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Abstract

Formation of copper wiring on a polyimide film by laser irradiation to a sta-
ble copper-complex film consisting of glyoxylic acid copper complex and
methylamine copper complex in air has been investigated. A stable metallic
copper on the polyimide film was precipitated even in air. Since this copper
was generated only in the laser-irradiated parts, direct patterning of copper
wiring was possible. It was also found that copper was precipitated by elec-
troless copper plating on the laser-deposited copper wiring and it was possi-
ble to thicken the copper wiring by this precipitation. The resistivity of the
copper wiring was almost the same as that of the bulk of metallic copper. The
developed method—combining laser irradiation to a copper-complex-coated
film and electroless copper plating—enables the high-speed deposition of fine
copper wiring on a polyimide film in air by a printing process, indicating an
inexpensive and useful process for fabricating copper wiring without high
vacuum facility and heat-treatment under inert gas.

Keywords
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1. Introduction

In recent years, a method called “printable electronics”—which produces elec-

tronic devices using a low-cost printing method—has been attracting much at-
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tention [1] [2] [3]. Compared with conventional sputtering, vacuum evapora-
tion, CVD, and other methods using conventional high-vacuum equipment,
printable electronics make it possible to form films by using simple equipment
under atmospheric pressure. It is thus an attractive, innovative method for re-
ducing the costs of manufacturing electronic devices. Even in regard to the for-
mation of metal wiring, which is an indispensable component for electronic de-
vices, the wiring is formed by a printing method using fine metal particles. Stu-
dies on the formation of gold and silver wiring have been reported; however,
these wirings were formed by methods such as screen printing and inkjet print-
ing using a highly dispersed solution of ultrafine particles of gold or silver
[4]-[10]. And since gold and silver are precious metals, methods using them are
problematic from the viewpoint of cost reduction. Although silver has high
conductivity and is less expensive than gold, it has a problem in terms of its low
migration resistance. For that reason, forming copper wiring by using a liquid
dispersion of copper fine particles, which is a base metal with high conductivity,
is being studied [11] [12]. However, copper is easily oxidized, so it is indispensa-
ble to perform the processing steps involved in this method—such as synthesis
of copper fine particles, preparation and handling of their dispersion solution,
and heat treatment necessary for film curing—under an inert gas [13] [14]. For
that reason, the manufacturing process and its equipment are inevitably compli-
cated, and that complexity is one reason for increasing costs. Therefore, the de-
velopment of a stable and inexpensive copper-source compound, and a simple
process technology for copper-wiring formation using it, is being eagerly antic-
ipated.

Aiming to develop a simpler method for fabricating copper interconnects
(wire), we are studying the formation of high-speed fine wire in air by using sta-
ble copper-metal complexes and laser irradiation. It has been reported that sta-
ble metallic copper is precipitated in air by laser irradiation of a copper-complex
film having glyoxylic acid bonded as a ligand and that it is possible to perform
direct drawing (“direct patterning”) of copper wiring by utilizing the phenome-
non by which copper precipitates only in the laser-irradiated part of the film
[15] [16]. This method makes it possible to form fine copper wiring at high
speed by laser irradiation of a copper metal complex that is stable and easy to
handle in air; accordingly, it is attracting attention as a simple and low-cost
technology for forming copper wiring that does not require high-vacuum
equipment or treatment under inert gas.

Recently, formation of a copper film by using a stable solution composed of
copper formate and 2-amino-2-methyl-1-propanol (AMP) as a copper source
has been reported [17]; however, for conversion to copper, heat treatment at
about 350°C under an inert gas is necessary. Such heat-treatment at high tem-
perature is not suitable for forming copper wire on organic film. A method of
forming a copper film with relatively good conductivity by irradiating a copper

salt (as ink) with a high-intensity pulsed light has also been reported [18] [19].

DOI: 10.4236/msa.2018.911062

860 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.911062

T. Ohishi, N. Takahashi

However, direct patterning of copper wiring by photoirradiation on organic film
in air has not been investigated and reported.

