manufacturing Technol 
ogy Conference, Society for Information Display, (1995) p. 
1114112). The InCeO ?lm, on the other hand, has a high 
refractive index (US. Pat. No. 5,667,853 to Fukuyoshi et 
al.). If an Ag layer is embedded between two InCeO layers, 
the InCeO ?lms will promote the formed multi-layers to 
have a high transmittance. Therefore, it is speculated that the 
InCeO/Ag/InCeO structure will be bene?ted from Ag layer 
for a high conductance and from InCeO layers for a high 
optical transmittance. 
InCeO/Ag/InCeO Films on Different Substrate Materials 
The InCeO/Ag/InCeO ?lm was deposited on silicon 

wafer, glass, and plastics such as Arton, PEN, and PET, to 
identify the performance stability of the ?lm on different 
materials. The sputtering powers of 600, 68, and 600 W were 
used for the deposition of bottom InCeO, Ag, and top InCeO 
?lms, respectively. AnAr gas ?ow was 10 sccm in the depo 
sition process where an 02 gas ?ow of 0.4 sccm was added 
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14 
in the deposition of InCeO layers. Table 4 lists the thickness 
and properties of InCeO/Ag/InCeO ?lms deposited on these 
substrates. The sheet resistance is an average value from an 
area of (1)2 inches. 

TABLE 4 

Thickness and properties of InCeO/Ag/InCeO ?lms 
InCeO (top)—Ag—InCeO (bottom) 

T % (@ 
Sample ID 02 (sccm) Thickness (nm) 550 nm) Rs (SQ/sq) 

76-Glass 0.4-0-1.0 43.6-14.5-38.5 91.73 7.16 
69-PEN 0.4-0-1.0 36.6-13.6-33.5 99.05 6.48 
62-PET 1.0-0-1.0 35.7-11.8-329 97.70 5.62 
69-Arton 0.4-0-1.0 36.6-13.6-33.5 95.86 5.07 
76-Si 0.4-0-1.0 44.2-13.7-46.5 i 3.30 

Data in Table 4 show that when the InCeO/Ag/InCeO 
?lms were deposited with almost the same thickness, the 
sheet resistance of the ?lms is decreased as the substrate 
materials changed from glass, plastics, to silicon. The ?lms 
prepared on silicon exhibit the lowest sheet resistance of 3.3 
ohm/sq. It is clear that the substrate materials affect the prop 
erties of the InCeO/Ag/InCeO ?lms as the sheet resistance 
of the coated ?lms is decreased with the increase of the 
electrical conductivity of the substrate materials. 
Deposition of InCeO/Ag/InCeO Films on Plastic Rolls 
The InCeO/Ag/InCeO ?lms were then deposited on dif 

ferent plastic rolls to investigate the variations of the sheet 
resistance and the optical transmittance. FIG. 2 shows the 
cross-sectional distributions of the sheet resistance and 
thickness of the InCeO/Ag/InCeO ?lm on Arton, in which 
the thickness is depicted by the circles, and the sheet resis 
tance by the squares. The deposition parameters are inside 
the picture. Table 5 shows the thickness of InCeO, Ag, and 
InCeO layers at different cross-directional area in FIG. 2. As 
the InCeO/Ag/InCeO ?lm was deposited by sputtering the 
circular cathodes, the sheet resistance and ?lm thickness 
were not uniformly distributed along the cross-sectional 
direction. However, the ?lm deposited on a center area of (1)6 
cm exhibits relative uniform properties, such as the sheet 
resistance, 5:1.5 ohm/sq, and the thickness, 97.215 nm, as 
shown by the data in FIG. 2 and Table 5. 

