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Abstract: Nickel (Ni) metallization of polyimide (PI) was performed using a solution-based process
including imide-ring opening reactions, the implanting of Ni ions, the reduction of catalytic Ni
nanoparticles, and the electroless deposition of a Ni film. The start-up imide-ring opening reaction
plays a crucial role in activating inert PI for subsequent Ni implanting and deposition. A basic
treatment of potassium hydroxide (KOH) is commonly used in the imide-ring opening reaction
where a poly(amic acid) (PAA) layer forms on the PI surface. In this study, we report that the
KOH concentration significantly affects the implanting, reduction, and deposition behavior of Ni.
A uniform Ni layer can be grown on a PI film with full coverage through electroless deposition with
a KOH concentration of 0.5 M and higher. However, excessive imide-ring opening reactions caused
by 5 M KOH treatment resulted in the formation of a thick PAA layer embedded with an uneven
distribution of Ni nanoparticles. This composite layer (PAA + Ni) causes wastage of the Ni catalyst
and degradation of peel strength of the Ni layer on PI.
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1. Introduction

Recently, wearable and portable technologies have attracted considerable attention because
multiple functions such as communication, internet, sensor, navigation, and media, can be integrated
in a small and light-weight device [1–9]. The rapid development of wearable and portable devices
has driven the microelectronic industries to develop new technologies to meet the demands of scale
miniaturization and multi-functionality. The flexible printed circuit board (FPCB) plays an important
role in the development of wearable and portable devices due to its high flexibility in reducing
packaging volume. Polyimide (PI) is a superior material as a substrate of FPCB and has many
advantages such as light-weight, high thermal stability, and good anti-corrosion properties [1,3,6,8–19].
PI also has a high potential in automotive applications [1] as it has a higher glass transition temperature
(Tg) at 280–290 ◦C, which is more sustainable in a high-temperature operational environment.
Interestingly, pyromellitic dianhydride–4,4-oxydianiline (PMDA–ODA) PI film shows good sensing
characteristics in the detection of ammonia vapors, which has opened a smart application direction for
PI [20].

PI is non-conductive, so metallization is necessary to offer electrical transmission routes for
separate components packaged on its surface. A common and mature metallization method is
copper clad laminate (CCL), which is performed by laminating an electro-deposited (or rolled
annealed) Cu foil on a PI film with an intermediate adhesive layer [1,9]. The laminated Cu foil
is usually 18–35 µm thick to sustain sufficient mechanical strength; however, this thickness issue
may make CCL technology unsuitable for fine-pitched wearable and portable devices. An alternative
method is to grow a thin metallic layer directly on the PI using sputtering [21–23] or electrochemical

Metals 2017, 7, 189; doi:10.3390/met7060189 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met7060189
http://www.mdpi.com/journal/metals


Metals 2017, 7, 189 2 of 12

deposition [6,13,24–28]. Sputtering can produce a dense and uniform metallic layer with good adhesion
on PI, but the high-vacuum operational environment makes cost-down difficult to achieve. In contrast,
solution-based electrochemical deposition is a cost-effective method. Prior to electrochemical
deposition, the inert PI surface needs to be activated/modified by a base treatment of potassium
hydroxide (KOH), ion exchange, and catalyst reduction [4,8,10,27–34]. Pd is a traditional catalyst
due to its superior catalytic activity, but is expensive. Therefore, nano-sized Ni is proposed as an
alternative catalyst [30,31]. After forming a catalytic nanoparticle layer on the PI surface, a thin metallic
layer-usually a nickel (Ni) diffusion barrier—is grown by electroless deposition [2,18,24,30,31,35]. The
thickness of the Ni plated layer usually ranges from hundreds of nanometers to a few micrometers
to be an effective diffusion barrier. Finally, a Cu layer is electroplated on the electroless Ni layer to
accomplish the metallization of polyimide [2].

The base treatment of KOH is a ring-opening reaction which can implant the K+ ions into the
uppermost sublayer of PI to form a potassium salt poly(amic acid) (PAA) layer [1,4,8,10,32]. The PAA
layer plays an important role for the subsequent metallization process. In this study, the effect of
the base treatment of KOH with various concentrations on the property of PAA was systematically
investigated. Detailed microstructural characterizations of PAA including K+ ion implanting, Ni
nanoparticle (catalyst) formation, and electroless deposition of Ni, were performed using transmission
electron microscopy (TEM).