In this study, the formation of copper wiring on a polyimide film by our
newly-developed method was studied. Polyimide film is a functional organic
polymer with outstanding properties, namely, high heat resistance, electrical
insulation, and low dielectric constant, and has been used as an organic film
for printed circuit (wiring) boards [20] [21]. In particular, with the develop-
ment of flexible electronics in recent years, demand for flexible printed circuit
(wiring) boards has been growing. Conventionally, as for the mainstream me-
thod for fabricating a flexible printed wiring board, a copper foil is formed on
a polyimide film, and copper wiring is formed from that foil by photolitho-
graphy [22] [23] [24] [25] [26]. However, this method involves many steps,
which complicate the manufacturing process and increase costs. Accordingly,
a simpler method for forming copper wiring on a polyimide film is required.
In consideration of the above-mentioned problems with the conventional me-
thod, we studied forming fine copper wiring on a polyimide film by the new-
ly-developed method.

This paper reports the results of our investigation on direct patterning of fine
copper wiring on a polyimide film by laser irradiation to the stable mixed-cop-
per-complex film and the observation results (the surface state and cross-sectional
structure of the formed copper film) concerning thickening of the copper wiring

by electroless copper plating on the laser-deposited copper wiring.

2. Experimental

2.1. Synthesis of Glyoxylic-Acid Copper (GACu) Complex

Glyoxylic acid (4.5 mmol) was dissolved in 5 ml of H,O, and the solution was
adjusted to pH 7 by adding 10-wt% NaOH aqueous solution. To that solution,
CuSO,5H,0 (4.5 mmol) dissolved in 5 ml of H,0 was added. After stirring that
solution for three hours, the precipitated blue precipitate was filtered and
washed with sufficient H,0O. The blue precipitate (GACu complex) was then
dried under reduced pressure. The yields in terms of weight and proportion

were 0.50 g and 65.7%, respectively.

2.2. Synthesis of Methylamine-Copper (MACu) Complex

To prepare a methylamine copper (MACu)-complex solution (1.0 M), 6.0 mL of
40% methylamine/methanol solution was added to 1.3 g of copper-formate te-
trahydrate and stirred (with warming) for one hour with a stirrer. The MA-
Cu-complex solution was gradually concentrated, and the solvent was removed

and dried to obtain blue crystals.

2.3. Preparation of Mixed Solution of Copper Complexes

To prepare a GACu solution (1.0 M), 4.0 mL of ethanol and 2.0 mL of 2-aminoethanol

were sequentially added to 1.0 g of GACu and stirred with a stirrer for one hour.
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In addition, to prepare a methylamine copper (MACu) complex solution (1.0
M), 6.0 mL of a 40% methylamine/methanol solution was added to 1.3 g of cop-
per-formate tetrahydrate and stirred with a stirrer for one hour. To prepare a
mixed (GACu/MACu) solution (1.0 M) of complexes, the (MACu) complex so-
lution was added to the GACu complex solution and stirred for 30 minutes. To
prepare a film-preparation-solution, mixing ratios (GACu:MACu) were varied
as 10:0, 8:2, 6:4, 5:5, 4:6, 2:8, and 0:10.

2.4. Thin-Film Preparation and Laser Irradiation

The GACu/MACu mixed solution was spin coated (rotational speed: 2000 rpm;
30 s) on a polyimide film (Kapton 100 H, Torey-DuPont, 20 mm x 25 mm X 25
pum (t)) and sodium-free-glass substrate (30 mm x 30 mm x 1 mm (t)), and the
spin-coated films were then dried at 80°C for 10 min. The polyimide film was
surface-modified by irradiating the surface with ultraviolet rays. The thin film
was irradiated by a carbon-dioxide-gas laser (wavelength 10.6 pum; SUNX
LP-300) whose output was varied. The irradiation was performed with the laser
focus swept at a sweep rate of 20 mm/s. After the laser irradiation, to remove
non-irradiated portions, etching was performed with a mixed solvent of etha-
nol/H,O at 1:1 or pure water, and then the thin film was washed with acetone

and dried at room temperature.

2.5. Electroless Copper Plating

Copper deposition by electroless copper plating was performed on copper wiring
fabricated by laser irradiation. The electroless-copper-plating solution was pre-
pared by using EPITHAS PHP (pH 7.7) and Thru-Cup ELC-SP (pH 12), manu-
factured by Uemura Kogyo Co., Ltd., and the samples were formed by changing

the immersion time of the thin films in the solution at a temperature of 60°C.