TABLE 5 

The distribution of the ?lm thickness along the cross—sectional direction 

Thickness (nm) 

Distance (cm) —8 —4 0 4 8 
Bottom InCeO 35.9 46.6 48.3 42.6 32.0 
Middle Ag 10.5 12.0 12.7 11.2 8.6 
Top InCeO 35.3 39.6 41.1 38.4 33.4 

Table 6 shows the properties of InCeO/Ag/InCeO ?lms 
prepared on Arton with different thickness. The sheet resis 
tance is an averaged value measured from an area of (1)4 
inches. Although it was mentioned that the InCeO/Ag/ 
InCeO ?lm can be deposited on plastics (US. Pat. No. 
5,667,853 to Fukuyoshi et al.), this is the ?rst time the data 
from the sample (54-3#) show that InCeO/Ag/InCeO ?lms 
deposited on Arton have a transmittance above 90% and a 
sheet resistance below 5 ohm/sq. Further analysis indicates 
that the 02 gas ?ow and the ?lm thickness are the important 
factors affecting the sheet resistance and optical transmit 
tance of the InCeO/Ag/InCeO ?lms. Firstly, the increase of 
the 02 gas ?ow rate from 0.4 to 1.0 sccm in the deposition of 
InCeO ?lms induces the increase of the transmittance of the 
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formed lnCeO/Ag/lnCeO ?lms, as one can see the data mea 
sured from samples 54-1, 54-2, and 54-3. Second, as can be 
seen by comparing sample 53-2 with sample 54-1, it is clear 
that the decrease of the Ag thickness results in the increase 
of both transmittance and sheet resistance. 

FIG. 3 is a plot of transmittance as a function of wave 
length across the visible spectrum for lnCeO/Ag/lnCeO 
?lms deposited on Arton. The data in FIG. 3 show that the 
lnCeO/Ag/lnCeO ?lms with a thin Ag layer and a minimum 
total thickness have the highest transmittance (sample 53-2). 
The increase of 02 gas ?ow rate in the deposition of lnCeO 
?lms results in the increase of the transmittance of the 
lnCeO/Ag/lnCeO ?lms (see the transmittance curves of 
samples 54-1, 2, and 3). Data in Table 6 and FIG. 3 indicate 
that the 02 pressure in?uences the optical transmittance and 
the Ag thickness controls the conductivity of the lnCeO/Ag/ 
lnCeO ?lms. 

TABLE 6 

16 
Table 8. FIG. 5 shows the effect of lnCeO layer thickness on 
the sheet resistance and optical transmittance of the lnCeO/ 
Ag/lnCeO ?lms deposited on Arton; the sheet resistance is 
depicted by the circles and the optical transmittance in per 
cent is depicted by the squares. The lnCeO/Ag/lnCeO ?lms 
were deposited on PET. As the thickness of all Ag layer is 
almost the same (Table 8), the increase of lnCeO thickness 
in the lnCeO/Ag/lnCeO structure results in increasing the 
sheet resistance (see FIG. 5). However, the transmittance 
exhibits a maximum value around an lnCeO thickness of 

about 40 nm. It seems that an lnCeO thickness of about 

3(L45 nm and an Ag thickness of about 12*16 nm are the 

optimal combination to form lnCeO/Ag/lnCeO ?lms on 
polymers with lower sheet resistance (26 ohm/ sq) and 
higher optical transmittance (290%). 

Thickness and properties of InCeO/AgInCeO ?lms on Arton 
InCeO (top)—Ag—lnCeO (bottom) 

Sample ID 53-1 53-2 54-1 54-2 54-3 

Power (W) 800-50-800 800-50-800 800-70-800 800-70-800 800-70-800 
O2 (sccm) 0.6-0-0.6 1.0-0-1.0 040-04 060-06 1.0-0-1.0 
Thickness (mm) 45-10.6-45 36-8.3-30 37-16.7-63 38-15.4-57 36-15.3-63 
T % @ 550 nm 97.29 96.96 85.09 89.34 91.86 
Rs (Q/sq) 5.8 6.6 3.44 3.56 3.31 

The in?uence of the individual ?lm thickness on the prop 

erties of lnCeO/Ag/lnCeO ?lms was studied by deposition TABLE 8 

of the series ?lms wrth different thickness of Ag or lnCeO Thickn?ss ()ng lawr and Imposition paramems 

layers, respectively. FIG. 4 shows the effect of Ag layer 35 
. . . . S 1 ID 77-4 77-3 61-2 63-2 64-2 58-1 77-2 77-1 

thickness on the sheet res1stance and optical transmittance of amp 6 

the lnCeO/Ag/lnCeO ?lms deposited on Arton; the sheet Ag layer (11m) 13-6 12-7 10-1 12-1 11-8 12-7 12-1 11-9 
_ _ _ _ _ _ 02 for InCeO 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

res1stance is depicted by the circles and the optical transm1t- (seem) 
tance in percent is depicted by the squares. Table 7 lists the 40 xv?“ fOTAg 68 68 65 65 68 55 68 68 

deposition parameters and the lnCeO layer thickness in 
these samples. The bottom lnCeO ?lm has a thickness that is 

close to that of the top one for each sample. It can be seen 

that the sheet resistance and the transmittance are continu 

ously decreased with increasing Ag thickness. However, 
lnCeO/Ag/lnCeO ?lms with an Ag layer thickness below 16 
nm still have a high transmittance above 90% and low sheet 

resistance below 7 ohm/sq. 

