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ABSTRACT: Flexible conductive patterns on polyimide substrates

are attracting increasing research interest in the areas of wearables,

biomedicals, automotives, and energy harvesters. This paper reports a

laser-induced selective activation (LISA) process for electroless

metallization and, therefore, the creation of complex conductive  near-

patterns on polyimide substrates. In this process, a Q-switched _infrared
. -1 . o fiber laser

pulsed laser is utilized for scanning the surface and forming the

catalytic layer consisting of microporous structures, which enhances

the stability of electroless plated metallic structures on the polyimide

surface and exhibits superior mechanical stability under repeated

bending and harsh environments. The high resolution of the metallic \

patterning enables the demonstration of a copper microgrid pattern MEEPE= Porous surface structure

with a line width down to S0 gm. Moreover, flexible light-emitting

diode displays and electromagnetic interference shielding films are

successfully manufactured to indicate the promising capability of our LISA process.
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1. INTRODUCTION laser-assisted deposition,'”'® and laser-induced forward trans-
fer,"”*° which offers new approaches for the rapid fabrication of
flexible circuits.”'~>* Photolithography has therefore become
the primary method used in industrial applications for etching
patterns on substrate surfaces.”* However, photolithography has
inevitable disadvantages, such as being time-consuming and
requiring a high capital investment and rigorous operating
conditions.”* Over the past decade, a commercially available
technology, laser direct structuring (LDS), has been used to
selectively deposit metal patterns by utilizing specialty plastic
materials doped with laser sensitizers.”> In its practice, only a
portion of the laser sensitizer is utilized, which causes a huge
amount of material waste, increasing cost and leading to possible
heavy metal contamination.”’

The above-mentioned issues have motivated researchers to
attempt the direct deposition of metal on more general
polymeric materials via laser-induced selective activation
(LISA), which utilizes selective adsorption of catalytic particles
on a microporous interlayer as created by liquid-assisted laser
modification.”*** The microporous interlayer has shown the

Flexible conductive circuits with special deformability and
conductivity are in essential demand for applications in wearable
electronic devices,' ™ medical implants,4‘5 and electromagnetic
interference materials.”” To fulfill the requirements of these
applications, stable conductivity under various types of
deformation or external stress conditions is highly desired, so
a stable conductive network on a flexible polymeric insulating
material as a substrate is the key. Therefore, various techniques,
such as inkjet printing,®” screen printing,'’ ligand-induced
electroless plating,'' and meniscus-limited electrodeposition,'”
have been investigated in the past for the construction of high-
quality flexible conductive circuits. However, inkjet printing
often requires a rigorous design of conductive inks, reliable
nozzles, and high postprocessin§ temperatures, which increases
the manufacturing complexity.s’ In comparison, screen printing
seems simple and efficient, but it requires prefabricated
patterned stencils, which reduces the manufacturing flexibility."’
Ligand-induced electroless plating requires complex covalent
grafting of the polymer surface.'’ Meniscus-confined electro-
deposition, although allowing the fabrication of metal structures
on the micro-/nanoscale through controlling the electro- Received: November 30, 2021
deposition from microtubule ends, requires a complex electric Accepted:  March 21, 2022
field and low deposition rate, which restrict the capabilities for Published: April 1, 2022
parallel manufacturing.'

Nowadays, burgeoning laser technology has been widely used
in patterning,””14 surface modification,” medical treatment,'®
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Figure 1. Schematic illustration of the fabrication process of laser-induced selective metallization on PI films through (a) liquid-assisted surface
modification by laser irradiation and (c) activation of the selectively irradiated pattern via AgNO; immersion, cleaning, and electroless plating. (b)
Schematic of (b) the modified PI surface and (d) the final sample with a Cu microgrid on the PI films and the composition of its cross-section.

capability for binding metallic ions and particles for electroless
deposition of metals. Although the common thermoplastics are
susceptible to form porous structures in LISA,” it is still a
challenge to directly treat polyimide (PI) with high temperature
resistance by the same method.”’ Due to the stable physical
properties of polyimide, the researchers used alkali solution for
etching and producing modified surfaces,” and some fascinating
results have been achieved.*”** However, there is still an urgent
need to implement a simple and precisely controlled laser-
induced surface modification technique to effectively exploit the
special properties of high-performance polymer-based flexible
circuits.

