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Research into the preparation of nanocomposites
containing metal and/or semiconductor nanoparticles
dispersed in solid state dielectric materials has been
triggered by the technologically important applications
of these nanocomposites in optics, sensors, and nano-
electronics. In particular, such composite materials offer
exciting possibilities for potential thin film device ap-
plications with novel functions arising from size-
guantization effects.! The major limitation of these
nanocomposite films is the difficulty in controlling their
microstructure during synthetic processes. Relevant
microstructural properties include the size, size distri-
bution, and interparticle spacing of the dispersed nano-
particles, and thickness of the composites, which essen-
tially determine the properties and performance of the
nanocomposites. A technique that allows precise control
over film microstructure is, therefore, indispensable for
the preparation of composite thin films with desired
properties.

Metal nanoparticles dispersed in polymeric matrixes
have recently been the subject of intense study aiming
to develop nanocomposite films.2=8 The potential ad-
vantage of such metal/polymer systems is that the size
and distribution of dispersed metal nanoparticles can
be readily controlled, based on the thermoplastic prop-
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erties of the host polymers.®1° Polyimides are one
potential class of materials for this application. Poly-
imide is known to be a high-performance organic mate-
rial that has been widely used in microelectronics device
fabrication and packaging applications.'*~15 In particu-
lar, the metallization of polyimide has been the subject
of intense study aiming to develop metallic circuits on
the polyimide substrate.’6~1° Important characteristics
of polyimide that make it attractive for microelectronics
applications are its good thermal stability, chemical
resistance, ease of planarization and patterning by
lithographic techniques, and low dielectric constant. The
development of synthetic methods for preparing poly-
imide-based nanocomposite films containing inorganic
nanoparticles could generate a class of novel and
versatile hybrid nanomaterials. However, despite the
numerous studies on physical and chemical means of
preparing metal/polymer nanocomposites and nanofab-
rication using these materials,2~8 as of yet, there have
been few studies on the use of polyimides as host
materials. Conventional ion implantation applied to
polyimide substrates causes significant surface damage
due to irradiation-induced carbonization.?®?* A simple
process for the preparation of polyimide-based nano-
composites remains to be developed. The present report
centers on a synthesis route for nanocomposites con-
taining monodispersed copper nanoparticles. The tech-
nique involves a simple alkali treatment-based surface
modification of the polyimide film and an ion exchange
reaction, enabling fine-tuning of product microstructure.
The polyimide resin surface is chemically modified using
potassium hydroxide (KOH) to form carboxylic acid
groups in the modified layer through imide ring-cleav-
age reactions. The subsequent copper ion complexation
achieved by ion exchange with the bound potassium ions
is followed by reduction in a hydrogen atmosphere,
yielding metallic nanoparticles (Scheme 1). The present
method exploits the homogeneous distribution of cation
exchange groups in the modified layer and the fact that
hydrogen-induced reduction of copper ions is accompa-
nied by a condensation reaction that forms heterocyclic
imide rings (re-imidization). The primary goal of the
study is to determine how processing conditions influ-
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Scheme 1. Schematic Diagram of the Present

Synthesis Process for Composite Polyimide Layers
Containing Monodispersed Copper Nanoparticles
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In a typical experiment, pyromellitic dianhydride-
oxydianiline (PMDA-ODA) type polyimide films (Kapton
200-H, Toray-DuPont) were first immersed in agueous
KOH for appropriate reaction times and then washed
with distilled water (step (i) in Scheme 1). Subsequently,
they were immersed in aqueous copper(ll) sulfate
(CuSO4) (50 mM) to exchange potassium ions with
copper ions, washed with copious amounts of water, and
then dried (step (ii)). The resultant films were annealed
at various temperatures in a furnace under hydrogen
gas flow for 30 min (step (iii)). The adsorption of K™ and
Cu?* ions was confirmed by inductively coupled plasma
(ICP) atomic emission spectroscopic measurements
(SPS7700, Seiko Instruments). Structural change in the
polyimide film upon each processing step was studied
with Fourier transform infrared (FT-IR) spectroscopy
(FT/IR 615R, Japan Spectroscopic Co.) employing the
attenuated total reflection (ATR) configuration.

Figure 1 shows ATR FT-IR spectra of bare polyimide
and surface-modified films that were treated by KOH
and subsequent ion exchange reaction followed by heat
treatment at 250 °C for 30 min. The spectrum of bare
polyimide is well-characterized by a band attributed to
the characteristic vibration mode for both the backbone
PMDA and ODA part of the polymer. We concentrate
our attention on the carbonyl stretching band in an
imide ring vibration because our KOH treatment gives
rise to the cleavage of imide rings,?> with associated
bands at 1780 and 1710 cm~! arising from symmetric
and antisymmetric carbonyl stretching vibrations, re-
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Figure 1. ATR-FTIR spectrum of bare polyimide resin
(Kapton 200-H). Inset: ATR-FTIR spectra in the 1200—2000-
cm~? region of polyimide resin before (a) and after KOH
treatment (b), and after subsequent ion exchange (c) followed
by heat treatment in a hydrogen atmosphere at 250 °C for 30
min (d). Bars indicate characteristic peaks attributable to
carbonyl and amide bond vibrations. See text for details.

