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ABSTRACT: A facile method was developed to synthesize
porous polyimide (PI) films with enhanced adhesion to Cu
foil. Various amounts (0.1-4 wt %) of polystyrene (PS)
spheres with the diameter of 250 nm were mixed with the PI
precursor synthesized from pyromellitic dianhydride
(PMDA) and 4,4'-oxydianiline in N,N’-dimethylacetamide.
PS was decomposed during thermal imidization process to
create the porous PI structure. The increase in surface area
and surface roughness was observed from the obtained po-
rous PI films and was a function of the PS content up to 4 wt

%. A significant improvement in the adhesion strength
between porous PI film and Cu foil, which was determined
by 90° peel test, was achieved. The adhesion strength of PI
containing 4 wt % PS to Cu was 1.53 kgf/cm compared with
pure PI of 1.08 kgf/cm. Meanwhile, the synthesized porous
PI films exhibit sufficient mechanical strength and thermal
stability for practical applications. © 2012 Wiley Periodicals,
Inc. ] Appl Polym Sci 126: E365-E370, 2012
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INTRODUCTION

Printed circuit boards (PCBs) are micron-thin con-
ducting circuits fabricated on dielectric boards for
locating electronic devices. Compared with the tradi-
tional rigid ones, the advanced flexible PCBs (FPCBs)
have many advantages in applications demanding
more integrated electronic devices and roll-to-roll
manufacture system. Polyimides (PIs) have good
thermal stability, chemical resistibility, and excellent
mechanical properties, such as low creep, low stress
relaxation, high yield stress, and high tensile
strength."™” For these reasons, metal-coated PI films
are commonly used as FPCBs. To enhance the interfa-
cial adhesion strength, an additional metal layer,
chromium or nickel, is commonly deposited at the
interface of Cu and PI films.* ' Another approach to
improve the interfacial adhesion strength is to pro-
duce the covalent bonding between metal layer and
PI film by using coupling agents.” The interfacial ad-
hesion strength can also be enhanced by plasma treat-
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ment.'""'* However, its long-term stability is not suffi-
cient in practical applications.

In this study, a simple method was developed to
synthesize porous PI films to increase the surface
area and thus improve the adhesive strength
between Cu foil and PI film. Commercially available
monodispersed polystyrene (PS) spheres with the di-
ameter of 250 nm were selected as porogen to create
the porous structure and thus increase the surface
area of PI. Various amounts (0.1-4 wt %) of PS
spheres were mixed with the PI precursor poly(amic
acid) (PAA), and PS will be decomposed during
thermal imidization process in fabrication of PI
structure. Notably, the porous PI films remain in
favorable mechanical strength and thermal stability
as the PI matrix was derived from practically used
low-cost dianhydride and diamine monomers.

EXPERIMENTAL
Materials

The crosslinked PS spheres with an average diame-
ter of 250 nm were acquired from Rohm and Haas
(PA, USA). 4,4'-Oxydianiline (ODA) from Aldrich
(MO, USA) was used without pretreatment. Pyro-
mellitic dianhydride (PMDA) provided by Taimide
Tech (Hsinchu, Taiwan). was recrystallized from ace-
tic anhydride prior to use. N,N'-dimethylacetamide
(DMACc) from Fluka (OH, USA) was dried overnight
through molecular sieves.
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Figure 1 Reaction scheme for synthesizing porous PI
films. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Preparation of PI films

To synthesize pure PI, 1.7231 g of ODA was first
dissolved in 16.4 g of DMAc in a flask. Equimolar
PMDA was then added to the above solution. The
polymerization reaction was kept at room tempera-
ture for 2 h to produce a PAA solution. The result-
ing PAA solution was transformed into PI by
thermal imidization at 350°C.

Preparation of porous PI films

The porous PI films were synthesized using ODA,
PMDA, and PS spheres. The preparation procedure
of porous PI films is shown in Figure 1. PS spheres
were dispersed in 4.1 g of toluene and added into
the ODA/DMACc solution in a flask. After the solu-
tion had been thoroughly stirred under N, atmos-
phere, 1.8769 g of PMDA was then mixed with the
above solution. The obtained homogeneous PAA /PS
solution was then coated on a glass substrate with a
doctor blade and thermal imidized at 370°C for 2 h
to produce porous PI films. The porous PI sample
code was denoted PI-x, where x represents the wt %
of added PS.