In this paper, a facile patterned metallization process based on
LISA is developed for the fabrication of microscale metallic
structures on polyimide substrates. Unlike previous photo-
lithography or LDS techniques, this work further utilized liquid-
assisted laser modification for a robust mechanical anchoring of
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the polymer—metal layer interface. This study produces reliable
conductive lines with a resistivity of less than 2.18 X 107> Q um
and EMI shielding effectiveness (SE) of 135 dB. Furthermore,
the mechanical durability of the fabricated flexible circuit is
excellent. Based on these observations, we will demonstrate the
applications of the fabricated flexible circuits.

2. RESULTS AND DISCUSSION

Our proposed fabrication process for metallic micropatterns is
based on LISA and is schematically illustrated in Figure la—c. In
the typical fabrication process, a polyimide (PI) substrate is first
immersed in deionized (DI) water. Subsequently, a near-
infrared (NIR) fiber laser beam with a wavelength of 1064 nm is
focused on the polyimide surface by a customized optical
scanning system (Figure 1a). Then, the PI surface is selectively
scanned and modified by liquid-assisted laser ablation (Figure
1b). Before the metallization, the laser-modified substrate is
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Figure 2. Optical images of samples with copper patterns. Three samples with hexagonal patterns (a) and an enlarged view (b). Particular locations of a
hexagon (c) from the pattern in part b are shown in parts d—f. Note that the image in part f was rotated 90° compared to that in part c. The two parallel

lines in part f are 50 ym wide and separated.

activated in a silver nitrate solution for 10 min, by which the
silver ions diffuse onto the PI surface. The activated sample is
then heat-dried and ultrasonically cleaned to remove the silver
ions on the nonmodified area of the PI film (Figure 1c).

During the following electroless copper plating (ECP) at 40
°C, the copper atoms are selectively deposited on the Ag-
activated surface to form a uniform metallic pattern in the ECP
bath (Figure S1, Supporting Information). Again, the film is
rinsed in DI water to remove the residual ECP solution, and a
flexible PI film with a patterned Cu microgrid is obtained as
shown in Figure 1d. The entire fabrication process is solution-
based, performed in the ambient environment, and suitable for
large-area fabrication.

Flexible PI films with a copper microgrid were fabricated for
testing the accuracy of our LISA process. As displayed in Figure
2a,b, the new process can successfully produce continuous and
complex features of the prototyped Cu microgrid with high
resolution. The enlarged views in Figure 2d—f show that the line
width of the copper lines can be controlled to less than 50 ym,
which was limited by the laser spot size of ~50 gm in this study.
The minimum distance between two adjacent conducting lines
was ~20 pym in this study as determined by the positioning
accuracy of the belt-based linear stages as used in our setup.

The selective electroless copper deposition was validated by
an EDS (energy-dispersive X-ray spectroscopy) analysis of the
as-fabricated microgrids. The compositions of PI surfaces before
and after ECP were analyzed. As seen in Figure 3ab, the
compositions of the PI surface before ECP were 76.06 wt % C,
23.82 wt % O, and 0.12 wt % other elements (N), and the
compositions of the PI surface after ECP were 99.94 wt % Cu
and 0.06 wt % other elements. It can be seen in Figure 3b that
only the Cu element was detected, and the C—O—N element
disappeared, which can be explained by the fact that the Cu
metal layer was sufficiently thick, or the PI surface was
completely covered by a uniformly, densely deposited Cu layer.