TABLE 7 

Thickness of InCeO layer and deposition parameters 

Sample ID 53-2 53-1 56-1 56-3 55-1 54-3 54-2 54-1 

Top InCeO 35.3 44.5 37.2 39.6 37.7 35.6 37.9 36.6 

(11m) 
02 for InCeO 1.0 0.6 0.4 1.0 0.4 1.0 0.6 0.4 

(sccm) 
Power for Ag 50 50 57 57 65 70 70 70 

(W) 

The in?uence of the lnCeO layer thickness on the sheet 

resistance and optical transmittance is shown in FIG. 5 and 

The lnCeO/Ag/lnCeO ?lms were also deposited on 
Arylite and PEN rolls with a sheet resistance below 5 ohm/ 
sq and an optical transmittance above 90%. 

B. Roll-to-Roll Deposition of lnCeO/Ag/lnCeO Films on 
Hard Coating 

Roll-to-roll deposition of lnCeO/Ag/lnCeO ?lms on hard 
coating (HC)/plastic roll is an important step toward the for 
mation of plastic display electrodes. In this Example, the 
deposition of lnCeO/Ag/lnCeO ?lms on HC/PET or 
HC/Arton has been systematically investigated with regard 
ing to the optimization of the properties such as the sheet 
resistance, transmittance, color, and surface morphology. 
The properties of the lnCeO/Ag/lnCeO ?lms deposited on 

PET and HC/PET is shown in Table 9. During depositions, 
the Ar gas ?ow rate is 10 sccm, and the line speeds for the 
deposition of lnCeO, Ag, and lnCeO are 0.65, 0.8, and 0.65 
feet/min, respectively. Data in table 9 show that the lnCeO/ 
Ag/lnCeO ?lms deposited on both PET and HC/ PET exhibit 
the same properties, i.e., a sheet resistance less than 5 ohm/ 
sq and an optical transmittance above 90%. The increase of 
the 02 gas pressure in depositions results in formation of the 
?lms with high transmittance and low sheet resistance. 
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TABLE 9 

Properties of InCeO/Ag/InCeO ?lms on PET and hard 
coating/PET InCeO (top)—Ag—InCeO (bottom) 

Sample ID 61-1 61-2 61-3 

Power (W) 600-65-600 600-65-600 600-65-600 
O2 (sccm) 0.4-0-0.4 0.6-0-0.6 1.0-0-1.0 
Substrate PET HC/PET PET HC/PET PET HC/PET 
T % (@ 550 96.7 88.8 97.7 96.1 98.6 100 10 

nm) 
Rs (SQ/sq) 6.76 6.08 4.65 4.96 5.42 4.87 

Table 10 shows in?uences of the 02 gas ?ow rate and the 
?lm thickness on the color, sheet resistance, and optical 15 
transmittance of the InCeO/Ag/InCeO ?lms prepared on 
HC/Arton and HC/PET, respectively. It is clear that the 
InCeO/Ag/InCeO ?lms deposited on these substrates exhibit 
similar properties with regarding to the same deposition 
parameters. The results indicate that increase of the 02 gas 
?ow rate from 0.4 to 1.6 sccm results in formation of the 

InCeO/Ag/InCeO ?lms with high brightness (L), high opti 
cal transmittance, and low sheet resistance. In addition, the 
increase of the Ag thickness and the decrease of the InCeO 25 
thickness are associated with the reduction of the sheet resis 
tance. 

