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ABSTRACT: In this paper, we describe a technique to prepare a copper layer on polyimide film using a polymer

nanosheet as a nano-adhesion. We employ two kinds of functional polymer nanosheets: one works as an adhesion layer

and the other works as a template layer to adsorb gold nanoparticles, which works as a catalyst for the electroless plat-

ing. The photoreactive polymer nanosheet was used to increase the adhesion force between the copper layer and poly-

imide. Furthermore, the cationic polymer nanosheets were used to adsorb a gold catalyst for electroless copper plating.

Applying the technique, electroless plated copper was attached strongly onto polyimide film. Micrometer copper lines

were fabricated by photopatterning the polymer nanosheets. The process using polymer nanosheets as an adhesive re-

quired no surface modification of polyimide substrate and enabled microscale copper line fabrication without discharg-

ing harmful waste. Consequently, the technique is useful for next-generation flexible printed board fabrication.

[doi:10.1295/polymj.PJ2006099]
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Flexible printed circuit boards (FPCs) are widely
used in portable electric devices such as cell phones
and digital video cameras because of the flexibility,
light wight and high mechanical stability.1 For con-
struction of FPCs, polyimides (PIs) are used mostly
as substrate because of their high chemical and ther-
mal stability.2 Copper is used for the wiring metal be-
cause of its high conductivity. To fabricate copper
wiring layers onto dielectric polyimide substrates,
electroless deposition of copper metal onto polyimide
films has become a frequently adopted industrial proc-
esses for metallization because of its simplicity and
low-cost fabrication. However, the adhesion between
pristine PI surface and electroless deposited copper
film is too weak for practical applications. Therefore,
intense research has examined improvement in the ad-
hesion of plated copper film onto PI surfaces. Most
conventional methods to achieve sufficient adhesion
between metal layer and PI include physical or chemi-
cal etching of the PI surface.3–7 However, the treat-
ment increases the surface roughness (typically sever-
al micrometers in surface roughness). For that reason
it is not applicable for FPCs for microelectronics,
which requires a circuit of a few micrometer-scale
pattern size. Recently, several methods have been re-
ported to achieve strong adhesive force between cop-
per film and polyimide with micrometer line and scale

without creating micrometer-scale surface roughness.
For example, Neoh et al.8–14 and Inagaki et al.15–19

modified polyimide by graft polymerization of vinyl-
imidazole or vinylpyridine. The plated copper layer
interacts with the nitrogen group of the graft polymer,
which creates a strong adhesive force between the PI
and the copper layer. However, the PI surface must be
activated using Ar plasma process, which is an expen-
sive and high-energy consumptive process. On the oth-
er hand, Akamatsu et al.20–23 and Baum et al.24 used a
base hydrolysis reaction of polyimide to achieve a
strong adhesion force with a copper layer. The carbox-
ylic group generated by the hydrolysis reaction formed
an ionic complex with copper ion. The ionic complex
acts as an anchor to electrolessly deposited copper
films. However, there is a possibility of thermal re-
imidation reaction by Joul heat. Moreover, the ionic
complex has a high dielectric constant, which increas-
es the resistance-capacitance (RC) delay.
So far, reported technique to enhance adhesion be-

tween copper and PI require chemical modification of
PI surface. The modification processes change the PI
surface properties and might inadvertently etch the
PI surface. Therefore, a new adhesion technique that
requires no chemical modification process would be
useful for fabrications of the submicrometer line
FPCs.
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In addition to the requirement of strong adhesion
force between PI and copper film, the copper film
must be patterned in a micrometer range to create cir-
cuits. One conventional method is photolithography
using organic photoresist materials. However, the
photolithography technique discharges many harmful
chemical wastes during the development. On the point
of green chemistry, a more environmental friendly
technique to create a micrometer pattern is necessary
for the feature FPC fabrication.
This paper describes a new method to enhance the

adhesion strength between electrolessly plated copper
film and PI. We apply polymer nanosheets as a nano-
adhesive to attach copper lines strongly onto PI.
Polymer nanosheets composed of poly(N-alkylacryl-
amide)s are molecular level smooth polymer films
with 1–2 nm thickness. They were prepared using
the Langmuir-Blodgett (LB) technique. Moreover,
using functional molecules as comonomers, several
functional polymer nanosheets were synthesized.25–30