2.6. Evaluation

The thermal-decomposition characteristics of the synthetic-complex were meas-
ured using thermogravimetric differential thermal analysis (TG-DTA; Shimadzu
TGA-50) and thermogravimetric analysis mass spectrometry (TG-MS; RIGAKU
TG 8120 and Shimadzu GCMS-QP 2010). The crystal structure of the thin film
was measured with a thin-film X-ray diffractometer (RIGAKU RINT-TTR III,
Smart Lab.).

The surface condition of the thin film was observed with a digital microscope
(KEYENCE VHZX-500F) and a scanning electron microscope (SEM; KEYENCE
VE-8800 and JEOL SM-7610F). The cross-sectional structure of the copper thin
film formed on the polyimide film was observed with a transmission electron
microscope (TEM; Hitachi H-9500), the samples for which were formed by fo-
cused-ion-beam (FIB) processing. The resistivity of the thin film was measured
by the four-end needle method (Mitsubishi MCP-T360). The adhesion strength
of the thin film was evaluated by a JIS-standard tape test (JIS K5600-5-6: Japan
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Industrial Standard).

3. Results and Discussion

3.1. Fabrication of Thin Film Using Glyoxylic-Acid Copper (GACu)
Complex and Methylamine Copper (MACu) Complex and
Effect of Laser Irradiation

As a starting material for a copper source, the complex solution prepared by
mixing GACu and MACu, which are stable copper-divalent metal complexes,
was used. The molecular structure of GACu and MACu is shown in Figure 1. A
thin film was formed by changing the composition ratio of both complexes, and
the state of the film after laser irradiation was observed.

The thin-film fabrication process is shown in Figure 2. A solution (with a
concentration of 1 M) containing a mixture of a glyoxylic-acid copper complex
(GACu) solution (solvent: 2-aminoethanol/ethanol mixed solvent) and me-
thylamine copper complex (MACu) solution (solvent: methanol solution), and
thin films formed with mixture ratios (GACu:MACu) of 10:0, 8:2, 6:4, 5:5, 4:6,
2:8, and 0:10 were examined. A copper-complex thin film was prepared by
spin-coating (2000 rpm/30 s) a copper-complex solution on a glass slide or a
polyimide film and pre-baking at 80°C for 10 minutes. The complex film was ir-
radiated with CO, laser in the atmosphere (laser power: 2.4 W at focal length;
sweep rate: 20 mm/s) and etched to form copper wiring. The whole surface of
the film was fabricated by moving the laser sweep laterally. At laser power of 1.2
W, powder-like Cu particles with weak adhesion to polyimide film were depo-
sited. At laser power of 2.4 W or more, Cu thin film with strong adhesion was

formed. At laser power of 5.0 W, polyimide film was deformed. To avoid

2+
HO.H.O CH,H,N
N OH 3H, NH,CH
Tl o lHCO00),
&g ©OH:| |CH;H;N "NH,CH,
GA Cu Complex (GA Cu) Methyl Amine Cu Complex (MA Cu)

Figure 1. Molecular structures of glyoxylic acid copper complex (GACu) and methyla-
mine copper complex (MACu).

GA Cu Complex Methyl Amine Cu Complex
(GA Cu) (MA Cu)

Stir
Spin Coating on Polyimide
(2000rpm,30s)

Dry(80°C,10 min)

CO, Laser Irradiation in Air

Cu Thin Film

Figure 2. Cu film formation process using mixed solution of GACu and MACu.
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damaging the polyimide film (which is an organic film) by the laser irradiation,
the power of the laser irradiation was set low (2.4 W). In the thin films with any
composition, the laser-irradiation site changed to copper color.

X-ray diffraction spectra obtained from the thin films are shown in Figure 3.
Peaks appeared at 26 = 43.3° (1, 1, 1), 50.4° (2, 0, 0), and 74.2° (2, 2, 0) in the
case of all thin films irrespective of the compositional change. These peaks coin-
cide with the cubic-copper peak. However, no peaks corresponding to CuO were
observed. This result suggests that pure copper (i.e., no copper oxide) is precipi-
tated in the laser-irradiated part of any of the copper-complex films with any
composition.

