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7) ABSTRACT

The present invention provides electronically conducting
polymer films formed from photosensitive formulations of
pyrrole and an electron acceptor that have been selectively
exposed to UV light, laser light, or electron beams. The
formulations may include photoinitiators, flexibilizers, sol-
vents and the like. These solutions can be used in applica-
tions including printed circuit boards and through-hole plat-
ing and enable direct metallization processes on non-
conducting substrates. After forming the conductive
polymer patterns, a printed wiring board can be formed by
sensitizing the polymer with palladium and electrolytically
depositing copper.

64 Claims, 9 Drawing Sheets

PWB Fabrication Based on
Photopolymarization of
Conducting Polymers

mor— [

nes— ] ]

11058—~ :‘ E

11068—~

1107~ E E
1108~ :j Z:j

11108~ [:][::]



US 6,210,537 B1
Page 2

U.S. PATENT DOCUMENTS

5,244,562 9/1993 Russell ......cocovvervrieiviiieinines 204/418
5,246,627 9/1993 Heeger et al. ....cccceevnennnne. 252/500
5,282,955 2/1994 Leventis et al. ........ceveuneee. 205/317
5,378,404  1/1995 Han et al. oeveeveesrreereeerrnnne 252/500
5,462,696 * 10/1995 McGinniss et al. .....cceueene 252/500
5,520,852 5/1996 Ikkala et al. wooooovoovvvoeereernnn. 252/521
5,545,308 * 8/1996 Murphy et al. .....ccocvrnenen 205/125
5,580,865 * 12/1996 Alpegiani et al. ................... 514/202

OTHER PUBLICATIONS

Meyer, et al., “The Use of Conducting Polymers and Col-
loids in the Through Hole Plating of Printed Circuit Boards”,
Sep. 20, 1993,pp.1325-1338.

Carano, M., “Plated Through—hole Processing: An Inte-
grated Approach”,Aug. 1994,pp.23-28.

Huang, et al., “Metalliztion of Printed Circuit Boards Using
Conducting Polyaniline”,Mol. Cryst. Liq. Cryst.,1990,
pp.227-235.

Uribe, et al., “Application of Conducting Polymer Precoats
for the Metallization of Insulators”,Synth. Metals, vol.
55-57. 1993,pp.3760-3765. Month Unavailable.

Metzger, et al.,, “New Process For Direct Through—Hole
Plating of Printed Circuit Boards”,Cir. Tech,Feb. 1990,
pp.28-32.

Bone, J.E., “A Completely New PCB Manufacturing Pro-
cess—Too Good to Be True?”,Elect. Mftr.,Sep. 1988,p.4.
Costlow, T, “Conductive polymer inks may spell the future
of multilayered boards”, Tech. News,Feb. 7, 1985,pp.53-55.
Langan, J., “Direct Metallization”,Cir.Tech.,p.34. (Date
Unavailable).

Langan, J., “The Need for a More Free—flowing Process”,
Cir.Tech.,p.40. (Date Unavailable).

Langan, J., “Solderability Requirements for High—density
PWBs”,Cir. Tech.,p.34. (Date Unavailable).

Langan, J., “Making Waste Minimization & Manufacturing
Efficiency Work Together”, Cir.Tech.,p.34. (Date Unavail-
able).

Langan, J., “Processing PWBs in a Clean Room Environ-
ment”,Cir. Tech.,p.50. (Date Unavailable).

Langan, J, “PC Fabrication’s Restructuring”,Cir.Tech.,
p.114. (Date Unavailable).

Langan, J, “Impact of Advancing Technology on Printed
Circuits”,Cir. Tech.,Feb. 1994,p.33.

Langan, J, “The Global Market”,Cir.Tech.,Jan.1994,p.43.
Gottesfeld, et al., “A New Approach to the Metallization of
Plastics”,Abst.N0.243,p.354. (Date Unavailable).
Angelopoulos, et al., “Polyanilines: In Situ Radiation and
Thermal Induced Doping”,Mat.Res.Soc.Symp. Prod.
vol.214,0ptical and Electrical Properties of Polymers,
p.137-142.