TABLE 10 

20 

18 
adhesion test (IAT) model shown in FIG. 7, if any interlayer 
adhesion FiAO, F4OA, FiHO or FiSH is lower than 
the adhesion between the tape and the top oxide FiTO, the 
corresponding interface will fail in a peel test. The focus of 
the IAT is not to measure the average peel force that may 
mainly depends on the adhesion between the tape and the top 
oxide layer, but to determine whether or not the ?lm is dam 
aged by the peel test. If IAT is performed at the same average 
peel force, some ?lms are damaged while others are not, the 
latter is assumed to have a better interlayer adhesion than the 
former. In the IATs, 3M tape 810 is used to detect the failure 
at relatively low peel force while 3M tape 600 is used to 
detect that at a higher peel force. 

In this Example, the interlayer adhesion of the InCeO/Ag/ 
InCeO ?lms was extensively investigated with regarding to 
the deposition conditions, plastic substrates, and post 
processes (annealing and aging). The analyses and discus 
sion on the IAT results were directed to enhance the forma 

tion of the ?lms with optimal performances. 
Effects of Ar+O2 Plasma Pre-Purging 

Prior to ?lm deposition, the surface of the plastic roll was 
purged by Ar+O2 plasma. As the plastic roll moves with a 
high line-speed of 3.5 feet/min, Ar+O2 plasma formed at a 
pressure greater than 10 mT cannot deposit the ?lms with a 
thickness above 5 nm. However, this preliminary plasma 

Properties of InCeO/AgInCeO ?lms on HC/PET and HC/Arton 

InCeO (top)—Ag—InCeO (bottom) 

ID Thickness 02 Color T % Rs 

Subs. No (nm) (sccm) L a b @ 550 nm (Q/sq) 

HC/Arton 108 43.2-15.0-48.3 0.4-0-0.4 79.3 —5.37 4.16 93.8 5.96 

HC/Arton 107 39.8-15.9-41.6 0.6-0-0.6 80.1 —5.17 4.58 94.5 5.36 

HC/Arton 110 40.6-15.6-41.4 1.6-0-1.6 81.7 —5.35 —1.02 96.1 4.62 

HC/PET 62-1 38.6-12.1-34.5 0.4-0-0.4 82.1 —5.43 —0.55 88.7 6.3 

HC/PET 62-2 37.1-11.9-33.7 0.6-0-0.6 83.0 —5.61 1.05 90.6 5.67 

HC/PET 62-3 35.8-11.8-32.9 1.0-0-1.0 83.0 —6.01 0.57 90.1 4.56 

FIG. 6 shows the transmittance of InCeO/Ag/InCeO ?lms 
deposited at different O2/Ar gas ratios. Summarizing the 
data in Tables 3*10 and FIGS. 1*6, it was found that differ 
ent plastic substrates do not obviously affect the properties 
of the InCeO/Ag/-InCeO ?lms. The deposition results show 
that the InCeO/Ag/InCeO ?lms can be commonly prepared 
to have sheet resistance below 5 Q/sq and transmittance 
above 90% regardless of whether the ?lm was deposited on 
PET, Arton, PET+ hard coating, or Arton+ hard coating. The 
02 gas ?ow rate and the thickness of the Ag and InCeO 
layers are important factors in in?uencing the electrical and 60 
optical properties of the InCeO/Ag/InCeO ?lms. 
C. Interlayer Adhesion of InCeO/Ag/InCeO Films on Plas 
tics 

The Interlayer Adhesion Between InCeO and Ag or 
Between InCeO/Ag/InCeO structure and plastic substrate is 65 
an important criterion in evaluation on the performance of 
the formed display electrodes. As depicted by the interlayer 

50 

55 

treatment can clean the plastic surface, modify the chemical 
composition, and activate the surface bonding. Especially, 
plasma purging, with the Ar+ and O+ ions, will introduce 
new types of oxygen bonds on plastic surface, which could 
enhance the formation of the oxide ?lms with a good adhe 
sion (B. Drevillon et al, Thin Solid Films 236, (1993) 204; S. 
Vallon et al, J. Elec. Spec. Related Phen. 64/65, (1993), 849). 
It was found that Ar+O2 plasma formed at the sputtering 
power of 1*1.2 kW and the O2/Ar gas ?ow ratio of 4/4(L5/ 
50 sccm had a good surface purging effect. The typical 
instance was that the InCeO/Ag/InCeO ?lms deposited on 
the plasma purged Arton passed the IATs with the tape 810, 
while the ?lm deposited on Arton failed in the IATs. 
Effects of Plastic Substrate 
The InCeO/Ag/InCeO ?lms were prepared on different 

plastics that are in Table 1. The results of IATs measured 
from these samples are summarized in Table 11. 
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TABLE 11 