2. Experimental Procedures

2.1. Materials

Commercial Kapton-HN PI film (DuPont, Wilmington, DE, USA) was purchased and used without
modification. The chemicals used for PI metallization were also purchased and used without any
modification, including KOH (Sigma-Aldrich, St. Louis, MI, USA), NiCl2 (AlliedSignal, Morristown,
NJ, USA), NaBH4 (Sigma-Aldrich, St. Louis, MI, USA), and Ni electroless plating solution (9026M, OM
Group, Cleveland, OH, USA).

2.2. Metallization Process of PI

PI film was used as the substrate and surface-metallized following the procedure shown in
Figure 1. First, the PI film was rinsed using de-ionized water and immersed in an ultrasonic ethanol
solution for 30 min. The as-cleaned PI film was then immersed in a KOH solution at room temperature
for 5–15 min to form a PAA layer on the PI surface. The concentrations of the KOH solution were 0.1,
0.5, 1.0, and 5.0 M. After the base treatment of KOH, the modified PI film was immersed in a 0.1 M
NiCl2 solution at 50 ◦C for 5 min for the ion exchange reaction. The implanted K+ ions in the PAA
layer were exchanged by the Ni ions released from the NiCl2 solution. The Ni ions were subsequently
reduced to form catalytic Ni nanoparticles using NaBH4 (0.1 M) as the reductant. The reduction
reaction was performed at room temperature for 3 min. After reduction, the PI film was immersed in a
commercial Ni plating solution so a thin Ni layer on the PI film using electroless deposition could be
grown. The Ni plating solution contained sodium hypophosphite (28 g/L) as the reductant and the
electroless deposition was performed at 85 ◦C for 1 min.

Metals 2017, 7, 189  2 of 12 

 

[6,13,24–28]. Sputtering can produce a dense and uniform metallic layer with good adhesion on PI, 
but the high-vacuum operational environment makes cost-down difficult to achieve. In contrast, 
solution-based electrochemical deposition is a cost-effective method. Prior to electrochemical 
deposition, the inert PI surface needs to be activated/modified by a base treatment of potassium 
hydroxide (KOH), ion exchange, and catalyst reduction [4,8,10,27–34]. Pd is a traditional catalyst due 
to its superior catalytic activity, but is expensive. Therefore, nano-sized Ni is proposed as an 
alternative catalyst [30,31]. After forming a catalytic nanoparticle layer on the PI surface, a thin 
metallic layer-usually a nickel (Ni) diffusion barrier—is grown by electroless deposition 
[2,18,24,30,31,35]. The thickness of the Ni plated layer usually ranges from hundreds of nanometers 
to a few micrometers to be an effective diffusion barrier. Finally, a Cu layer is electroplated on the 
electroless Ni layer to accomplish the metallization of polyimide [2].  

The base treatment of KOH is a ring-opening reaction which can implant the K+ ions into the 
uppermost sublayer of PI to form a potassium salt poly(amic acid) (PAA) layer [1,4,8,10,32]. The PAA 
layer plays an important role for the subsequent metallization process. In this study, the effect of the 
base treatment of KOH with various concentrations on the property of PAA was systematically 
investigated. Detailed microstructural characterizations of PAA including K+ ion implanting, Ni 
nanoparticle (catalyst) formation, and electroless deposition of Ni, were performed using 
transmission electron microscopy (TEM). 

2. Experimental Procedures 

2.1. Materials 

Commercial Kapton-HN PI film (DuPont, Wilmington, DE, USA) was purchased and used 
without modification. The chemicals used for PI metallization were also purchased and used without 
any modification, including KOH (Sigma-Aldrich, St. Louis, MI, USA), NiCl2 (AlliedSignal, 
Morristown, NJ, USA), NaBH4 (Sigma-Aldrich, St. Louis, MI, USA), and Ni electroless plating 
solution (9026M, OM Group, Cleveland, OH, USA). 