The functional polymer nanosheets were applied to
develop ultrathin devices.31–33 For example, photo-
reactive polymer nanosheets, which have a vinyl
group in the side chains, were applied to photoresist
materials.28–30 On the other hand, cationic polymer
nanosheets with amino or pyridine units were used
as a template to assemble gold nanoparticles.34,35 In
this study, we carried out a novel technique for elec-
troless deposition of copper film onto PI using poly-
mer nanosheet assemblies. We employ a photoreac-
tive polymer nanosheet as an adhesive layer between
PI film and copper layer and cationic template poly-
mer nanosheets for building a catalyst nanoparti-
cle. The photoreactive polymer nanosheet, pDDA-M
(Figure 1), which has a methacryloyl group in the side
chains, increase adhesion strength between copper
film and pristine PI substrate by a photo-cross-linking
reaction. The polymer nanosheet with amino (pDDA-

DADOO) or pyridine (pDDA-VPy) group (Figure 1)
was applied to assemble gold nanoparticles onto the
PI substrate covered with pDDA-M. The assembled
gold nanoparticles acted as a catalyst for electroless
deposition of the copper layer. The electrolessly plat-
ed copper layer showed strong adhesion to the PI
substrate and high electric conductivity. Moreover,
micrometer line and space copper patterns were fabri-
cated using a photolithography technique without de-
velopment process.

EXPERIMENTAL

The synthesis of photoreactive polymer, pDDA-
M, and cationic polymer pDDA-VPy and pDDA-
DADOO, those were used to adsorb a gold nanoparti-
cle (Figure 1) were described previously.28–30,36–38 The
gold nanopartcile, which acted as a catalyst of copper
plating, were synthesized by reduction of HAuCl4 by
sodium citrate according to reported procedures.39,40

Polyimide (Kapton�), was provided by Nippon Steel
Chemical Co., Ltd. It was washed with isopropanol be-
fore used. The polymers were dissolved in chloroform
(1mM) and spread onto the water surface. The water
was purified using ultrapure water system (CPW-
101, Advantec). The measurement of �-A isotherms
and deposition of monolayers were carried out with
an automatic Langmuir trough (USI, LB lift controller
FSD-51 with a Wilhelmy-type film balance) at 20 �C
and compressed at a rate of 15 cm2/min.
The procedure to plate copper onto PI films is illus-

trated in Figure 2. Firstly, several layers of pDDA-M
nanosheet were deposited onto Kapton� with the sur-
face pressure of 35mN/m using the LB technique.
Subsequently, these layers were illuminated 10min
with UV light (70mW/cm2) through a water filter us-
ing a 500W high-pressure mercury lamp (Ushio Inc.)
to cross-link methacryloyl group in the pDDA-M lay-
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Figure 1. Chemical structures of polymers used in the study.
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ers. Subsequently pDDA-VPy or pDDA-DADOO of 2
layers were deposited onto pDDA-M modified PI with
the surface pressure of 30mN/m at 20 �C. Then they
were immersed into gold nanoparticle aqueous disper-
sion to adsorb gold nanoparticles onto the substrate.
Finally the substrate was immersed into an electroless
copper plating bath for 40 s at 70 �C. The gold nano-
particle acted as a catalyst for the plating. The compo-
sition of the plating solution was as follows: 0.038M
CuSO4, 0.10M formaldehyde, 0.48M potassium hy-
droxide and 0.051M ethylene diamine tetraacetic acid
(EDTA). All chemicals were used as received. The
copper deposited PI films were then rinsed thoroughly
with copious amount of distilled water. The films sur-
face was observed using optical microscope (Vanox;
Olympus Optical Co. Ltd), atomic force microscope
(SPA-400, Seiko Instruments Inc.) and scanning elec-
tron microscope (SEM) (PHILIPS XL30ESEM). The
film thickness was measured using surface profiler
(Dektac 3-ST, Veeco). The X-ray diffraction (XRD)
measurement was carried out using MAC Science
M18XF22-SPA instrument with Cu K� (0.154 nm) as
a target. The conductivity of the deposited copper film
was measured by four probe point methods with a dig-
ital multi meter (Keithley 2400).

RESULTS AND DISCUSSION

Monolayer Properties of Photofunctional and Cation-
ic Polymers
Monolayer properties of the polymers were inves-

tigated by �-A isotherm measurements (Figure 3).
The �-A isotherms of pDDA-M, pDDA-DADOO
and pDDA-VPy show a steep increase of the surface

pressure with decreasing surface area, which indicates
that the polymers formed a condensed monolayer at
the air/water interface. Moreover, the transfer ratios
of the polymers were 1:0� 0:1 in both the downward
and upward strokes, resulting in Y-type LB films. Sta-
ble film formation of the polymers is attributed to the
two-dimensional network between the amide groups
of dodecylacrylamide (DDA) as well as amphiphilic-
ity of DDA groups. The polymer nanosheets were de-
posited onto PI substrate using the LB technique for
electroless plating of copper.

