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Abstract. Formation and structure of composite layer consisting of polyimide films containing Ni nanopar-
ticles were investigated. The preparation method relies on KOH treatment on polyimide film to form car-
boxyl acid groups and adsorption of Ni ions by ion exchange followed by hydrogen reduction. The amount
of Ni ions adsorbed in polyimide films were found to be systematically controlled by changing initial KOH
concentration, subsequent ion exchange time, pH and temperature. Cross-sectional TEM observation re-
vealed that Ni nanoparticles with 3-5 nm in diameter were homogeneously dispersed in the surface modified
polyimide layer after heat treatment above 250 °C in Hy atmosphere. The size and distribution of the Ni
nanoparticles were strongly dependent on the heat treatment temperature, indicating that this method
allows microstructural tuning of metal/polymer nanocomposites.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —

68.35.Fx Diffusion; interface formation

1 Introduction

The preparation of nanocomposites consisting of solid
state materials containing metal and/or semiconductor
nanoparticles has attracted much attention because they
exhibit unusual physical and chemical properties origi-
nated from the nanoscale structures. In particular, such
composite materials can offer exciting possibilities for po-
tential thin film device applications with novel functions
arising from quantum size effects. The properties of these
nanocomposites are known to be dependent on various
structural factors, e.g., size, concentration, and special dis-
tribution of the guest nanoparticles as well as dielectric
properties of host matrices [1-3]. Therefore, the method
which allows manipulation of the film microstructure is in-
dispensable to prepare composite thin films with desired
properties.

Metal nanoparticles dispersed in polymeric matrices
have recently been the subject of intense study aiming
to develop the nanoelectronics devices. The thermoplastic
properties of the host polymers is the potential advantage
for fabrication of the nanocomposites because the size and
distribution of dispersed metal nanoparticles can be read-
ily controlled. A wide variety for fabrication of metal poly-
mer composite has thus been developed, including physical
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and chemical techniques [4-12]. Among these, polyimide is
known to be a high performance organic material that has
been used extensively in microelectronics device fabrica-
tion and packaging because of its good thermal stability,
chemical resistance, and low dielectric constant [13-15].
However, there have been as yet few studies on the use of
polyimide as host materials.

In this study, we report a method for preparing the
polyimide thin films containing Ni nanoparticles, which
relies on the incorporation of Ni ions in surface modified
polyimide films and subsequent thermally-induced hydro-
gen reduction. The films obtained were characterized by
FT-IR, ICP, GD-OES, TEM and electron diffraction. It
has been shown that the thickness of modified polyimide
layer as well as the amount of adsorbed Ni ions, both of
which are closely related to the subsequent formation of
Ni nanoparticles/polyimide nanocomposites, can be sys-
tematically controlled by the experimental conditions.

2 Experimental

Typical PMDA-ODA type polyimide film (Kapton 200-H,
Toray-DuPont) was used in this study as host poly-
meric materials. The procedure employed for fabrica-
tion of nanocomposites involves several steps: (i) surface
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Fig. 1. ATR FT-IR spectra of bare polyimide and surface
modified polyimide films with 5 M KOH aqueous solution
at 50 °C for 5 min.

modification of polyimide film by immersing into KOH so-
lution (5 M, 50 °C, 5 min), (ii) adsorption of nickel (II)
ions on the modified polyimide surface by ion exchange
reaction (5 mM, NiCly aqg., 5 min at room temperature),
(iii) heat treatment of these ion-exchanged films in hy-
drogen atmosphere (30 min). Structural change of poly-
imide film was studied with Fourier transform infrared
(FT-IR) spectroscopy employing attenuated total reflec-
tion (ATR) configuration (FT/IR 615R, Japan Spectro-
scopic Co.). The amount of adsorbed Ni ions was measured
by inductively-coupled plasma (ICP) atomic emission
spectrometer (SPS7700, Seiko Instruments). Depth profile
of Ni in the films was measured with glow discharge opti-
cal emission spectroscopy (GD-OES, JY500RF, Horiba).
Microstructure of the composite films was observed using
cross-sectional transmission electron microscopy (TEM)
operating at 100 kV (Hitachi 7100). The samples for cross-
sectional TEM observation were prepared by curing the
epoxy resin containing the films and subsequent section-
ing (ca. 60 nm) using ultramicrotome (Ultracut R, Leica).

3 Results and discussion

Figure 1 shows ATR FT-IR spectra obtained from bare
polyimide and surface modified films that were treated
by 5 M KOH at 50 °C for 5 min. The spectrum of
bare polyimide is well characterized by a band attributed
to characteristic vibration mode for both the backbone
PMDA and ODA part of the polymer. The bands which
are observed at 1780 cm™' and 1700 cm~! arise from
carbonyl vibrations in in-phase and out-of-phase modes,
respectively. The treatment with KOH solution results
in significant change in the IR spectra. The band as-
signed to carbonyl stretching band of imide ring dis-
appeared completely, while new bands are observed at
1680 cm ™! and 1550 cm ™!, corresponding to the amide I
(carbonyl stretching) and amide IT (N-H bending) modes
of the amide bond, respectively [16]. Several peaks also
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Fig. 2. (a) Relationship between amount of adsorbed Ni ions
and KOH treatment time (5 M, 50 °C). (b) GD-OES depth
profiles of Ni component in the surface modified film after ion
exchange reaction.

appear around 1500-1600 cm~!, which can be assigned
to ionized carboxyl groups complexed with pottasium
ions. Formation of carboxyl groups was also confirmed by
X-ray photoelectron spectroscopic measurements (results
not shown). These results demonstrate that present KOH
treatment gives rise to the formation of carboxyl groups
and amide bonds through cleavage of imide rings in the
PMDA part of the polyimide [17]. These carboxyl groups
formed act as ion exchange component and can adsorb Ni
ions on immersing the modified film into NiCl, aqueous
solution.