Interlayer adhesion of ?lms on different substrates 

Average peel 
Substrate force g 

Mater— T g Tape Tape IAT IAT 
ials (° C.) 810 600 With Tape 810 With Tape 600 

Arylite 330 550—620 900—1000 Samples fail to All samples fail 
pass the IAT or to pass the IAT 

in critical 
situation 

Arton 171 700—850 1000—1200 Most samples All samples fail 
fail to pass the to pass the IAT. 
IAT. 

PEN 120 850—920 1100—1250 All samples Some samples are 
pass IAT. in critical 

situation. The rest 
are fail. 

PET 78 750—860 1100—1200 Most samples Some samples are 
pass IAT. in critical 

situation. The rest 
are fail. 

The data in Table 1 1 show that the InCeO/Ag/InCeO ?lms 

deposited on PEN and PET have better interlayer adhesion 
than the ?lms on Arton and Arylite. Usually, the adhesive 

strength of thin ?lms highly depends on the surface 
composition, bonding structure, and surface roughness of 
the substrate materials. Especially, the materials with high 
surface energy tend to bond a surface ?lm ?rmly to reduce 

its surface energy, which results in a good interfacial adhe 

20 

25 

30 

20 
sion. The data in Table 1 show that PEN and PET have 
surface energies (43.3i43.9 mN/M) higher than those of 
Arton (38.9 mN/M) and Arylite (40.7 mN/M), which may 
result in the differences on the interlayer adhesion of the 
?lms on these plastics. 
On the other hand, it is clear that the InCeO/Ag/InCeO 

?lms deposited on low Tg plastics (PEN and PET) have 
better adhesion than the ?lms on high Tg plastics (Arylite 
and Arton), as the data show in Table 11. It can be expected 
that the mismatch in bonding structure or thermal expansion 
between two materials cause the stress in the interfacial area, 
resulting in defects, cracking, and poor adhesion. Usually, 
polymers have a thermal expansion coef?cient higher than 
that of the oxide ?lms (S. K. Park et al., Thin Solid Films 
397, (2001) 49). However, in comparison with high Tg 
plastics, low Tg polymers, such as PEN and PET, are easy to 
release the stress through slight plastic deformation during 
the deposition process and promotes the ?lm formed with an 
enhanced interlayer adhesion. It seems that high surface 
energy and low Tg are helpful to promote the good adhesion 
of the InCeO/Ag/InCeO ?lms to the plastics. 

In addition, it was found that the substrate roughness had 
no serious in?uence on the interlayer adhesion. As the 
results for surface roughness in Table 1 and the results for 
interlayer adhesion in Table 11 show, it can be seen that the 
Arton with a low RMS of 3.7 nm has poor adhesion while 
the PET with a relative high RMS of 5.7 nm still has good 
adhesion. 
Adhesion Enhancement from the Hard Coating 
The interlayer adhesion of the ?lms deposited on 

HC/Arton and HC/ PET has been evaluated with comparison 
of the adhesion of the ?lms directly deposited on Arton or 
PET plastics. The results from IATs are shown in Table 12. 

TABLE 12 

Interlayer adhesion of ?lms on plastics or on HC/plastics 

Average peel force 

(5;) 

Substrate Tape Film IAT IAT 

materials 810 Tape 600 Morphology (Tape 810) (Tape 600) 

Arton 700~850 1000~1200 Small peaks, Most samples fail to All samples fail 

many branch and pass the IAT, others to pass the IAT. 

dripping traces are in critical 

situation 

HC/Arton 60~820 1000~1150 Few small peaks, Most samples pass No sample 

few dripping IAT, others are in passes IAT. 

traces and small critical situation. Some are in 

pits critical situation. 

PET 750~860 1100~1200 Small peaks, very Most samples pass No sample 

few small ?akes IAT. passes IAT. 