Angelopoulos, et al., “Polyaniline: Solutions, Films and
Oxidation State”,Mol.Cryst.Liq.Cryst.,1988,vol. 160,pp.
151-163. Month Unavailable.

Angelopoulos, et al, “Water soluble conducting polya-
nilines: Application in lithography”,J.Vac.Sci. Tech.B 11(6),
Nov./Dec. 1993,pp.2794-2797.

Carano, M., “Novel Approach to the Metalliztion of Plated
Through Hole Printed Wiring Boards”,Electrochemicals,
Inc.,p.179-186. (Date Unavailable).

New Math on Board (Date Unavailable).

Angelopoulos, et al., “Conducting polyanilines: Discharge
layers for electron—beam lithography”,J. Vac.
Sci.Tech.B7(6),Nov./Dec. 1985,pp. 1519-1523.
Chamberlain, G., “Conducting Polymers Open New
Worlds”, Design News,Jan. 21, 1991,pp.60—64.
Angelopoulos, et al., “Lithographic applications of conduct-
ing polymers”,J. Vac.Sci. Tech.B9(6),Nov./Dec. 1991,
pp.3428-3431.

Gottesfeld, S., “The Application of a Polypyrrole Precoat for
the Metallization of Printed Circuit Boards”,J . Electrochem.
Soc., vol. 139,No.1,Jan. 1992, pp.L14-L15.

Leeuw, et al., “Electroplating of conductive polymers for the
metallization of insulators”,Synth. Metals, vol.66,1994,
pp-263-273. Month Unavailable.

Kern et al., “Photochemical Deposition of Electrically Con-
ducting Polypyrrole”, Chem. Soc. Chem. Commun., pp.
657-658, 1989 No Month Available.*

Yoneyama et al., “Photocatalytic Deposition of Light-Lo-
calized Polypyrrole Film Pattern on n—Type Silicon Wafers”,
Chemistry Letters, pp. 657-660, 1986 No month Available.*

* cited by examiner



U.S. Patent Apr. 3, 2001 Sheet 1 of 9 US 6,210,537 B1

10°
o AgNOs3z

1071 ® AgTS

Conductivity/S em™

pornil el vresupl g

10—6 1 T 1 LI lI] T 1 I 1 T TT ] 1 T 1 LN L
10° 10’ 102 1073
Pyrrole/Sclt Molar Ratio

FIG. 1

Silver Nitrate
Pyrrole Mole Ratio
®)

1
e

O I 1 T 1 | 1 | l.
0 200 400 600 800 1000

Resistance/ )

FIG. 2



U.S. Patent Apr. 3, 2001 Sheet 2 of 9 US 6,210,537 B1

W
O

N
o
|

N
O
I

a

O
I

Curing Time/Min
o
|

O
o
|

o
o

| ! I I

4 5 6 7

wtZ Photoinitiator

FIG. 3

@)
N
N
00
w

10

0.20
0.18
0.16
0.14 -
0.12
0.10 A
0.08 .
0.06
0.04
0.02

0.00 T T T 1 T T T
0 1 2 3 4 5 6 7

wt/Z Photoinitiator
FIG. 4

-1

Conductivity/S cm

00 -
(o)

10



U.S. Patent Apr. 3, 2001 Sheet 3 of 9 US 6,210,537 B1

14
—&— Complete Curing
12 1 —o— Surface Solidification
£ 10 -
3
o
£ 87
|—
o 6
£
3 4 5
2 o
0 | I T T T T
10 20 30 40 50 60 70 80
Pyrrole/DDS Molar Ratio
FIG. 5
14 , 1.0
—00— Complete Curing L 0.9
12 - —s— Conductivity 0.
-0.8 -
s 107 0.7 €
E 8 - —- 0.6 g
= -0.5 2
g °7 0.4 3
= . g
3 47 - 0.3 g
-0.2 O
2 -
- 0.1
O ! ! ' T T T 0.0

|
0 10 20 30 40 50 60 70 80
Pyrrole/DDS Molar Ratio

FIG. 6



U.S. Patent Apr. 3, 2001 Sheet 4 of 9 US 6,210,537 B1

103
104 -
’g 103 -
G
7 1024
>
=
% 10"+
[73)
E 10
s
Mole Percent Aniline
FIG. 7
=11l =
= |l | = Il
E — F F |E — F
= M| = " | = Il
clll =ojclll Zopelllll =o
= g = 5 = N,