Measurements

Fourier transform infrared (FTIR) spectra of pure PI,
PS, and porous PI films were obtained by using a
FTIR spectrophotometer (Nicolet, Protégé-460). Field
emission scanning electron microscopy (SEM, JEOL
JSM-7401F) was acquired to observe the morphology
of samples. Dynamic mechanical analysis (DMA)
was conducted using a dynamic mechanical ana-

Journal of Applied Polymer Science DOI 10.1002/app

TSAI ET AL.

lyzer (TA Instruments, DMA 2980) to determine the
storage modulus (E’) and damping (tan &) of sam-
ples. DMA experiments were performed in the ten-
sile-film mode, at the frequency of 1 Hz and at the
heating rate of 3°C/min from 60 to 300°C. The glass
transition temperature (T,) is defined as the maxi-
mum of tan & (E”/E’). The dimension stability of
films was probed by a thermal mechanical analyzer
(TMA, TA Instruments, Q400) at the heating rate of
10°C/min from 30 to 400°C. The coefficient of ther-
mal expansion (CTE) of prepared films was charac-
terized from TMA results of the dimension change
over the temperature range of 100-200°C. To deter-
mine the thermal stability of films, thermal gravi-
metric analysis (TGA) was performed with a thermal
gravimetric analyzer (TA Instruments, Q500) under
N, or air using a heating rate of 20°C/min from 30
to 800°C for pure PI and porous PI. The TGA of PS
was tested under air at the hearing rate of 20°C/min
from 30 to 370°C and maintaining at 370°C for 2 h.
The laminate of PI or porous PI film, adhesive, and
Cu foil were fabricated under a pressure of 20 kg/
cm? at 190°C for 5 min. The adhesion of the samples
was examined by the 90° peel test method as shown
in Figure 2, and the peel rate was 50.8 mm/min.
The experimental values were the mean of at least
10 measurements. The morphology of laminates
before and after peel test was investigated by an op-
tical microscope (OM, Olympus, SZ-CTV) and an
atomic force microscope (AFM, Veeco, D3100).

Copper film
Tape

Slider
Figure 2 The diagram of peel test.’> [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3 FTIR spectra of PS, PAA, pure PI, and porous
PI films. PAA-4 is the precursor of PI-4. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

RESULTS AND DISCUSSION

The FTIR spectra of PI and porous PI films are
shown in Figure 3. The characteristic peaks of PI
were observed at 1780 cm ' (C=O asymmetric
stretch), 1380 cm ™! (C—N stretch), 1720 cm ' (C=0
symmetric stretch), and 725 cm ' (C=0O bending),"~
*19 indicating the successful synthesis of PI struc-
ture. Figure 3 also shows the characteristic peaks of
PS at 3010 cm ™' (C—H aromatic stretching vibra-
tion), 2921 cm ' (C—H asymmetrical stretching
vibration of CH,), 2860 cm ! (C—H asymmetrical
stretching vibration of CH,), and 755 cm ™' (C—H
out-of-plane bending vibration of ring)."””> The com-
plete removal of PS during thermal imidization was
confirmed by the FTIR results of PI-4 and PAA-4,
where the characteristic peaks of PS disappeared af-
ter thermal imidization. Moreover, the TGA curve of
PS under air was shown in Figure 4(a). The PS was
apparently decomposed by increasing temperature
to 370°C and completely decomposed with the fol-
lowing isothermal process at 370°C for 2 h. The TGA
result indicates that the PS particles will be decom-
posed during the thermal imidization process.

SEM images of the surface of pure Pl and porous
PI-4 as well as the cross-section of PI-20 are shown in
Figure 5(a—). In this study, the difference in solubility
parameters is only 0.1 indicating that PS can dissolve
easily in toluene.'*"> However, the spherical PS par-
ticles are crosslinked such that PS chains remain in
their spherical structure rather than disentangle and
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freely stretch in toluene. The morphology confirms
that the spherical pores on the surface or in the bulk
of porous PI films have an average pore size of 250
nm. The presence of pores in PI films leads to a
higher surface area of obtained films. Moreover, stron-
ger adhesion strength between PI and copper will be
achieved due to the anchor effect and fastener effect
by mechanical interlocking theory.'® The image shown
in Figure 5(d) is the surface of PI-4/Cu laminate after
peel test. The residue of applied adhesive within
pores of PI-4 indicates the improvement in the adhe-
sive strength between porous PI and Cu. Figure 6
shows the AFM 3D image of the surfaces of PI and
porous PI before and after peel test. A smooth surface
was presented on pure PI as shown in Figure 6(a). In
contrast, the pores are visible on Figure6(c) for porous
Film (PI-4). After peel test, the residue of adhesives
presents on the surface of porous PI-4 as shown in
Figure 6(d), which is consistent with the SEM images
and the following OM images. Figure 7 shows OM
images of the breaking side of PI or porous PI lami-
nates after peel test. The residue of adhesive on the
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Figure 4 The thermogravimetric curves of (a) PS and (b)
pure PI and porous PI films. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 5 Morphology of (a) surface of PI, (b) surface of PI-4, (c) cross-section of PI-20, and (d) surface of PI-4 after peel
test. The circles shown in (d) indicate the residue of adhesives within pores of PI after peel test. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

(a) (b)

Figure 6 AFM 3D images of (a) pure PI, (b) pure PI after peel test, (c) porous PI-4, and (d) porous PI-4 after peel test.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7 OM images of the breaking side of (a) PI film/adhesive/Cu foil laminate and (b) porous PI film/adhesive/Cu
foil laminate. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

breaking side of porous PI/Cu laminates is presented.
The enhancement of adhesion is strongly associated
with the presence of pores within PI matrix.

