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Two Different Approachesto the Fabrication of Nano-Sized
Particlesin Thick Polyimide Films
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Relatively thick polyimide films (> 800 nm) containing copper-based nanoparticles were fabricated via two
different methods. a multiple-stacking method and a concentrated polyamic acid (PAA) method. For the mul-
tiple-stacking samples, we repeated the stacking of 2.5 wt% PAA and 4 nmthick Cu thin film structures
and then thermally cured the stacked samples. In the case of the concentrated PAA samples, the concentrated
PAA (10 wt%) was spin-coated on the 10 nm and 25 nm thick Cu thin films and thermally cured. The
phase and distribution of nanoparticles fabricated by both methods were characterized by X-ray diffraction
and transmission electron microscopy. The fabricated nanoparticles were dispersed in thick polyimide films
and the size of the nanoparticles was sensitive to the amount of metal sources. The nanoparticles dispersed
in the thick polyimide film had two different phases: the metallic copper phase and the cuprous oxide phase.
Enhanced surface plasmon resonance absorption was observed in the metalic Cu nanoparticles.
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1. INTRODUCTION

Metdlic or semiconductor nanoparticles dispersed in films
have been of interest because of the way their distinctive
electrical and optical properties depend on their size™ Poly-
mer films have attracted attention in the engineering field
because of their low cost, which makes them easy to fabri-
cate, and their flexible nature, which means that can be
applied to various types of products such as optoelectronic
thin film and optica amplifier fiber for telecommunica
tion.”¥ Nanocomposite films that contain nanoparticles have
been developed by severa techniques such as dectron-beam
lithography!” and self-assembly.*® Recently, we reported a
smple and novel method of fabricating various types of
nanoparticles in a thin polyimide (PI) film (<100 nm).l"?
However, because nanoparticles embedded in avery thinfilm
show low optical absorption and photoluminescence proper-
ties, practica optodectrical applications may be limited.

The dispersion of nanoparticles in thick polymer films
(> 800 nm) can be achieved with two possible fabrication
methods. the concentrated polymer method and the multi-
ple-stacking method (with layer-by-layer assembly).®*¥ In
the concentrated polymer method, a thick PI film is fabri-
cated by using a high concentration Pl precursor. In the other
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method, multiple-stacking is used to stack the polyamic acid
(PAA)/metal thin film structure in alayer-by-layer assembly.
For this paper, we applied both these methods to fabricate
copper (Cu)-based nanoparticles dispersed in a relatively
thick (> 800 nm) PI film. Our aim is to improve the proper-
ties of thin P film viatwo different fabrication methods: the
multiple-stacking method and the concentrated PAA method.
We also discuss the properties of nanoparticles fabricated by
means of both fabrication methods.

2. EXPERIMENTAL PROCEDURE

Oxidized slicon and glass substrates were used in this
study. Cu thin films were deposited on the substrates by
means of a therma evaporation method. In addition, metal
Cu foils and direct current magnetron sputtered substrates
were used to confirm the formation of nanoparticles from an
unlimited metal source with a high concentration of PAA.
The PAA used in this study was the p-phenylene bi-phenyl-
tetra-carboximide (BPDA-PDA) type dissolved in N-methyl-
2-pyrrolidinone (NMP) from HD Microsystems™, (P12610).
For the multiple-stacking method samples, we stacked PAA/
Cu thin film structures by using a layer-by-layer assembly.
The deposited 4 nm thick Cu thin film was reacted with spin-
coated 2.5 wt% PAA. The samples were soft-baked to evap-
orate the residual NMP solvent; the evaporated Cu layers
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and 25 wt% of the PAA layers were then adternately
stacked; and the final thickness of the samples was con-
trolled through the number of stacked layers. The stacked
samples were thermally cured at 350°C for 2 h in 100 stan-
dard cubic centimeters per minute (sccm) and 1000 sccm
flow rates of high purity nitrogen atmosphere to imidize the
PAA to PI. For the concentrated PAA method, we deposited
10 nm or 25 nm of Cu thin film on the substrates. We then
spin-coated 10 wt% PAA on the Cu thin film. The samples
were soft-baked after an optimal reaction time. After that, we
thermally cured the samples at 350°C for 2 h in a 100 sccm
flow rate of high purity nitrogen atmosphere.