Effect of Deposition Number to Electroless Copper
Plating
First, different numbers of pDDA-M monolayer

were deposited onto PI substrate to examine effects
of the number of deposited layers to electroless copper
plating. Figure 4 shows digital camera images of PI
substrates after electroless copper plating. At the PI
substrate covered with 24 layers of pDDA-M nano-
sheets, an electrolessly deposited copper film was
easily peeled off during the plating process. Moreover,
the substrate edges color was turned white after the
plating. However, with increasing number of pDDA-

Figure 2. Schematic illustration of the procedure for electro-

less copper plating onto PI substrate using polymer nanosheets.

(a) Several layers of pDDA-M nanosheets were deposited onto

PI substrate and then (b) UV light (70mW/cm2) was irradiated

10min to induce photochemical reaction of methacryloyl group.

(c) pDDA-DADOO nanosheets with 2 layers was deposited onto

the PI substrate and then (d) immersed into gold nanoparticle

aqueous dispersion to adsorb gold nanoparticles. (e) The PI sub-

strate with gold catalyst was immersed into electroless copper

plating bath to create copper film.
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Figure 3. Surface pressure-area isotherms of the polymers.
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Figure 4. Digital camera images of electrolessly plated cop-

per film onto PI substrate with different numbers of pDDA-M lay-

ers. (a) 24 layers, (b) 50 layers, (c) 74 layers, (d) 100 layers. The

layer number of pDDA-DADOO was fixed at two layers.
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M layers, the plated copper area increased and at the
PI substrate covered with 100 layers of pDDA-M, a
uniform copper thin film was plated onto PI substrate
(Figure 4d). Moreover, the XRD pattern of thin film
plated onto the PI substrate covered with 100 layers
of pDDA-M clearly indicates that it is a metallic cop-
per film (Figure 5a).41

The reasons for the necessity of large number of
layers to strongly attach copper film onto PI are fol-
lowing: at the PI substrate covered with small number
of layers, the alkali plating solution penetrates into the
pDDA-M adhesion layer and reaches to the PI surface.
The hydrolysis reaction of PI occurred and the plated
copper together with adhesion layer of pDDA-M was
peeled off from the PI surface. The white region ap-
peared at the PI covered with a small layer numbers
of pDDA-M was attributed to potassium polyamic
acid salt formation after the base hydrolysis of the
PI surface by highly basic plating solution. However,
when 100 layers of pDDA-M were deposited onto PI
substrate, pDDA-M layers prevented penetration of
the alkali solution and hydrolysis reaction. Therefore
a uniform copper film was plated without peeling
off the copper film. Plated copper film was peeled
off from the PI substrate covered with 100 layers of

pDDA-M when the irradiation was omitted. There-
fore, the photo-crosslinking of methacryloyl groups
in pDDA-increased chemical and mechanical strength
of pDDA-M. The plated copper thin film onto the PI
film covered with 100 layers of cross-linked pDDA-
M was highly adhesive; the film readily passes the
simple Scotch-tape test. The results indicate that
the pDDA-M nanosheets act as a good nano-adhesive
to increase the adhesion force between PI and the
copper layer.

Surface Profile and Conductivity Measurement of the
Plated Copper Film
The surface of the plated copper film was examined

by AFM measurement. The nano-adhesion layer
showed a smooth surface with root mean square
(RMS) of 2.3 nm (Figure 6b). After the adsorption
of gold nanoparticle, the surface roughness increases
to 12.1 nm (Figure 6c). The gold nanoparticles were
adsorbed uniformly onto the nano-adhesive covered
PI,34 therefore the roughness increase was attributed
to the large size (30 nm) of the gold nanoparticle.
The plated copper surface showed a surface with
roughness of RMS of 23 nm (Figure 6d). The rough-
ness was smoother than conventional FPC and enough
for fabricating of micrometer copper line. The film re-
sistance was measured to be 270m� by a four-probe
resistivity measurement. The total thickness of the
plated copper layer with the nano-adhesion layer and
the thickness of the nano-adhesion layer itself were
determined to be 350 nm and 175 nm respectively
from surface profile measurements. Therefore the
thickness of the plated copper layer was calculated
to be 175 nm. From the resistance and copper film
thickness measurements, specific resistance (�) of
the plated copper film was calculated to be 5.7m� cm
using � ¼ R�W� t=L, where R is the film resist-
ance (�), W is the film width (0.1 cm in the present
case), t is the film thickness (180� 10�7 cm in
the present case) and L is the measurement length
(0.85 cm in the present case). The value is three times
larger than bulk value (1.67m� cm). The low conduc-

Figure 5. XRD patterns of PI substrates. (a) PI substrate plat-

ed with copper using pDDA-M as a nano-adhesive. (b) XRD pat-

tern of PI substrate.