The results of observation of the surface condition (surface morphology) of
the copper wiring are shown in Figure 4. A copper wiring with a width of 200 -
230 pm was formed by laser sweep. As for the surface observation with a digital
microscope (DM), the laser-sweep traces on a single GACu film were probed,
and as the composition ratio of MACu increased, the sweep trace gradually dis-
appeared, and in the case of the film with GACu:MACu = 5:5, a film with a uni-
form surface was obtained. As shown in the SEM images, many fine pores are
present in the copper film prepared with the glyoxylic-acid-only copper complex
(GACu:MACu = 10:0). When the methylamine copper complex was added, the
size and number of the fine pores gradually decreasesd, and a relatively dense
film was formed at GACu:MACu = 5:5. However, when the ratio of MA copper

complex exceeded 50%, surface irregularities and fine pores were increasingly

GACu:MACu
10:0

Intensity [CPS] a.u.

Cu (JCPDS No 225)

. CuO (JCPDS No 9)
! l' I a - o !
15 35 55 75 90

Diffraction Angle 20 |[° ]

Figure 3. X-ray diffraction patterns of Cu thin films using mixed complex solution of
GACu:MACu (Laser irradiation condition: laser power 2.4 W, sweep speed 20 mm/s).
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Figure 4. Surface morphology of Cu fine wire using mixed complex solution of GA-
Cu:MACu (Laser irradiation condition: laser power 2.4 W, sweep speed 20 mm/s).

generated as the ratio of MA copper complex increased. In the case of the film
containing only the MA copper complex, the surface roughness was greatest
while the laser-sweep trace was largest. Moreover, when the MA-copper-complex
ratio was increased (GACu:MACu = 2:8 and 0:10), the adhesion strength of the
film to the substrate tended to decrease.

It was found that 1) copper metal is precipitated without oxidation of copper
in air by laser irradiation to the two-component copper-complex film and 2) the
surface state of the copper film largely depends on the mixing ratio of the two
copper-complex components, and an optimal composition ratio for obtaining a
dense film exists. Furthermore, by using a two-component system, copper is
precipitated even at a low laser-power output of 2.4 W, so it is possible to reduce
thermal damage to the substrate caused by the laser. Accordingly, it is possible to
form copper wiring on a film made of a resin such as polyimide. Although the
mechanism of formation of a copper thin film by laser irradiation to the cop-
per-complex film in air has already been reported [15], it is presumed to be ex-
plained as follows.

A CO, laser with a wavelength of 10.6 pm is an infrared laser, and it can apply
heat with a high energy density locally and instantaneously to the irradiated part.
The heat instantaneously detaches the ligands and decomposes the irradiated
part. At that time, electrons are provided to Cu** ions by reductive elimination
of the ligands, and those ions are reduced to copper. It is assumed that since the
copper formed immediately after the reduction exists as very minute particles,
the melting point of copper is extremely low compared with that of the bulk
copper [27] [28]. It is considered that the fine copper particles melt due to the

heat of the laser irradiation, and they grow into larger stable copper particles
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before they are oxidized. Mixing MACu with GACu when copper forms in this
manner cause MACu to thermally decompose at a lower energy (According to
an analysis of thermal-decomposition properties, ligand elimination of MACu is
mostly completed at 200°C, whereas that of GACu is complete at 270°C [16]).
Consequently, when fine copper formed from MACu acts as a crystal nucleus,
copper produced from GACu grows as crystals easily. This phenomenon is pre-
sumed to be the cause of the formation of a uniform copper film under a lower
laser output in the case of the GACu/MACu-mixed-complex film rather than in
the case of the GACu-only film.

On the other hand, in the case of heat treatment, thermal energy is gradually
applied to the entire film by convection. It is therefore presumed that fine cop-
per particles generated when the ligands are reductively eliminated react imme-
diately with oxygen in the air diffused into the film without any grain growth

occurring, and copper oxide is subsequently formed.

3.2. Formation of Copper Fine Wiring on Polyimide Film

A film with GACu/MACu ratio of 5:5 was formed to obtain a uniform copper
film on a polyimide film, and the film was then laser irradiated. In addition, the
deposited copper wiring was subjected to electroless copper plating, and thick-
ening of the copper wiring was studied.