It should be noted that the black polyimide films were used as
substrates in this study because of their high absorption (almost
100%) of light at the wavelength of 1064 nm (in Figure 3c). The
high absorption can help obtain the porous surface structure at a
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lower laser power. More importantly, since we operated the
LISA in water, the black color design was beneficial for
suppressing the noise effects from ambient lights. In practice,
LISA has also been considerably applied to other melanocratic
polymers, such as polycarbonate (PC), epoxy glass fiber
substrate with flame resistance grade 4 (FR4), acrylonitrile
butadiene styrene (ABS), and polybutylene terephthalate/
polyethylene terephthalate (PBT/PET).*

The fabrication process was then investigated by varying the
laser scanning cycles N,,,, while the other parameters (laser
power and pulse frequency) were maintained. As shown in
Figure 4a, five groups of samples were fabricated by laser
irradiation for 1—S cycles, separately. The effective spot of
irradiation could not completely modify the original PI surface
with only less than three cycles of laser irradiation. After the ECP
process, as shown in Figure 4b, many defects were left on the
processed PI surface that was irradiated for 1 or 2 cycles.
Therefore, a sufficient dosage such as at least three cycles of laser
irradiation was necessary to fulfill the completeness of the laser
energy distribution. A fully metallized surface could be obtained
only after more than three cycles of laser irradiation. As shown in
Figure 4c, the sheet resistance can be controlled below 0.3 €2/sq
after more than 3 cycles of laser irradiation.

The fabricated copper layer after 30 min of ECP is relatively
thin (~0.5 ym) (Figure 4f), and the electric resistivity p of the
copper layer is only about 0.15  um. By increasing the
electroless plating time and therefore the density and thickness
of the copper layer, the results shown in Figure 4d show that
after 60 min the resistivity remained constant, and the copper
layer was densely formed on the surface area after laser
processing, which can be confirmed in the optical images as in
Figure 4e. Based on the morphology observation and the
resistance measurement, the electroless plating time of 60 min
was selected for subsequent experiments.

To prove the advantage of the current work, we compare the
sheet resistance, metal thickness, and resistivity of the LISA-
based flexible circuits with other fabrication techniques from the
literature, as shown in Table 1. This clearly shows that the LISA-
based flexible circuits fabricated in the current work deliver one
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Figure 3. EDS spectra of the polyimide before (a) and after (b) electroless copper plating. (c) Transmittance spectra of black PI (HY22050) from
Runhai Electronics Co. Ltd. and sandy brown PI (Kapton 100HN) from Du Pont-Toray Co. Ltd. in the region 200—1100 nm.

of the lowest resistivity values compared with other fabrication
techniques, proving the advantage of this work in the application
of flexible electronics.

The possible mechanism of the selective metallization of PI
was further studied. The LISA process is usually implemented
on other polymers in a water medium,”**%*~* which
indicates that the laser process at the interface between water
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and PI is significant for an effective modified surface. By
comparing the surface morphology of PI after laser irradiation in
water and in air, the mechanism of laser modification at the
interface could be speculated. As shown in Figure Sa, the PI was
laser-irradiated in air, and macropores were formed. The
diameter of each pore is about 30 pm, showing agreement
with the theoretical diameter of the laser spot. After the ECP
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Figure 4. Optical images of the laser-modified PI (a) and the metallized layer after different scanning times (b). The sheet resistance values
corresponding to the samples in part b are plotted in part c. Resistivity (d) and corresponding optical images (e) of the samples with different ECP
durations. (f) Cross-sectional view of the interface between the copper and PI layers.

process, as presented in Figure Sb, the copper grows along the
irregular shape of the pore structure, forming an irregular metal
cover over the pore structure. The macropores may reduce the
adsorption ability of the activation solution, resulting in the loss
of the activation seeds in the ultrasonic cleaning step and uneven
copper deposition in the ECP step.