Figure 2a shows effect of initial treatment time on the
amount of subsequently adsorbed Ni ions in the modified
polyimide film (KOH concentration: 5 M, temperature:
50 °C for 5 min). As the KOH treatment time increases,
the amount of Ni ions adsorbed increases in linear fashion,
indicating that the amount of Ni ions incorporated in the
polyimide film can be controlled over the wide range. No
potassium ions could be detected by ICP measurement
after ion exchange process. At fixed KOH concentration
and treatment time, the amount of adsorbed Ni ions was
half as large as that of initial potassium ions, indicating
that the incorporation of Ni ions into polyimide film can
be achieved through exchange of monovalent potassium
ions to divalent Ni ions, both of which are bound to car-
boxylic anion formed by cleavage of imide rings. The linear
dependence observed in Figure 2a can be caused by the
changes in thickness of polyimide film modified by KOH,
which can be controlled by diffusion of KOH solution into
polyimide film. This consideration is supported by GD-
OES depth profiles obtained for the polyimide films mod-
ified by 5 M KOH solution at 50 °C for various times,
as shown in Figure 2b. The intensity was corrected for all
the samples by taking into account total signals originated
from constructed component in the film and ion current
during measurement. In the figure, we can see that the re-
gion in which the Ni component can be detected increases
as the KOH treatment time increases. This indicates that
the thickness of modified layer increases with increasing
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Fig. 3. Effect of (a) initial KOH concentration (50 °C, 5 min),
(b) temperature during surface modification (5 M, 5 min), and

(c) pH during subsequent ion exchange reaction (5 M, 50 °C
for initial KOH treatment) on the amount of adsorbed Ni ions.
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treatment time, leading that the larger amount of ad-
sorbed Ni ions can be incorporated into the film treated
by KOH solution for longer treatment time, as observed
in Figure 2a.

This surface modification could also be promoted by
the increase in KOH concentration, temperature during
KOH treatment, and pH during ion exchange reaction
(Fig. 3). The amount of adsorbed Ni ions increases linearly
with KOH concentration (Fig. 3a), and also increases ex-
ponentially with increasing temperature (Fig. 3b). The de-
crease in pH (<2) during ion exchange reaction (adjusted
using HCI) results in significant decrease in amount of
adsorbed Ni ions (Fig. 3c), implying the ability to con-
trol the amount of Ni ions adsorbed in modified layer
with constant thickness that was pre-determined by ini-
tial KOH concentration. Although the maximum amount
of adsorbed Ni ions is essentially dependent on the num-
ber of carboxyl groups formed, these results demonstrate
that the loading amount of Ni ions in the film can be
systematically controlled by the experimental conditions,
i.e., temperature, concentration, and pH during surface
modification and ion exchange reaction.

Cross-sectional TEM image of Ni-adsorbed modified
polyimide films after heat treatment in Hy atmosphere is
shown in Figure 4. Heat treatment at 300 °C results in
formation of Ni nanoparticles inside the modified layer, in
which the nanoparticles disperse uniformly and isolated
individually. Selected-area electron diffraction pattern ex-
hibites Debye-Sherrer rings of Ni fcc phase, as shown inset
in Figure 4b. This thermally- and hydrogen-induced for-
mation was accelerated with an elevation of temperature
as well as with increasing adsorbed Ni ions, i.e., further
high temperature treatment (350 °C) caused the growth
of the Ni nanoparticles. No particles or clusters were de-
tected inside the modified layer after heat treatment below
200 °C. We suggest that, during initial stage of heat treat-
ment, formation of Ni clusters (nuclei) can lead decrease
in local concentration of Ni ions bound to carboxylic acid
anions. The concentration gradient near the Ni clusters
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Fig. 4. Cross-sectional TEM image of Ni adsorbed sur-
face modified polyimide film after heat treatment at 300 °C
for 30 min in Hy atmosphere (a). (b) Enlarged image of (a).
Inset: selected area electron diffraction pattern of the film.

formed may be driving force for further diffusion of re-
maining Ni ions toward the Ni clusters, resulting in growth
of the clusters. Further experimental study is necessary in
order to elucidate the growth mechanism, which are cur-
rently under way and results will be published elsewhere.

4 Conclusion

The present study has demonstrated a methodology
to prepare Ni nanoparticle-based modified polyimide
nanocomposites. Incorporation of large amount of Ni ions
on modified layer were successfully achieved though ion
exchange reaction from carboxylic acid anions formed by
KOH treatment-induced ring-cleavage reaction of poly-
imide resin. It has been shown that the amount of ad-
sorbed Ni ions could be systematically controlled over
wide range by changing experimental conditions, i.e.,
time, concentration, temperature, and pH during initial
KOH treatment and subsequent ion exchange. Annealing
in hydrogen atmosphere subsequent to incorporation of
Ni ions into the modified polyimide surface leads to suc-
cessful formation of Ni nanoparticles with the size range
of 3-5 nm. This process can be applied for fabrication
of polyimide-based hybrid nanocomposites containing a
wide variety of metallic, semiconducting, and magnetic
nanoparticles.
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