3. MULTIPLE-STACKING METHOD
Figure 1 shows cross-sectiond transmission electron micro-
scope (TEM) images of nanoparticles in a 10-layer stacked

PI films after thermal curing a 100 sccm of a nitrogen gas
flow rate. As you see in Fig. 1(a), the fabricated nanoparti-

G1 Epoxy

cles are dispersed in 850 nm thick PI film, and the diameter
of the nanoparticles ranges between 20 nm and 28 nm. As
shownin Fig. 1(b), the nanoparticles seem to have a core-shell
gructure. Furthermore, as shown in Fig. 2, the sample cured at
1000 scem of the nitrogen gas flow rate shows the same didtri-
bution as the sample cured with 100 sccm. The fabricated
nanoparticles, as shown in Fig. 2(a), were dispersed in 1300
nm thick PI film, though the sze of the nanoparticles is
smaller than the sample with 100 sccm. In Fig. 2(b), the nano-
particles cured a 1000 sccm vary in size, depending on ther
postionsin P film; in contragt, the sample cured at 100 sccm
contains particles of ardatively uniform size.

To identify how the phase and structure of the nanoparti-
clesdepend on their positions, we used high resolution TEM
(HRTEM) to characterize the nanoparticles in the top, mid-
dle, and bottom regions of a PI film. The obtained HRTEM
images were smulated to get Fourier transformation results
and spot patterns. From the analysis of the spot patterns, we
can get crystallographic information of the nanoparticles in

®

Fig. 1. Cross-sectional TEM images of Cu-Based nanoparticles in multiple-stacked PI films cured at 350°C for 2 h with a 100 sccm N, gas flow
rate: (8) entire 850 nm thick image and (b) a magnified image of the nanoparticles.

rate: (a) entire 850 nm thick image and (b) a magnified image of the nanoparticles.
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Fig. 3. High-resolution TEM images and the corresponding Fourier transformation images of Cu-based nanoparticlesin multiple-stacked Pl film
cured at 350°C for 2 hin a100 sccm N, gasflow rate: (8) and (d) the top area of the PI film; (b) and (€) the middle area of the PI film; and (c) and
(f) the bottom area of the PI film.
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Fig. 4. High-resolution TEM images and corresponding Fourier transformation images of Cu-based nanoparticles in multiple-stacked PI film
cured at 350°C for 2 hin a 1000 sccm N, gas flow rate: (a) and (d) the top area of the PI film; (b) and (€) the middie area of the Pl film; and (c)
and (f) the bottom area of the Pl film.

relation to their positions. For references, we compared our  were identified as cuprous oxide (Cu0) [110] in the top
HRTEM results with those of Urban.®¥ In the sample cured  region, Cu [001] in the middle region, and Cu,O [001] in the
at a 100 scem gas flow rate, the nanoparticlesinthe Pl film  bottom region. In the sample cured a a 1000 sccm gas flow
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Fig. 5. Optical absorption properties of the multiple-stacked Pl films
containing nanoparticles.

rate, the phases of nanoparticles in the Pl film were identi-
fied as CuO[110] in the top region and Cu [110] in the mid-
dle region. In the bottom region, we observed core-shell
structured nanoparticles and identified the core and shell as
Cu [110] and Cu,O [111], respectively.

Figure 5 shows the ultraviolet-visible (UV-vis) absorption
properties of multiple-stacked PI films. Two different absorp-
tion peaks were observed in thick PI samples from the mul-
tiple-stacking method: one pesk, observed near 480 nm,
seems to have originated from the quantum confinement
effect of Cu,O nanoparticles™ the other pesk, observed
near 600 nm, could be the SPR peak of metallic Cu nanopar-
ticles!™ The optical absorption intensities in the 10-layer
stacked samples are more strongly enhanced thosein the sin-
gle-stacked samples. The absorption intensity of the sample
is controllable via the number of stacks.