The copper-wire formation process is overviewed in Figure 5. The laser was
swept over the mixed-copper-complex film formed on the polyimide film. After
that, etching with water/ethanol dissolved the copper complex and left copper
remaining on the polyimide film. The polyimide film was immersed in an elec-
troless-copper-plating solution, and plated copper was deposited on the film for
various immersion times at 60°C.

The results of observations (DM and SEM images) of the surface condition

are shown in Figure 6. It was also found that 1) copper precipitated in the

Cu Complex Thin Film

Laser i @

— |

Cu Etching
o O
T -

@Electroless Cu Plating

Figure 5. Cu wire formation process on polyimide film substrate using laser irradiation

and electroless Cu plating.
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Electroless '

Laser

Etching

Before platin 20min.

Figure 6. Surface morphological changes of Cu wires on polyimide (PI) after electroless
Cu plating.

laser-irradiated part and direct patterning of copper on a polyimide film sub-
strate is thus possible and 2) copper was deposited on this copper wiring by
electroless copper plating. It was observed that when the immersion time in the
plating solution was increased from 5 to 10 minutes and then from 10 to 20 mi-
nutes, the copper precipitated more thickly and clearly with time. Looking at the
change in the surface condition at that time reveals that the surface of the copper
before plating became smoother with immersion time. In the SEM images,
minute irregularities are observed in the laser-irradiated film before plating;
however, the unevenness decreases with plating time, and it is observed that the
surface of the 20-minute-plated film is uniform. This result indicates that the
surface becomes smoother as the thickness of the plating film increases. In-
creasing of plating time enables the densification and smoothness of copper film.
Although the width of the wiring on the laser-irradiated film is about 200 um,
the width tended to increase with plating time, and after 20 minutes, the plating
film was about 300 pm wide. It is clear that the electroless plating tends to in-
crease not only the thickness of copper film but also the width of the wiring. The
adhesion strength of the prepared copper film was high, and the
JIS-based-standard tape test (JIS K-5600-5-6) showed excellent adhesion, name-
ly, remaining number/cut number of 100/100.

3.3. TEM Observation of Cross-Sectional Structure of Copper Wiring

A TEM photograph of the cross-sectional structure of the copper wiring before
plating (fabricated by laser irradiation) is shown in Figure 7 together with the
surface-observation image (DM, SEM). A copper thin film is formed on the po-
lyimide film with a thickness of 100 to 200 nm. Although copper particles are
not observed in some places, it is presently unknown whether this absence of
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DM Image  SEM Image
(a) Surface state of Cu thin film
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L
5000m = -
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(b) Cross-sectional TEM Image of Cu thin film

Figure 7. DM image, SEM image and cross-sectional TEM image of Cu wire prepared on
polyimide film substrate using laser irradiation before electroless Cu plating.

copper particles is due to the characteristic of the laser-irradiated film or missing
copper particles at the time the cross-sectional TEM observation sample was
prepared. A lot of copper particles with size of 50 to 60 nm can be seen. And
smaller particles, with size of about 10 nm can also be seen. The precipitated
copper particles precipitate in such a manner as to dig into the surface of the
polyimide film. This phenomenon is presumed to be because copper precipi-
tated on the parts where the polyimide surface was softened by the heat due to
the laser irradiation. It is speculated that the adhesion strength of the deposited
copper thin film is high due to the anchor effect of the copper particles biting
into the polyimide surface.

The results of elemental analysis by EDX of the deposited copper wiring are
shown in Figure 8. A peak corresponding to metal copper is observed at each of
observation points (Points 1 to 5), so it is concluded that the precipitated par-
ticles are represented by these metal-copper peaks. At Point 1, close to the po-
lyimide film, elements such as carbon, nitrogen, and oxygen are observed. These
elements are presumed to be derived from the constituent molecules of the po-
lyimide film. At Points 3, 4, and 5, nitrogen and oxygen are not observed, but a
small amount of carbon is observed; however, this carbon is seemingly derived
from the protective film used when the TEM sample was prepared.