2.2. Metallization Process of PI 

PI film was used as the substrate and surface-metallized following the procedure shown in 
Figure 1. First, the PI film was rinsed using de-ionized water and immersed in an ultrasonic ethanol 
solution for 30 min. The as-cleaned PI film was then immersed in a KOH solution at room 
temperature for 5–15 min to form a PAA layer on the PI surface. The concentrations of the KOH 
solution were 0.1, 0.5, 1.0, and 5.0 M. After the base treatment of KOH, the modified PI film was 
immersed in a 0.1 M NiCl2 solution at 50 °C for 5 min for the ion exchange reaction. The implanted 
K+ ions in the PAA layer were exchanged by the Ni ions released from the NiCl2 solution. The Ni ions 
were subsequently reduced to form catalytic Ni nanoparticles using NaBH4 (0.1 M) as the reductant. 
The reduction reaction was performed at room temperature for 3 min. After reduction, the PI film 
was immersed in a commercial Ni plating solution so a thin Ni layer on the PI film using electroless 
deposition could be grown. The Ni plating solution contained sodium hypophosphite (28 g/L) as the 
reductant and the electroless deposition was performed at 85 °C for 1 min.  

 
Figure 1. Schematic of the metallization process of Ni on a polyimide (PI) film. 

  

Figure 1. Schematic of the metallization process of Ni on a polyimide (PI) film.



Metals 2017, 7, 189 3 of 12

2.3. Characterization

2.3.1. Imide-Ring Opening Reaction and Contact Angle

After base treatment with KOH, the ring-opening condition was examined using an attenuated
total reflection-Fourier transform infrared spectroscope (ATR-FTIR, RX I, Perkin-Elmer, Norwalk, CT,
USA). The contact angle of the PI film before and after KOH treatment was measured by a contact
angle instrument using water drop.

2.3.2. Surface and Cross-Sectional Microstructures of Ni-Metallized PI Film

After the metallization process, the surface morphology of the PI film was observed using a digital
camera to understand metallization uniformity. Next, the metallized PI film was cross-sectioned using
a focused ion beam (FIB, XVision 200TBS, Seiko, Chiba, Japan). The exposed interior microstructure of
the Ni/PI interface was observed using a transmission electron microscopy (TEM, FEI Tecnai, Hillsboro,
OR, USA). The elemental composition was determined using energy dispersive X-ray spectrometer
(EDX).

2.3.3. Peel Strength Test

A universal pull-off tester (ST-RX N001, MOGRL Technology, Taiwan) was used to measure the
adhesion strength between the metallization layer and the PI film. To perform the peel test, a Cu
layer was grown on the Ni-coated PI film using electroplating in a Haring cell containing a typical
Cu plating solution (CuSO4 + H2SO4). The plating temperature, current density, and time were 28 ◦C,
10 ASF, and 2 h, respectively. The pull-off speed was set at 51 mm/min.

3. Results and Discussion

3.1. ATR-FTIR and Contact Angle Analyses of KOH-Treated PI Films

The base treatment of KOH is a ring-opening reaction during which the hydroxyl group attacks
the symmetric imide rings of PI and breaks the –C–N–C– bonds. The extent of ring-opening can
be determined by ATR-FTIR analysis [30]. Figure 2 shows the transmittance spectra of the PI films
before (bare) and after base treatment of KOH. Two characteristic transmittance peaks were taken
into consideration. One was the characteristic peak at 1500 cm−1 for the C=C bond of the benzene
ring. As the molecular structure of the benzene ring hardly changes under attack with KOH, the
characteristic peak at 1500 cm−1 can be used as a reference. The second peak was the characteristic peak
at 1720 cm−1 for the symmetric stretching C=O bond of the imide ring. The base treatment of KOH
resulted in the cleavage of the imide ring, thus the intensity of the characteristic peak at 1720 cm−1

decreased. By comparing the relative intensity changes of the characteristic peak at 1720 cm−1 (imide
ring) and that at 1500 cm−1 (benzene ring), the ring-opening extent of the imide ring can be determined.
As shown in Table 1, the ratio of absorbance at 1720 cm−1 to that at 1500 cm−1 (A1720/A1500) for bare PI
film was assumed to be 100% imide content on the PI surface. It was found that the ratio of A1720/A1500

decreased with increases in KOH concentration. After the base treatment of KOH (5.0 M), the imide
content was 8.22%, meaning that 91.78% of imide rings on the PI surface were cleaved. The cleavage of
the imide rings generates carboxylic acids and amides (Figure 1), which makes the modified PI film
more wettable as indicated by the decreased contact angle with increased KOH concentration (Table 1).