As shown in Table I, the adhesion strength
between Cu and pure PI is 1.08 kgf/cm and
increases significantly with the porosity of PL. The
porous PI-4, which contains 4 wt % of PS, exhibits
the adhesion strength of 1.53 kgf/cm. Based on
those results, the peel strength of PI with Cu
increases approximately 41.7% with every 1 wt % of
PS addition in PI matrix. In previous study,3 the
enhanced peel strength of relatively flexible PI ma-
trix derived from 2,2'-bis[4-(4-aminophenoxy)phe-
nyl]propane (BAPP) and 3,3',4,4'-benzophenetetra-
carboxylic anhydride (BTDA) monomers was
achieved by the addition of Al element. The highest
peel strength was around 2 kgf/cm; however, the T,
of that PI system was relatively low (256°C). In this
study, a more rigid PI matrix was formed from prac-
tically used monomers PMDA and ODA that the T,
value is much higher than previous one. As shown
in Figure 8 and Table I, the T, value of pure PI is

418°C and slightly decreases as the porosity in PI
matrix increases. The T, value of porous PI-4 is still
as high as 400°C. Conversely, the damping (tan o)
intensity increases from 0.229 for pure PI to 0.257 for
porous PI-4. The DMA results imply the slight
increase in the flexibility of polymer chains in the
porous films. The movement of PI chains in porous
PI structure is easier than that in pure PI that a
lower T, value was observed from porous PI films.
The higher damping in the tan & curve of porous PI
suggests a closer packing of PI chains in porous PI
matrix and thus a higher interaction force between
molecular chains during chain movement.”

In addition, the CTEs of synthesized PI and po-
rous PI films are determined from the dimension
changes within the temperature range of 100-200°C.
For porous PI, the CTE is in the range of 37-41
ppm/°C, which is slightly higher than that of pure
PIL, 32 ppm/°C. The TGA curves of PI and porous PI
films are displayed in Figure 4(b) and the corre-
sponding T, values are designated at the tempera-
ture of 5% weight loss. The T, values of porous PI

TABLE I
Mechanical, Thermal, and Adhesive Properties of Pure PI and Porous PI Films
DMA TMA TGA
Sample name T, (°C)* tan & CTE (ppm/ °Q)P Ts CO)¢ Peel strength (kgf/cm)
PI 418.2 0.229 324 543.9 1.08
PI-0.1 415.6 0.233 37.6 534.4 1.14
PI-0.5 4119 0.238 40.0 534.5 1.24
PI-1 409.1 0.245 40.6 538.4 1.42
PI-4 397.4 0.257 41.2 525.7 1.53

¢ The temperature at the peak of tan & curve is designated as T,.
" The thermal expansion coefficient (CTE) is determined over the temperature range of 100-200 °C.
¢ The temperature at 5% weight loss is defined as the thermal decomposition temperature (T,).
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Figure 8 The tan & curves of pure PI and porous PI
films. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

films are all higher than 525°C, indicating the negli-
gible effect of porosity on the thermal properties of
resultant PI films."”

Compared with other literature, the improved ad-
hesive strength in this study is relatively high and
the method is relatively simple. For example, a com-
plicated Xe or He plasma source ion implantation
technique was applied to deposit Cu on PI films with
improved adhesion of 0.35 or 0.25 kgf/cm, respec-
tively.'”> The highest peel strength of Cu/Ni—Cu
sputtered PI film, which was derived from the same
monomers used in this study, was only 0.28 kgf/cm.?
The adhesion between fluorinated PI and silane/Cr-
coated Cu foils was enhanced to 0.9 kgf/cm com-
pared to 0.7 kgf/cm for PI/bare Cu foil.” The peel
strength of PI/ Al nanocomposites element was signif-
icantly enhanced based on previous results; however,
the thermal stability of PI was low.? In contrast, the
porous PI films fabricated by this facile method not
only exhibit excellent adhesion to Cu foil but also
present favorable mechanical strength and adequate
thermal stability for FPCB applications.

CONCLUSIONS

The FTIR results confirm that the characteristic
peaks of PS disappeared after thermal imidization,
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indicating the complete removal of PS during ther-
mal imidization. The porous structure of PI was
proved from SEM and AFM images. The average
pore size in porous PI is about 250 nm, which is
consistent with the intrinsic particle size of added PS
spheres. After peel test, the residue of adhesive
presents on porous PI surface indicating an
improved adhesive strength. The adhesive strength
between PI and Cu foil significantly increases with
the increasing amounts of PS in PI matrix. The adhe-
sion strength between Cu foil and porous PI-4 is
1.53 kgf/cm compared to 1.08 kgf/cm for Cu/pure
PI. The developed simple method successfully cre-
ates porous PI surface to dramatically enhance the
adhesion strength to Cu foil.
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