HC/PET 750~860 1100~1200 Rarely distributed Most samples pass No sample 

small peaks, very IAT. passes IAT. 

few small ?akes Some are in 

critical situation. 
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The results indicate that lnCeO/Ag/lnCeO ?lms deposited 
on HC/plastics have an enhanced adhesion, as the ?lms syn 
thesized on Arton fail to pass lATs, while the ?lms formed 
on HC/Arton under the same deposition process success 
fully pass the lATs with tape 810. In addition, surface quality 
of the ?lms on HC/Arton or HC/PET is much better than that 
of the ?lms on Arton or PET. The adhesion enhancement 
may result from the hard coating whose amorphous structure 
hybridized with oxygen bonding is easy matched with the 
amorphous lnCeO bonding structure. In addition, amor 
phous hard coating has no de?nite thermal expansion coe?i 
cient and works as a buffer layer to release the thermal stress, 
which enhances the interfacial adhesion of the lnCeO/Ag/ 
lnCeO ?lms to plastics. The effect of oxygen ?ow in deposi 
tions on the interlayer adhesion 

Since the 02 ?ow can sensitively in?uence the transmit 
tance and conductivity of the lnCeO/Ag/lnCeO ?lms, lATs 
have been continued to investigate the interlayer adhesions 
on these samples. Table 13 shows the IAT results obtained 
from the lnCeO/Ag/lnCeO ?lms whose lnCeO layers were 
synthesized at the 02 ?ow rates of 042 sccm and an Ar ?ow 
rate of 10 sccm. The substrate is HC/Arton. 

TABLE 13 

IAT results of the InCeO/AgInCeO ?lms whose 
InCeO layer prepared under different 
oxygen ?ow—rates in the deposition 

Average peel force IAT— 
IAT annel. 

Film (Tape 
Sample Tape Annealed (Tape 

Morphology 
Condition 810 Tape 810 810) 810) 

02: 0~0.2 600~750 600~750 few small Most All 
sccm peaks, few samples samples 

dripping pass IAT. pass IAT 
traces 

OZ: 0.4~1 600~750 600~750 Same as Same as Same as 

sccm above. above. above 
02: >1 600~750 600~750 Same as Most Same as 
Sccm above. samples above 

fail to 

pass. 

Variation of 02 ?ow rate in deposition does not obviously 
affect the surface morphology, but in?uences the interlayer 
adhesion of the lnCeO/Ag/lnCeO ?lms formed on 
HC/Arton. IAT results indicate that there is no observable 
damage on the ?lms deposited at an 02 ?ow rate below 1 
sccm. However, increasing 02 ?ow rate above 1 sccm results 
in formation of the ?lms that have some scratch ?akes on the 
surface after lATs. The scratch ?ake does not come from the 
peel test but from the cleaning process that is followed to the 
peel test. The ?lm deposited on Arton under different 02 
?ow rates has similar tendency as the ?lm on HC/Arton. The 
differences in interfacial adhesion from the samples formed 
at different 02 ?ow rates disappeared if the samples were 
annealed at 140° C. for two hours. Surface observation indi 
cated that the damage mode of samples with high 02 ?ow 
rate was correlated with the residual stress in the ?lms, as the 
?akes often occurred on the peeled surfaces after lATs. As 
the annealing process may release the stress so it enhances 
the interfacial adhesion. To our best knowledge, the effect of 
02 ?ow on interlayer adhesion has not been reported so far 
and its exploration needs more work in further. 
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Effect of Etching and Cleaning Treatment 

The lnCeO/Ag/lnCeO ?lms must be wet or dry etched 
and chemically cleaned to form the display electrodes. The 
etched ?lms should keep the good structure stability and 
interfacial adhesion. Therefore the interfacial adhesion of 
the etched and cleaned samples has been investigated. Tables 
14 and 15 show the IAT data measured from the as-deposited 
and cleaned lnCeO/Ag/lnCeO ?lms. 