(a) (b) (c) (d)

Figure 6. Atomic force microcopy images of PI substrates. (a) pristine PI substrate. (b) PI substrate covered with 100 layers of pDDA-

M. The film was irradiated 10min to cross-link methacryloyl groups (c) PI substrate after adsorption of gold nanoparticles. (d) PI substrate

after copper electroless plating.
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tivity indicates that the plated copper have many
grains and grain boundaries. In present, electroless
plating condition was not optimized. The surface
roughness and the film resistance will be improved
with optimizing the electroplating conditions, such
as plating temperature, solution concentration and
so forth.

Fabrication of Micrometer Copper Pattern Using
Photolithography Technique without Development
In the following section, we demonstrate a pattern-

ing of copper film at micrometer scale using photo-
lithography technique. We reported previously that
deep UV irradiation on pDDA-VPy through a photo-
mask gives a fine photopattern of pDDA-VPy nano-
sheets.29 Moreover, using the photopatterned nano-
sheets as a template, gold nanoparticle arrays were
constructed.34 Therefore for the fabrication of micro-
meter copper lines onto a PI substrate, pDDA-VPy
was used as a catalyst template nanosheets instead
of pDDA-DADOO, which had no ability to be photo-
patterned. Photopatterning of pDDA-VPy required no
development process; it can be dry patterned, which

means that development processes of patterns are
unnecessary. The process was simple, environment
friendly and had no effect of film swelling which
affected the adhesion strength between PI substrate
and copper layer. Figure 7 shows the procedure to cre-
ate micrometer copper line onto PI substrate using the
polymer nanosheets as a nano adhesion. Two layers of
pDDA-VPy nanosheets were deposited onto the PI
substrate covered with cross-linked pDDA-M of 100
layers to develop micrometer copper lines onto PI
substrate. Subsequently the PI substrate was irradiated
through a photomask to decompose VPy in the irradi-
ated region using 500W high-pressure mercury lamp
(70mW/cm2, 10min). The PI substrate with patterned
pDDA-VPy nanosheets were immersed into a gold
nanoparticle solution. The optical microscope and
scanning electron microscope image reveal that gold
nanoparticles were directed selectively onto the uni-
rradiated potion of pDDA-VPy nanosheets, producing
configured gold nanoparticle monolayer patterns with
2.0 mm resolution (Figure 8). Then the PI substrate
with patterned gold nanoparticle arrays was immersed
into an electroless copper plating bath to create micro-

Figure 7. Schematic illustration of the procedure for creating micrometer copper line onto PI film. (a) Hundred layers of pDDA-M

nanosheets were deposited onto PI substrate and then (b) UV light (70mW/cm2) was irradiated 10min to induce photochemical reaction

of methacryloyl group. (c) pDDA-VPy nanosheets with 2 layers was deposited onto the PI substrate and then (d) UV light (70mW/cm2)

was irradiated 10min through a photomask to create a fine pattern of pDDA-VPy. (e) The PI substrate with patterned pDDA-VPy was

immersed into gold nanoparticle aqueous dispersion to adsorb gold onto unirradiated areas. (f) The PI substrate with gold nanoparticle array

was immersed into electroless copper plating bath to create copper line.

(a) (b)

5 µm

50 µm

Figure 8. Optical micrograph of (a) pristine PI substrate and (b) gold nanoparticle arrays on the PI substrate. The pDDA-M of 100

layers was used as a nano adhesion and pDDA-VPy was used as a template for gold nanoparticle arrays.
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meter copper line. Figure 9 shows an SEM image of
the PI substrate after the copper electroless deposition.
Fine copper patterns with 2.0mm resolution, which
was the same resolution as the gold catalyst arrays,
were drawn using the photography technique without
development processes.

CONCLUSION

The photoreactive polymer nanosheet and the gold
catalyst template nanosheets were applied to improve
the adhesion strength between the electrolessly depos-
ited copper layer and pristine PI substrate. Copper lay-
ers were strongly attached onto PI substrate using
pDDA-M and pDDA-DADOO as a nano glue to at-
tach the electrolessly deposited copper onto PI sub-
strate. Moreover, with applying pDDA-VPy as a gold
template nanosheet, micrometer scale copper lines
were fabricated. The process using polymer nano-
sheets as an adhesion requires no surface modification
of PI substrate and enables microscale copper line fab-
rication without discharging harmful waste. Therefore
the process is useful for feature FPC fabrication.
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