U.S. Patent Apr. 3, 2001 Sheet 5 of 9 US 6,210,537 B1

POLYPYRROLE

FIG. 9A

POLYPYRROLE




US 6,210,537 Bl

£ 00

Ny,

YRR TY Y

R LTI

Sheet 6 of 9

Apr. 3, 2001

U.S. Patent

FIG. 10A

FIG. 108



US 6,210,537 Bl

Sheet 7 of 9

Apr. 3, 2001

U.S. Patent

AP

nadl]

iy

w

o
TR

FIG. 10C

FIG. 10D



U.S. Patent Apr. 3, 2001 Sheet 8 of 9 US 6,210,537 B1

PWB Fabrication Based on
Photopolymerization of
Conducting Polymers

Conventional Subtractive
Process of PWB Fabrication

~—1101 110/~
~—1102
T ~—1103 1103— | | | |
T 1104
~—//05A /1058—~ ||
S ———— o Y /1068~ .
1107 Hor— [
' = 1108 ros— [ 4
11109
- — ===
~—1110A 1110B— | ; Ei]
S—
=== 111
[i 1112

FIG. 11



U.S. Patent Apr. 3, 2001 Sheet 9 of 9 US 6,210,537 B1

FIG. 12

-

EX)

R 1A A i",;'.la.
BN ol eA) e
S ﬁ,;?-cn:
‘)‘Q_ A 1"1‘. -
el A T
) et
HEE DA
’, -‘ i“' ¥4 :“
Yl Y ‘.
X




US 6,210,537 Bl

1

METHOD OF FORMING ELECTRONICALLY
CONDUCTING POLYMERS ON
CONDUCTING AND NONCONDUCTING
SUBSTRATES

This invention was made with Government support
under grant ISI-8961201 awarded by the National Science
Foundation and contract NAS3-26506 awarded by NASA.
The Government has certain rights in this invention.

FIELD OF THE INVENTION

The present invention relates to conductive polymers and
their use in electronic applications.

More particularly, the present invention relates to the
preparation of polypyrrole and its use in preparing electroni-
cally conducting polymers on conducting and nonconduct-
ing substrates, such as printed circuit boards. Even more
particularly, the present invention relates to photosensitive
solutions of pyrrole and direct metallization processes for
preparing electronic circuits on non-conducting substrates.

BACKGROUND OF THE DISCLOSURE

The trend toward miniaturization, integration and auto-
mated assembly in the electronics industry is forcing design-
ers to continually increase the component density in inte-
grated circuit manufacturing, interconnection and
packaging. Current demand for increasingly complex PWBs
has resulted in increasingly stringent requirements for all
production steps. To produce high-quality boards at com-
petitive prices means keeping production costs down. This
in turn means less consumption of environmentally toxic
chemicals, reduced number of manufacturing steps, shorter
process times, and a greater need for automation.

The introduction of double-sided, followed by multilayer
boards, was achieved by metallization of plated through-
holes with electroless copper. For the last 25 years, 98
percent of the PWBs manufactured used this technology.
However, electroless deposition of copper requires a potent
reducing agent, such as formaldehyde—a reported carcino-
gen. Most electroless copper solutions contain cyanide and
chelating agents, which are difficult to remove from waste
streams. Besides the normal drag-out associated with wet
processing, “bail-out” (required to maintain solution balance
and periodic bath changes) renders waste treatment of
electroless copper far more expensive than electroplated
copper. Stripping copper from racks and tanks with nitric
acid is another environmental and waste treatment concern
associated with electroless copper.