3.2. Surface Metallization of PI Film

Figure 3 shows the digital images of the surface morphologies of PI after Ni metallization. It was
found that KOH concentration was crucial for metallization uniformity. At a lower KOH concentration
(0.1 M), although the PI film could be metallized by Ni, metallization uniformity was poor. The
electroless deposited Ni layer was easily peeled off when the as-metallized PI films were rinsed with
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water, or blown by air gun. Metallization uniformity became better when the KOH concentration was
increased to 0.5 M and higher.Metals 2017, 7, 189  4 of 12 
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Table 1. Dependence of optical transmittance/absorbance, relative surface imide content, and contact
angle of modified PI films on potassium hydroxide (KOH) concentrations.

KOH (M)
Transmittance (%) Transmittance/Absorbance

A1720/A1500
Relative Surface

Imide Content (%)
Contact

Angle (
◦
)1720 cm−1 1500 cm−1 1720 cm−1 1500 cm−1

0 87.35 88.85 0.8735/0.0587 0.8885/0.0513 1.144 100 80.06
0.1 87.63 89.04 0.8763/0.0573 0.8904/0.0504 1.137 99.39 55.55
0.5 87.75 88.89 0.8775/0.0568 0.8889/0.0511 1.112 97.20 28.81
1 86.75 87.36 0.8675/0.0617 0.8736/0.0587 1.051 91.87 22.03
5 98.35 83.88 0.9835/0.0072 0.8388/0.0763 0.094 8.22 20.74
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3.3. Cross-Sectional Characterization of Metallized PI Film

To gain a better insight of Ni metallization on PI, the Ni-metallized PI film was cross-sectioned
using FIB and the exposed Ni/PI interface was examined using TEM. As shown in Figure 4a,
an electroless Ni layer with a thickness of 235 nm was formed on PI, where the KOH concentration used
for base treatment was 0.5 M. A vague layer with a thickness of 30 nm was observed at the interface
between electroless Ni and PI as shown in Figure 4b. This interfacial layer had a granular appearance
which was considered to be composed of catalytic Ni nanoparticles resulting from the reduction
reaction. The elemental mapping results (Figure 4c,d) showed that the electroless layer contained
mostly Ni, with a small amount of P uniformly distributed in the electroless layer. P originated from
the reducing agent (sodium hypophosphite) added in the commercial plating solution [36]. Figure 5
shows the cross-sectional TEM images of the Ni-metallized PI film with a KOH concentration increased
to 5.0 M. An electroless Ni layer with a thickness of 200 nm was also formed; however, a specular
interfacial layer was observed between electroless Ni and PI. This interfacial layer was approximately
1600 nm and several granular nanoparticles were embedded inside (Figure 5a). These granular
nanoparticles were also Ni (identified by the elemental mapping analysis (Figure 5b)) and their sizes
ranged from 40 nm to 50 nm (Figure 5c,d). It is most likely that these granular Ni nanoparticles were
also catalysts produced by the reduction reaction. However, these granular Ni nanoparticles failed to
aggregate in a confined region as shown in Figure 4b, where the granular Ni nanoparticles aggregated
in a 30 nm thick interfacial region. This indicates that the KOH concentration used for base treatment
played an important role in the formation and distribution of reduced Ni nanoparticles.

To understand the influence of the base treatment, the PI film was cross-sectioned and examined
after each step of the metallization process. First, a bare PI film was treated using 5.0 M KOH and its
cross section was observed using TEM. As shown in Figure 6a, base treatment of KOH resulted in the
formation of a PAA layer on the PI surface. The morphology of the PAA layer was slightly different to
that of the bottom non-treated PI film. Figure 6b shows the elemental mapping results of potassium.
The distribution of the potassium ions in the PAA layer was observed and the distribution depth, that
is, the thickness of the PAA layer, was about 2.6 µm. The distribution of potassium was also locally
examined using EDX. The results showed that the content of potassium was 6.3 at % at the upmost
sublayer (point 1) and decreased to 1.7 at % and 0 at % at inner points 2 and 3, respectively. Figure 7
shows the line-scan result and potassium was detected at a depth length of 2500 nm on the PI surface
which is consistent with the elemental mapping result in Figure 6b. Figure 6c,d show the elemental
mapping results of carbon and oxygen, respectively, and their distributions were approximately
uniform in the entire PI film.
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of KOH.