spectively (inset, Figure 1a).?® The KOH treatment
results in a significant change in the IR spectra as seen
in Figure 1b. The band assigned to the carbonyl stretch-
ing of imide rings disappears completely, while new
bands are observed at 1500—1700 cm™1. These peaks
can arise from the superposition of the ionized carboxyl
vibration mode of carboxyl groups complexed with K+
ions (1500—1600 cm™1), and amide | (carbonyl stretch-
ing, 1680 cm~1) and amide Il (N—H bending, 1550 cm™1)
modes of the amide bond.®?* Formation of carboxyl
groups was also confirmed by X-ray photoelectron
spectroscopic measurements (results not shown). These
results demonstrate that the present KOH treatment
yields poly(amic acid) through a hydration reaction,?>
which is usually utilized as a precursor for polyimide
resin. After ion exchange, although the spectrum is
mostly similar in form (Figure 1c) as compared to that
of the KOH-treated film (Figure 1b), a slight decrease
in intensity at 1680 cm~! and complex features around
1500—1600 cm™1! suggest that a number of coordination
states coexist within the Cu?™ complexes.
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Figure 2. (a) Plots of the amount of adsorbed K* ions in
polyimide resin after KOH treatment (1 M, 50 °C) and of Cu?*
ions after subsequent ion exchange using CuSO, solution (50
mM) as a function of immersion time. (b) Effect of pH of the
CuSO, solution used during the ion exchange reaction on the
amount of adsorbed Cu?* ions. (¢, d) Cross-sectional TEM
images of polyimide resins after KOH treatment (1 M) at 50
°C for 2 and 5 min, respectively.

The present alkali treatment-promoted reaction al-
lows precise control of the modified thickness of the
polyimide film and the amount of adsorbed ions. In
Figure 2a, insertion of the polyimide film into a 1 M
KOH solution at 50 °C is followed by the linear increase
in the amount of potassium ions with treatment time.28
This linear dependence is caused by the conformal
diffusion of the KOH solution into the film, increasing
the thickness of the KOH-modified section of the poly-
imide film linearly with immersion time. This is con-
firmed by cross-sectional transmission electron micros-
copy (TEM) images of polyimide films immersed in KOH
at 50 °C for 2 min (Figure 2c) and 5 min (Figure 2d).%’
The slightly dark region corresponds to the modified
layer. The images reveal a thin modified section for 2
min of KOH treatment and a thicker section for 5 min
of KOH treatment; the thickness is measured to be
proportional to the treatment time. The extent of surface
modification also depends on the KOH concentration
and temperature: higher KOH concentrations and
elevated temperatures promote the surface modification.
After ion exchange, the same linear dependence of
adsorbed Cu?* ions with respect to initial KOH treat-
ment time are observed (Figure 2a), and no potassium
ions can be detected. Most importantly, at a fixed KOH
(1 M) immersion time, the amount of adsorbed Cu?* ions
is half that of K* ions adsorbed initially, indicating that
the incorporation of copper ions into polyimide film can
be achieved through exchange of monovalent potassium
ions with divalent copper ions in a 2:1 ratio, where the
two cation species are both bound to carboxylic anions
formed by cleavage of imide rings. The depth profile of
Cu in the modified layer after ion exchange reveals
uniform distribution of Cu in the film (Supporting

(26) ICP measurements were performed for dilute HNOj3 solution
after immersion of surface-modified and ion-exchanged polyimide films.

(27) The samples for TEM observation were obtained by sectioning
the films in the direction perpendicular to the film surface with
ultramicrotome (Leica Ultrcut UCT) using a diamond knife. Thickness
of the thin sections was ca. 90 nm.
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Information, Figure S1), supporting conformal diffusion
of KOH and thus uniform reaction of alkali-induced
cleavage of the imide rings during initial KOH treat-
ment. Typically, the amount of adsorbed Cu?" ions
reaches ca. 160 nmol cm~2 for the film initially modified
by KOH solution (1 M) for 5 min.

Copper ion loading can also be controlled by changing
the pH of the CuSO, solution (Figure 2b). A decrease
in pH during the ion exchange reaction (adjusted using
dilute H,S0O,) results in a significant decrease in Cu?*
adsorption, suggesting that pH can be varied to control
the amount of copper ions adsorbed in a modified layer
of a given thickness determined by initial KOH treat-
ment. Although the maximum amount of adsorbed Cu?*
ions is essentially dependent on the number of carboxyl
groups formed, our results demonstrate that the Cu2*™
ion loading in the film can be systematically controlled
by varying experimental conditions, that is, tempera-
ture, concentration, and pH, during surface modification
and ion exchange. These play an important role in
determining the subsequent formation and microstruc-
ture of copper/polyimide nanocomposites.