In the conventional subtractive plated-through-hole
(PTH) process, copper foil is laminated onto an insulating
substrate (typically polyimide, epoxy-fiberglass, etc.). Holes
are drilled through the copper-clad laminate to allow inser-
tion of components. Then the typical smear and etch-back
process uses an alkaline perinanganate solution followed by
a hydrofluoric acid solution to remove resin smear and glass
fibers from the walls of the holes in preparation for the
plating process.

In the conventional process a seed or catalyst, usually a
noble metal salt, is then applied to the circuit board. Next,
by means of electroless copper deposition about 10-20
microns of copper is deposited on the surfaces of through-
hole walls, providing electrical continuity from one side of
the panel to the other. Electroless copper deposition is a
seven-step process with interval rinses with water that
become contaminated with copper sulfate/EDTA/
formaldehyde bath components. Following electroless cop-
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per deposition, copper is electrodeposited over the entire
board surface and sensitized walls of through-holes, usually
to a thickness of 0.001 in.

A negative-, or plating-resist, pattern is then applied and
registered to both sides of the material. Resist covers all
areas of the foil where base copper conductor is not required,
and the surplus conductor will subsequently be etched off.
The panels are imaged in preparation for the actual circuitry
pattern by a conventional photolithographic process. In this
process photoresist is applied as a thin film to the substrate
and is subsequently exposed in an image-wise fashion
through a photomask. The mask (Mylar) is then removed.
The areas in the photoresist that are exposed to light are
made either soluble or insoluble in a specific solvent termed
a developer. In the case of a negative resist, the non-
irradiated regions are dissolved leaving a negative image.
This is achieved in the development process.

The next plating step is to electrodeposit copper and a thin
layer of a suitable etch-resist plating, usually solder or gold.
The original plating resist, screen or photoresist, is removed,
and the circuit pattern is defined by etching away exposed
copper in a suitable etchant (e.g. ammonium persulfate).
During this process, 90% of the copper plating is removed
by etching, thus producing large volumes of sludge and rinse
water.

Recently, the U.S. Environmental Protection Agency’s
Waste Reduction Innovative Technology Evaluation
(WRITE) Program has been established in the printed wiring
board manufacturing industry in order to perform technical
and economic evaluations of the volumes and/or toxicity of
wastes produced from the manufacture, processing and use
of materials. Environmental concerns associated with elec-
troless copper metallization, have fostered interest in direct
metallization processes. Despite numerous attempts over the
last 10 years, conversion to a direct metallization process has
not gained widespread acceptance, and only about five
percent of PWB manufacturers worldwide have eliminated
metallization by electroless copper.

In addition to the environmental concerns about electro-
less copper metallization, circuit board manufacture using
this process can require as many as 15 to 20 steps (including
rinses), involving 70 min of processing time. This obviously
creates a roadblock for achieving a free-flowing process.
Electronics manufacturers have not realized or appreciated
the benefits that direct metallization can provide. These
include reduced waste treatment/processing costs, lower
chemical costs, improved efficiency/reliability, and the
elimination of a time-consuming procedure.

Electronically conducting polymers have often been cat-
egorized as non-processable and intractable, because of their
insolubility in the conducting form. Only recently has it been
shown that polymers such as polyaniline can be dissolved
using functionalized sulfonic acids. For polypyrrole, this can
be achieved by using its derivatives [e.g., poly
(3-octylpyrrole)] which are known to be soluble in different
solvents, or by treatment in dilute aqueous sodium
hypochlorite solutions, ammonia or mono-, di- or tri-
substituted amine (co)solvents. Another method of solubi-
lizing polypyrrole is the process of polypyrrole chain depro-
tonation in basic solutions, which causes a transformation of
conducting polypyrrole into a non-conducting polymer of
quinoid structure.

The lack of processability of conducting polymer
materials, e.g., solution or melt processing, infusability and
poor mechanical properties, e.g., ductility, have slowed
down their emerging commercial applications. While elec-
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