Figure 8 shows the cross-sectional TEM images of the PAA layer after Ni reduction. The thickness
of the PAA layer was reduced to 714 nm as seen in Figure 8a, which was about a three-quarter reduction
of the initial thickness (2.6 µm). µA magnified image of the PAA layer is shown in Figure 8b where
many Ni nanoparticles formed within the PAA layer, but some agglomerated on the film surface. The
agglomerated Ni nanoparticles were distributed non-uniformly on the PI surface as shown in Figure 8c.
It has been reported that the Ni nanoparticle film formed on PI was highly resistive due to a high sheet
resistance (109 MΩ/γ) [31]. The Ni nanoparticles within the PAA layer also distributed non-uniformly
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and their particle sizes were 7.5–19 nm as shown in Figure 8d. Figure 9 shows the line-scan result of
the PAA layer after Ni reduction. No potassium signal was detected across the entire PAA layer, but
the Ni signal was, indicating that the ion exchange reaction successfully replaced the K+ ions by the
Ni2+ ions in the PAA layer. In addition, as shown in Figure 6b, the initial PAA layer was 2.6 µm thick
with the distribution of K+ ions. It was speculated that the PAA layer retained this thickness after the
ion exchange reaction of Ni. However, the PAA thickness was significantly reduced to 714 nm after
the reduction reaction above mentioned. This implies that the Ni2+ ions implanted in the PAA layer
diffuse upwards to the PI surface to capture the electrons from the reductant (NaBH4) and reduce the
Ni atoms. Therefore, the PAA layer reduces in thickness due to the upward movement of Ni2+ ions.
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the Ni2+ ions implanted in the PAA layer diffuse upwards to the PI surface to capture the electrons 
from the reductant (NaBH4) and reduce the Ni atoms. Therefore, the PAA layer reduces in thickness 
due to the upward movement of Ni2+ ions. 
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the thick PAA interlayer with uneven distribution of Ni nanoparticles in the 5.0 M KOH-modified 
sample (Figure 5a) was unfavorable for metallic layer adhesion, thus the electroless Ni layer was 
easily peeled off with a lower strength. 

Figure 9. Elemental line-scan result across the surface sublayer of the PI film after Ni reduction.



Metals 2017, 7, 189 9 of 12

As noted in Figure 5a, the thickness of PAA was 1600 nm after the electroless deposition of Ni
and was about two times thicker than that after Ni reduction (714 nm) (Figure 8a). This indicates that
high-temperature electroless deposition of Ni (85 ◦C) may drive the reduced Ni atoms to move deeper
into the PI film. To verify the above inference, one PI sample (after the reduction reaction of Ni) was
placed into an oven at 85 ◦C for 5 min. It was found that the thickness of PAA increased to 1350 nm
(Figure 10a), implying that the Ni atoms indeed diffuse inwardly. The root cause is still unclear, but
may be related to the incomplete structure of the PAA layer. As above-mentioned, the initial PAA layer
was 2.6 µm thick after KOH treatment, which implies that the structure in the 2.6 µm thick region
was destroyed (the imide rings are opened.). Furthermore, the incomplete structure of the PAA layer
makes the diffusion of Ni ions (or atoms) easier. In the reduction reaction, Ni ions diffuse upwards
to the PI surface to capture the electrons to reduce the Ni atoms, so the thickness of the composite
layer (PAA + Ni) reduces to 714 nm. However, the residual PAA layer with a thickness of 1886 nm
(=2.6 µm–714 nm) may still possess an incomplete structure. Therefore, in the subsequent electroless
deposition, the higher treatment temperature (85 ◦C) enabled the reduced Ni atoms to diffuse inwards,
i.e., in the opposite direction to the PI surface. Therefore, the thickness of the composite layer (PAA +
Ni) increased to 1600 nm. It was noted that the diffusion of the Ni2+ ions during the reduction reaction
was directional in the direction of the PI surface due to the attraction of electrons from the reducing
agents. Therefore, the thickness of the composite layer (PAA + Ni) reduced. In contrast, the reduced
Ni atoms could diffuse upwards and inward due to a lack of specific attraction during the electroless
deposition. Therefore, the composite layer (PAA + Ni) became thicker due to the inward diffusion
of the Ni atoms. A comparison of Figures 8d and 10b revealed that the Ni nanoparticles grew, but
particle density decreased under high-temperature treatment. The average particle density of Ni in the
composite layers (PAA + Ni) was quantitatively estimated based on at least three areas (500 nm × 500
nm) and they were 700 µm−2 and 44 µm−2 in Figures 8 and 10, respectively. The reduction of particle
density could be attributed to the particle agglomeration in order to reduce total surface energy. A
comparison of Figures 5d and 8d also revealed that the growth of the Ni nanoparticles occurred and
the particle density decreased from 700 µm−2 to 324 µm−2 during the electroless deposition of Ni.
This is because that the reduced Ni nanoparticles in Figure 8d had superior electro-catalytic activity, so
the Ni ions and electrons from the plating solution diffused into the PAA layer and contributed to the
growth of the Ni nanoparticles. On the other hand, the structure of the PAA layer may be destroyed
and makes the diffusion of the Ni ions and electrons into the PAA layer easier.
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3.4. Pull-Off Examination of Metallized Layer on PI Film