Heat treatment of these ion-exchanged films in a
hydrogen atmosphere yielded copper nanoparticles,
which caused an absorption peak to emerge at ca. 580
nm in UV—vis absorption spectra due to surface plas-
mon resonance absorption of copper particles.?® The
effect of heat treatment in a H; atmosphere on a
composite film microstructure was characterized by
cross-sectional TEM observation. Figure 3 depicts typi-
cal cross-sectional TEM images of copper-adsorbed
modified polyimide films after heat treatment in a H;
atmosphere and corresponding size histograms of the
dispersed nanoparticles. In Figure 3a, heat treatment
at 250 °C yields a homogeneous dispersion of copper
nanoparticles within the modified layer of uniform
thickness. Electron diffraction patterns of these nano-
particles were indexed as consisting entirely of metallic
Cu with a fcc structure. This thermally induced and
hydrogen-induced formation is accelerated with increas-
ing temperature; that is, heat treatment at higher
temperature (350 °C) results in the increase of the
nanoparticle size (Figure 3b). The mean particle size
ranges from 3.5 nm for the film heat-treated at 250 °C
to 8.0 nm for that heat-treated at 350 °C; both values
show a standard deviation to within 10% of the mean
particle size. The mean size could be reproducibly
controlled in the 2—10-nm range with a narrow size
distribution by heat treatment from 200 to 380 °C. No
particles or clusters were detected inside the modified
layer upon heat treatment below 200 °C. Assuming that
the density of Cu nanoparticles is identical to that of
the bulk value, the volume fraction of Cu nanoparticles
in the composite layer could be calculated from Cu
loading and thickness of the composite, the value of
which was estimated to be 3.7% for both films shown
in Figure 3. The volume fraction may be controlled by
varying the initial Cu?* ion loading into the modified
layer of a given thickness through pH-dependent ion
exchange reaction (Figure 2b). Heat treatment also
causes structural changes within the modified polyimide
layers. As shown in Figure 1d, the FTIR spectrum of
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Figure 3. Cross-sectional TEM images of polyimide films containing Cu nanoparticles and the corresponding size histograms of
Cu nanoparticles. Samples were prepared by heat treatment of Cu?t-adsorbed resins at 250 °C (a) and 350 °C (b) for 30 min in

a hydrogen atmosphere.

the film obtained by heat treatment of the ion-ex-
changed sample in a H, atmosphere is very similar to
that of a bare polyimide film (Figure 1a), indicating
complete re-imidization of the modified layer due to
elimination of water molecules from carboxyl groups and
amide bonds to form heterocyclic imide rings. Thus, the
present composites are defined as copper/polyimide
nanocomposites, with monodispersed copper nanopar-
ticles homogeneously dispersed in high-performance
polyimide matrixes.

The formation of copper nanoparticles in polyimide
films was previously reported in the case of vacuum
evaporation of copper onto a fully cured polyimide
substrate at an elevated temperature and very low
deposition rate.’213 In this case, the growth of copper
nanoparticles within the polyimide film indicates the
mobility of copper atoms and/or clusters, high enough
to form nanoparticles in the polyimide under high
temperature. In the present study, however, when the
film obtained after heat treatment at 250 °C was again
treated at 350 °C, no particle growth was observed. This
observation indicates that the particle size can be
determined during initial reduction stages, at which
diffusion of copper ions may play a more important role
in nanoparticle growth. Although diffusion of copper
carboxylate was observed at the interface between the
poly(amic acid) precursor and copper substrate,?%30 a
detailed experimental study is necessary to elucidate
the formation mechanism of monodispersed copper
nanoparticles in the film.

The additional advantage of the uniform incorporation
of copper nanoparticles into polyimide film presented
here is that they can initiate subsequent electroless
copper plating. In this process, the copper nanoparticles

(29) Kowalczyk, S. P.; Kim, Y. H.; Walker, G. F.; Kim, J. Appl. Phys.
Lett. 1988, 52, 375.

(30) Nagai, N.; Hironaka, T.; Imai, T.; Harada, T.; Nishimura, M;
Mimori, R.; Ishida, H. Appl. Surf. Sci. 2001, 171, 101.

can act as deposition seeds as well as adhesion promot-
ers through a nanoscale mechanical interlocking effect,
which may be suitable for further miniaturization of
electronics devices to achieve large-scale integration. A
study is currently underway and results will be pub-
lished in a forthcoming article.

In conclusion, the present study has demonstrated a
new methodology for preparing copper nanoparticle-
based polyimide nanocomposites where the film micro-
structure, for example, particle size, volume fraction,
and film thickness, is well-defined and can be system-
atically controlled. In addition to providing a powerful
method for controlling the microstructures of metal/
polymer nanocomposites, the method described here
also allows one to evaluate the size-, thickness-, and
concentration-dependent optical, electrical, and me-
chanical properties of these nanocomposites. Further-
more, patterned microstructures constructed of polyimide-
based hybrid nanocomposites containing a wide variety
of metallic, semiconducting, and magnetic nanoparticles
are now available, potential applications of which are
currently being investigated.
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