TABLE 14 

Comparison ofpeel force with or w/o cleaning 

Average peel force g 

InCeO/AgInCeO ?lms no cleaning after cleaning 

101-HC 776.33 819.57 
101-HC-annealing 706.76 742.36 
103-Alton 710.12 852.92 
103-HC 698.50 765.10 
103-HC-annealing 576.20 625.16 
105-HC-annealing 606.39 646.78 

It can be seen that the average peel force is increased after 
surface cleaning. The low peel force may result from the 
poor adhesion of the tape to the ?lm surface where the con 
tamination occurred. It was also found that the lnCeO/Ag/ 
lnCeO ?lms synthesized on HC/Arton with low 02 ?ow 
rates (<1 sccm) in lnCeO deposition exhibited no observable 
damage after cleaning and passed the IAT with tape 810. 
However, if the ?lms were not uniformly deposited on the 
plastic sheet whose size is 10x10 inches, the damages were 
formed on the edge area of the wet etched and laser etched 
samples even after cleaning, as in the case demonstrated in 

FIG. 8. FIG. 8 shows a laser-etched sample (320 MJ/cm2); 
areas etched with 5 and 10 pulses and yellow area have been 
damaged. Since the ?lm on the edge area has the thickness 
and chemical composition different from the center area, it is 
easy to be damaged no matter if etched. On the other hand, 
there is no damage on the center area of the laser (pulses 1, 3 
and 7) etched samples as the ?lm has the uniform thickness 
and composition there. Usually, the ?lm on the sample edges 
has a worse interlayer adhesion than that in the middle area 
of the samples. 

TABLE 15 

The surface situation of cleaned samples 

Surface observation 

Original 
morpholo gy 

After peel test 
Sample Substrate After cleaning with tape 810 

101 HC/Arton Rarely Flakes ° Flakes ° 

Distributed 
small peaks, 
few dripping 
traces 

Rarely 
Distributed 
small peaks, 
few dripping 
traces 

Rarely 
Distributed 
small peaks, 
few dripping 
traces 

HC/Arton No observable 
damage 0 

101 
1400 
C.-2 hr. 

Very small ?akes 

HC/Arton No observable 
damage 0 

No observable 
damage 0 

103 
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TABLE 1 5 -continued 

The surface situation of cleaned sarnples 

Surface observation 

Original After peel test 
Sarnple Substrate morphology After cleaning with tape 810 

103 HC/Arton Rarely No observable No observable 
140° Distributed darnage o darnage o 
C.-2 hr. small peaks, 

few dripping 
traces 

105 HC/Arton Rarely No observable No observable 
140° Distributed darnage o darnage o 
C.-2 hr. small peaks, 

few dripping 
traces 

0 Passed 

Critical 
° Darnaged 

As the cross-hatched peel test can measure the interlayer 
adhesion under situations where the ?lm has been damaged 
(such as cracks, ?akes and etched grooves), it was specially 
used to evaluate the interlayer adhesion of the etched InCeO/ 
Ag/InCeO samples, ITO ?lms, and other Ag based ?lms, 
comparatively. It was found that there was no observable 
damage along the cut lines on all InCeO/Ag/InCeO samples 
after the cross-hatched peel test. The InCeO/Ag/InCeO ?lm 
had a better toughness but softer as compared with ITO 
?lms. The results also showed that the cross-hatched peel 
test induced the delamination of TM-EMI Ag ?lm, but had 
no in?uence on 3M Ag ?lm whose adhesion is similar to 
InCeO/Ag/InCeO ?lms. After cross-hatched peel test, the 
InCeO/Ag/InCeO ?lms were immersed in IPA for 6 hours, 
wiped with papers, and then checked under the optic micro 
scope. No observable damages have been found on these 
samples. 
D. Post-annealing and Post-aging Treatment 

Usually, the InCeO layer in InCeO/Ag/InCeO ?lms was 
amorphous in structure when it was deposited at room tem 

perature (US. Pat. No. 5,667,853 to Fukuyoshi et al.) It was 
said that the InCeO/Ag/InCeO ?lm was post-annealed at 
22(k270° C. for 0.541 hour to reduce the sheet resistance 

(US. Pat. No. 5,667,853 to Fukuyoshi et al.). However, the 
in?uence of the post-annealing on the morphology, inter 
layer adhesion, and structure stability of the InCeO/Ag/ 
InCeO ?lms has not been reported yet. In this Example, the 
annealing was designed and performed at temperatures of 
754225° C. for times of 3041 20 min, to investigate the in?u 
ence of the annealing on the properties, morphology, and 
interlayer adhesion of the InCeO/Ag/InCeO ?lms. Because 
the Tg temperature of Arton, PET and PEN is below 170° C., 
most annealing treatment was actually carried out at a tem 
perature around 150° C. 