The TEM and optica andysis results show the difference
between single-stacked thin samples and multiple-stacked
thick samples. In a previous study, the Cu or Cu,O nanopar-
ticles in 100 nm thick Pl films were sdlectively formed in
relation to the gas flow rate (2000 sccm or 100 scem) during
the therma curing.™ The HRTEM results confirm that Cu,O
and Cu-phase nanoparticles coexist in thick PI films cured at
100 sccm or 1000 sccm. The UV-vis spectroscopy absorp-
tion results confirm that thin P film and thick PI film have
different ways of forming nanoparticles. From these results,
we can deduce that the gas flow effect in multiple-stacked
thick Pl samples differs from the gas flow effect in single-
stacked thin PI samples. When nanoparticles are far from the

Fig. 6. Cross-sectional TEM images of Cu-based nanoparticlesin Pl films cured at 350°C for 2 h in a nitrogen atmosphere: (a) and (b) 7.5 wt%
PAA/Cu 25 nm/Si; (c) and (d) 10 wt% PAA/Cu 10 nm/SiO;; (€) and (f) 10 wt% PAA/Cu 25 nm/SiO;; (note that (c), (d), (), and (f) are repro-

duced from™).
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PI film surface in thick samples, the gas flow effect has neg-
ligible influence on the formation of nanoparticles.

4. CONCENTRATED PAA METHOD

Figure 6 shows cross-sectiond TEM images of the P
thick films that contain nanoparticles fabricated with con-
centrated PAA. The thickness of PI filmsfabricated by using
7.5wt% PAA and 10 wt% PAA with evaporated 25 nm thick
Cu thin films is shown in Figs. 6(a) and 6(€e), respectively.
The 7.5 wt% PAA specimen formsaPl film with athickness
of about 590 nm and an observable residua Cu thin film. In
contrast, there is no residua Cu thin film in the 1500 nm
thick PI film fabricated with a 10 wt% PAA solution.
Because one unit of PAA can dissolve two Cu atoms™
more metd atoms react with higher concentrated PAA. To
optimize the concentration of the PAA and the spin-coating
condition, we control the thickness of the PI film that con-
tains nanoparticles.

In Figs. 6(c) and 6(e), we can observe a difference in the
amount of fabricated nanoparticlesin the Pl films fabricated
with evaporated 10 nm thick and 25 nm thick Cu thin films
with 10 wt% PAA. In both cases, the nanoparticles are dis-
persed and have a circular shape. At the interface of the Pl
film and SO, the nanoparticles are in contact with the SO,
surface and this type of contact reduces the surface energy.
The nanoparticles of the 10 wt% PAA/evaporated 10 nm
thick Cu sample have a diameter of about 18 nm to 20 nm,
whereas the nanoparticles of the 10 wt% PAA/evaporated 25
nm thick Cu sample have a diameter of about 28 nm to 30
nm. Asthe density of reacted Cu increases, the Cu atomscan
be agglomerated and the size of the precipitated nanoparti-
cles increases. The amount of nanoparticles in the Pl film
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Fig. 7. XRD results of a10 wt% PAA/25 nm Cu/SiO, specimen cured

at 350°C for 2 h in a 100 sccm nitrogen gas flow rate (reproduced
from™).

can be controlled by changing the thickness of the deposited
Cu thin film.

To identify the phase of nanoparticlesin the PI films fabri-
cated with the concentrated PAA, we took XRD measure-
ments and the results, which are shown in Fig. 7, reved that
the nanoparticles consist of Cu and Cu,O phasesin athick PI
film. These results are similar to those of the multiple-stack-
ing method. The gas flow effect in thick PI filmsis not the
same asthat in thin M films.