In contrast, when laser modification was carried out in water,
microporous structures were formed as shown in Figure S,
which could contribute to retaining the activation solution and
achieving a more uniform copper deposition (Figure 5d). The
reason that microporous structures were formed in the water is
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supposed to be the nucleate boiling at the interface between
water and the PI surface.””** At atmospheric pressure, nucleate
boiling occurs when the excess temperature of water exceeds 5—
30 °C. Maintaining the surface temperature requires controlling
the heat flux within a certain range.45’46 In this case, the
temperature of the polymer surface rose rapidly, and there was
local area transfer to the glassy state or molten state, which was
prone to deformation®” and formed a local microcrack as a
nucleation center for nucleate boiling. Taking the nucleation
center as the starting point, water changes from liquid phase to
gas phase, and the resultant bubble grows and separates. After
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Table 1. Comparison of Resistivity of Flexible Circuits between the LISA Process and Other Techniques

material

copper/Ag layer on PET/PI
copper layer on PET

fabrication technique

printing of Cu NPs and ECP
copper/Pd layer on PI

copper layer on PEEK/CNT composites
copper/Ag layer on PET

MPTES modification and ECP
LISA and ECP for 20 min
LISA and ECP for 40 min
LISA and ECP for 60 min
LISA and ECP for 110 min

copper layer on PET

copper/Ag layer on PI film
copper/Ag layer on PI film
copper/Ag layer on PI film
copper/Ag layer on PI film

patterning of silver nitrate inks and ECP

spin-coating of Pd complex ink and ELD
NaBH,/NaOH solution immersing and ECP
SiO,/Ag liquid modification and ECP

Ripeet (2/59)  trperat (4m) p (Q pm) ref
0.3 2.08 X 1072 (119% Cu) 34
0.006 0.2465 2.01 X 107 (118% Cu) 35
0.034 4 13.6 X 1072 (777% Cu) 36
0.015 9 13.5 X 1072 (771% Cu) 37
24 8.6 X 1072 (491% Cu) 38
0.054 1 543 x 107 (310% Cu) 39
0.252 0.52 13.1 X 1072 (748% Cu)  this work
0.103 0.71 7.32 X 1072 (418% Cu) this work
0.023 0.96 2.18 X 1072 (124% Cu) this work
0.022 1.18 226 X 1072 (129% Cu)  this work
1.75 X 1072 bulk copper
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Figure 5. SEM images of a laser-modified PI surface (a) in air and (c) in water. The SEM images of the samples in parts a and c after ECP are shown in
parts b and d, respectively. The surface morphology of the PI substrate after the laser processing (e) in air and (f) in water is obtained using a laser

scanning confocal microscope.

bubble separation, the surrounding low-temperature liquid
quickly flows in to fill the generated cavity and rapidly solidifies
the molten surface, and then, a porous morphology is formed.
According to the measurements using confocal microscopy, the
average surface roughnesses of the PI substrates processed in air
and in water were 2.4 um (Figure Se) and 0.9 um (Figure 5f),
respectively. Based on the van Oss et al. acid/base theory, the
microporous structure allows for greater surface tension and
interfacial work, thus retaining the activation solution for
allowing the silver ions to be activation seeds.” Accordingly,
ECP only occurs in the laser processing area because the porous
structure with the remaining activation solution allows the
catalytic reduction deposition reaction to occur. In addition, it
was noted from Figure 5f that the maximum roughness for PI
film after LISA in water was about 5.225 ym, which was just the
effective thickness of the porous structure and therefore the
minimum required thickness of the PI film. In fact, the thickness
of the commercial PI film used in our study was about 30 ym,
much larger than this effective thickness of the porous structure.

The adhesion strength of the metal layer on the substrate was
confirmed by a tape test according to the standard test method
(D3359-09, American Society of Testing Method).** As shown
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in Figure 6a, a metallized sample of 20 mm X 20 mm was
prepared. Then, the metal layer was cut into 10 X 10 grids
(Figure 6b). The pressure-sensitive tape was pasted on the metal
layer and then peeled oft from the copper surface. As presented
in Figure 6¢, 0—5% of the deposited copper came out after the
peel test. The edge of each metal layer cell is neat, and no cell is
stripped. The adhesion between the copper layer and the PI film
belongs to class 5B according to ASTM-D3359. That means that
the adhesive strength achieves the highest grade of the standard.
The porous structures of the laser-modified PI surface form a
mechanical anchorage with the deposited copper crystal; thus,
the Cu layers are tightly bonded to the substrate through the
porous structures. Compared with chemical-bond-based
methods, the LISA process that creates a mechanical anchorage
is a more facile method without using extra chemical reagent.
The excellent adhesive performance of the metal layer greatly
enhances the stability of the plated metal layer under bending,
heating, or chemical attack. The electrical conductivity of the
metalized layer under cyclical bending was examined. Figure S2
in the Supporting Information presents the customized cyclical
bending testing system. The sheet resistance of metalized
surfaces was collected based on a customized high-throughput
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Figure 6. Optical images of (a) a square sample (20 mm X 20 mm) of a copper layer deposited on a PI substrate and the sample being cut to 10 X 10
grids before (b) and after (c) the peel test using a scotch tape. (d) Schematic diagram of the cyclic bending test of two types of bending states.
Resistance variations corresponding to samples after 30 min of ECP (e) and after 60 min of ECP (f). The sheet resistance variations of the copper layer
under heating and chemical attack are shown in parts g and h, respectively.