Figure 11 plots the peel strength of the electroless Ni layers on two modified PI films. On average,
the electroless Ni layer on the PI film modified by 0.5 M KOH exhibited higher peel strength when
compared with a 5.0 M KOH-modified PI film. The best peel strength reached 0.7 Kgf for the
0.5 M KOH-modified PI film, which was about four times higher than that (0.18 Kgf) of the 5.0 M



Metals 2017, 7, 189 10 of 12

KOH-modified PI film. Fracture surface examination based on SEM observation showed that the
fracture path was approximately along the Ni/PI interface. The higher peel strength of the 0.5 M
KOH-modified sample was attributed to the formation of a dense and uniform Ni nanoparticle
interlayer (Figure 4b) which effectively interlocked the electroless Ni layer and PI film. In contrast, the
thick PAA interlayer with uneven distribution of Ni nanoparticles in the 5.0 M KOH-modified sample
(Figure 5a) was unfavorable for metallic layer adhesion, thus the electroless Ni layer was easily peeled
off with a lower strength.Metals 2017, 7, 189  10 of 12 
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4. Conclusions 

The KOH concentration for the ring-opening reaction played a crucial role in the surface 
metallization of Ni on a PI film. At a lower concentration (0.1 M), incomplete deposition of Ni with 
poor adhesion on PI was observed. When the KOH concentration was increased to 0.5 M and higher, 
a uniform Ni layer was formed on the PI with full coverage. The optimal KOH concentration was 0.5 
M where a dense and uniform Ni nanoparticle interlayer formed as an effective interlock to improve 
the adhesion strength of the electroless Ni layer on PI. However, for a high concentration of KOH (5.0 
M), a thick PAA interlayer with an uneven distribution of Ni nanoparticles formed at the electroless 
Ni/PI interface. This PAA composite interlayer appeared to be mechanically weak, and the electroless 
Ni layer displayed a lower peel strength as it could be peeled off from the PI film. 
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4. Conclusions

The KOH concentration for the ring-opening reaction played a crucial role in the surface
metallization of Ni on a PI film. At a lower concentration (0.1 M), incomplete deposition of Ni
with poor adhesion on PI was observed. When the KOH concentration was increased to 0.5 M and
higher, a uniform Ni layer was formed on the PI with full coverage. The optimal KOH concentration
was 0.5 M where a dense and uniform Ni nanoparticle interlayer formed as an effective interlock to
improve the adhesion strength of the electroless Ni layer on PI. However, for a high concentration of
KOH (5.0 M), a thick PAA interlayer with an uneven distribution of Ni nanoparticles formed at the
electroless Ni/PI interface. This PAA composite interlayer appeared to be mechanically weak, and the
electroless Ni layer displayed a lower peel strength as it could be peeled off from the PI film.
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