Figure 8 shows the opticd absorption peaks in relation to
the thickness of fully reacted Cu thin films and the concen-
tration of PAA. The 10 wt% PAA samples cured at a 100
scem gas flow rate and the 2.5 wt% PAA sample cured & a
1000 scem gas flow rate have the same SPR absorption peak
position of Cu nanoparticles at around 588 nm. However, the
10 wt% PAA samples have no blue-shifted absorption peak
from the Cu,O nanoparticles at around 470 nm due to the
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Fig. 8. Optical absorption properties of PI films containing nanoparti-

cles fabricated with the PAA (10 wt% or 2.5 wt%) and Cu thin films

(4 nm, 10 nm, or 25 nm).

Cu foil
100 nm |

Fig. 9. The fabricated nanoparticles from the reaction between Cu fail
and 10 wt% PAA.
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Fig. 10. The fabricated nanoparticles from the reaction between the
0.5 um thick sputtered Cu and 10 wt% PAA.

congtructive peaks from the PI’s own thickness, whereas the
2.5 wt% PAA sample clearly has a blue-shifted absorption
peak ¥ In the case of the SPR absorption pesk from the Cu
nanoparticles, the intensity of the optical property is con-
trolled through the amount of deposited Cu thin film and the
concentrations of PAA. When Cu thin films are fully reacted
with PAA, the intensity of the SPR absorption is enhanced
by the increased thickness of the Cu thin films.

To observe the nanoparticle formation from the unlimited
meta sources, we prepared two samples: a Cu foil sample
and a0.5 um thick sputtered Cu/50 nm thick Ti/SIO, sample.
The Cu foil had been etched to remove the native-oxide
layer on the surface. The 10 wt% PAA was spin-coated on
the etched Cu foil and sputtered Cu thin film and then ther-
mally cured under the same conditions as before. Figure 9
shows TEM images of the fabricated particlesin the Pl film.
Although very big particles of 50 nm to 80 nm are observed
near the Cu interface, most of the fabricated nanoparticles
have the size between 11 nm and 22 nm. The bigger particles
are formed in the high concentrated region because the
region near the Cu interface has ahigh Cu ion concentration.
Figure 10 shows the nanoparticles in the 2000 nm thick PI
film that formed when the 10 wi% PAA rescted with the
sputtered Cu sample. The nanoparticlesvaried in sizefrom 8

nm to 28 nm, depending on their positions in the thick PI
film. As the nanoparticles are far from the boundary of the
sputtered Cu thin film, the size and density of the nanoparti-
cles are decreased due to the lower concentration of Cu; note
aso that the Cu ions have a limited diffusion path from the
Cu thin film. The results from the Cu foil and sputtered Cu
specimens revedl that the particle size is sengitive to the Cu
concentration in the PAA films.

5. SUMMARY

We successfully demonstrated the fabrication of Cu-based
nanoparticles in thick Pl films via two different methods of
fabrication: the multiple-stacking method and the concen-
trated PAA method. The multiple-stacking method can pre-
cisely control the entire thickness of film and the distance
between the arrays of nanoparticles. However, there are
many obstacles to overcome when fabricating nanoparticles
with acontrolled sze. Asthe number of stackingsisincreased,
the additional processing time of the fabrication causes high
costs, and it is possible that the film can be contaminated
during the stacking-process. The concentrated PAA method
is asimple fabrication process. When we optimize the con-
centration of the PAA and the spin-coating condition, we can
easily control at will the thickness and properties of PI film
that contains nanoparticles!*™ In addition, we can control
the size of the fabricated nanoparticles through the amount
of reacted metal.

In both cases, we observed that spherical nanoparticles
were dispersed throughout the entire thick PI film. The den-
sity and optical absorption property of the fabricated nano-
particles were successfully controlled in both methods.
Although the samples were cured at a 100 sccm or 1000
scem gas flow rate of high purity nitrogen, the XRD and
HRTEM studiesreveal that Cu and Cu,O nanoparticles were
formed together in the thick Pl films in both fabrication
methods; in contragt, the phase of nanoparticlesin thethin PI
films (about 100 nm) was selectively formed as Cu or Cu,O
viathe gas flow control during therma curing. Further study
is needed to understand the effect of the gas flow.
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