The deposited and annealed InCeO/Ag/InCeO ?lms were 
then aging treated at 60° C. and 90% RH for 500 hours to 
investigate the stability on the properties and structure of the 
?lms. The InCeO/Ag/InCeO ?lms used for annealing and 
aging studies were prepared on HC/Arton and the gas ratios 
ofO21Ar were changed as 0:10, 04:10; 06:10, 1:10, 16:10, 
and 2.0110 sccm, in the deposition of InCeO layers. Other 
conditions, such as the sputter powers of 6004704600 W, the 
line speeds of 0.7418407 feet/min, and the deposition dis 
tance of 10 inches, were kept the same in all depositions. 
Surface Morphology and Smoothness 
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The surface morphology and smoothness were observed 

and evaluated with AFM and optical microscopy. FIG. 9 
shows the AFM pictures on the typical surface morphologies 
of the as-deposited, annealed and aged InCeO/Ag/InCeO 
?lms deposited on HC/Arton: (a) as-deposited 881*; (b) 
annealed 881*; (c) aged 87#; and (d) annealed and then aged 
87#. 

Table 16 show the root-mean-square (RMS) surface 
roughness of samples 85#*91# measured by AFM. The 
samples are the as-deposited, annealed and aged InCeO/Ag/ 
InCeO ?lms. It can be seen that the RMS roughness from the 

deposited and annealed samples is very close in values to 
that of the aged samples, as indicated by the data shown in 
Table 15. These RMS values varied just from 1 to 1.5 nm and 
a RMS value of 1.3 nm seems a stable roughness for most 

samples. It seems that both annealing and long time aging 
have no obvious in?uence on the surface smoothness of 

InCeO/Ag/InCeO ?lms. The high RMS values of 1.9425 
nm in Table 15 are associated with the contaminated materi 

als that existed as the peaks on the sample surface (see FIGS. 
9 and 10). It was observed that the surface smoothness of the 
InCeO/Ag/InCeO ?lms is very sensitive to the environmen 
tal contamination. 

TABLE 16 

RMS roughness of InCeO/Ag/InCeO ?lms 

Sample ID 91# 85# 89# 87# 90# 88# 86# 

02 ?ow rate (sccm) 0 0.2 0.4 0.6 0.8 1.0 1.2 
RMS (nrn) (As- 1.2 1.4 1.1 2.5 1.3 1.2 1.9 
deposited) 
RMS (nrn) (Annealed) 1.3 1.3 1.3 1.2 1.0 1.3 1.3 
RMS (nrn) (Aged) 1.5 1.3 1.3 1.3 1.3 1.3 i 
RMS (nrn) 2.1 1.7 2.0 1.3 1.7 1.3 1.3 
(annealed & aged) 

FIG. 10 shows the typical surface morphology measured 
with an optical microscope at a magni?cation of x1000 of 
InCeO/Ag/InCeO ?lms; (a) as-deposited sample 801* on Si; 
(b) annealed sample 801* on Si; (c) as-deposited sample 82-3 
on HC/Arton; and (d) annealed sample 82-3 on HC/Arton. 
The InCeO/Ag/InCeO ?lms deposited on silicon wafer and 
HC/Arton and then annealed in air at a temperature of 145° 
C. for one hour. It can be seen that there are always some 

small peaks and pits on the surface of the as-deposited ?lms 
(FIGS. 10(a) and (c)). However, after annealing treatment, 
the InCeO/Ag/InCeO ?lms on all different substrates 
become more smooth and ?at. Most peaks on the surface are 

?attened and the small peaks disappeared (see FIGS. 10(b) 
and (d)). The observation indicates that post-annealing 
improves the surface quality of InCeO/Ag/InCeO ?lms 
deposited on different materials. The annealing with long 
time is more helpful to ?at the surface and improve the 
smoothness of InCeO/Ag/InCeO ?lms. 

Interlayer Adhesion and Properties 
Data in Table 17 show that the increase of the 02 ?ow rate 

results in formation of the InCeO/Ag/InCeO ?lms with 
reduced sheet resistance, increased transmittance and bright 
ness (L). In addition, the InCeO/Ag/InCeO ?lms deposited 
at low oxygen ?ow-rate can pass IAT, as the data shown in 
table 1. 
