A TEM image of the cross-sectional structure of the thin film (plating time: 5
minutes at 60°C), electrolessly plated on copper wiring deposited by laser, is
shown in Figure 9. It can be seen that while the plating time is as short as five
minutes, a dense plating film was formed on the copper wiring deposited by la-
ser. The film thickness ranged from 200 to 360 nm depending on the observation
point, and the average thickness was about 300 nm. Looking at the form of the
precipitated copper particles (see the enlarged view in the TEM image) reveals
that the copper particles near the interface with the polyimide film are small, but

the copper particles get larger toward the upper layer. The upper layer portion is

DOI: 10.4236/msa.2018.911062

868 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.911062

T. Ohishi, N. Takahashi

EDX observed points - e
= s SIS 00 cu Cu 400 cu
: ‘ I Cu
|
300~ I
200
: Iﬁ ¢ w\
n 200~ ‘
: ¢ \
100 Cul | | ‘ ‘ ‘
I [| 76 o i
fof (| iyl Il
M me Ji il me )
0 ! 2 3 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
o R Energy(koV) Fig -1 Ao 2008 Enerey(heV) Fig 1-2
EDX observed area point 1 point 2
pointd pointd pointS
cu 5007 g,
ol ] . | . o
| 400 { | o
400 I| | “‘ 400 \
c C 300 c | I
o 0 ! ‘ 2 300+ ‘
4 | 5 2000 ‘ v | “\
200 200
o Il i il I
001 J |oo—c 1 ‘ o wao-cc*‘v |
for Fe G0 || 9 Fe G | l “ 1 1ol Fe oo | ‘ "‘L
) 10 R ) T S S R T
: EnerylieV) Energy(hoV) AR i EnergyikeV) i
- Fig.1-3 Fig.1-4 Fig.1-5
point 3 point 4 point 5

Figure 8. TEM image and EDX elemental analysis of Cu wire prepared on polyimide film substrate using laser irradiation.

SEM Image Cross-sectional TEM Image
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Figure 9. SEM and cross-sectional TEM images of Cu wire prepared on polyimide film substrate using laser irradiation after elec-

troless Cu plating.

considered to be copper particles precipitated by the electroless copper plating.

From the above results, it is concluded that a plating of copper is formed on

the copper formed by laser irradiation. Electroless copper plating usually uses

palladium (which is a noble metal) as a catalyst. By applying the method devel-

oped in this research, an electroless-copper-plated film can be formed using

copper (which is less expensive than palladium) as a catalyst. The resistivity of

the plated copper film was about 5 x 107° Q-cm. Although this value is slightly
higher than the resistivity of the copper bulk (1.68 x 107 Q-cm), when the plat-

ing time was increased to 10 and then 20 minutes, the thickness of the copper

film increased and became the same as the resistivity of metallic copper (bulk
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body). As described above, copper wiring can be directly patterned as a film on
the PI film in air by laser irradiation to the stable copper complex coating film,
and thick copper wiring can be formed on this film by electroless plating; con-
sequently, it is possible to form high-conductivity wiring in air. This result indi-
cates that processing in an inert gas and high-vacuum equipment are unneces-
sary and that copper wiring can be formed by laser irradiation to a stable cop-
per-complex film on a polyimide film at high-speed. Since the developed me-
thod can be applied in air and enables the high-speed deposition of fine copper
wiring on a polyimide film by a simple printing process, this method is effective
for forming copper wiring on flexible printed circuit board as a low-cost me-
thod.

4. Conclusion

Formation of copper wiring on a polyimide film by laser irradiation to a stable
copper-complex film in air was studied. The results of the study show that me-
tallic copper precipitates on the polyimide film even in air. This copper was
generated only in the laser-irradiated parts, so direct patterning of copper wiring
was possible. It was also found that copper was precipitated by electroless copper
plating on the laser-deposited copper wiring, and it was possible to thicken the
copper wiring by this precipitation. The resistivity of the copper wiring was al-
most the same as that of the bulk of metallic copper. The developed me-
thod—combining laser irradiation on a copper-complex-coated film and elec-
troless copper plating—can be applied in air; accordingly, it is believed that this
method will contribute to reducing the cost of forming copper wiring on a po-

lyimide film and further development of flexible printed wiring boards.
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