resistance meter (Figure S3, Supporting Information).* As
shown in Figure 6d, p} and p_ are the curvature radii of the
sample when bending inward and outward, respectively. A series
of cyclical bending tests were conducted on the PI substrates
with the as-fabricated copper layer. The specimens used in these
tests were fabricated in the same way except for the ECP time.
The specimens were divided into 2 groups. Each group was bent
500 times at radii of 10 and 5 mm, separately. The AR and Ry,
representing the resistance change for the bent and the initial
states, respectively, were recorded every 100 times and plotted in
Figure 6e,f in the form of the ratio of AR to R. This shows that
the resistance of the copper layer barely changed even after 500
bending cycles when the radius of curvature was 10 mm. When
the radius of curvature was S mm, obvious changes were
observed in the resistance of specimens with 30 min of ECP
time. The electrical conductivity reduced by approximately 50%,
which is not satisfactory for general applications. However, the
electrical conductivity of the metallic copper layer with 60 min of
ECP time after 500 cycles of outward bending only reduced by
~18%. Meanwhile, after 500 cycles of inward bending, the
electrical conductivity of the metallic copper layer reduced by
~11%, which meets the requirements of most flexible electronics
applications. These results show a realistic potential of the
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metallized PI developed here for consumer applications based
on flexible electronics. There are two possible reasons for the rise
of resistance: during the movement cycle, the contact between
the test fixture and copper slips slightly, resulting in the increase
of contact resistance; ® and the higher increases in the resistance
values arise because of copper layer cracking under larger
strains.”!

The environmental stability of the as-fabricated PI-based
flexible electrode was evaluated by exposing the sample to
elevated temperatures and dipping them in ethanol, DI water,
and 0.1 mol/L sodium hydroxide solution (pH = 14). The
purpose of setting three liquids is to test the tolerance of samples
in organic, neutral, and highly alkaline environments. Figure 6g
shows that, after the heating at 60, 80, and 100 °C for S h, the
sheet resistances of the copper layer remained unchanged.
Figure 6h shows that, after immersion in those liquid
environments for 50 min, no noticeable changes in the sheet
resistances of the electrode were observed. Although copper and
PI are resistant to organic solvents and alkaline environments,
the superior stability of the Pl-based flexible electrode is
attributed to the excellent adhesion of the mechanical
anchorage.
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The first demonstration of the proposed methodology is
shown in Figure 7a, wherein the surface mounted device (SMD)

- ©)

O 7
Topview Bot

Figure 7. Optical images of a circuit pattern of an electroless plated
copper layer on laser-modified PI substrate (in water) (a), SMD
package devices of a light-emitting diode (upper row) and a resistor
(lower row) (b), and the final flexible circuit board on which light-
emitting diodes and resistors are soldered (c). (d) Typical conventional
rigid circuit board, printed circuit board design, and its circuit
trajectory. (e) The fabricated flexible circuits were conformally attached
to the human skin.

circuit, fabricated via LISA and ECP on a PI substrate, has five
parallel patterns for housing devices, with the lines being 20 mm
long and 0.5 mm wide. The pads (Figure 7b) are for connecting
the five light-emitting diodes and five resistors shown in the
upper and lower rows, respectively. As shown in Figure 7c, the
chip resistors were pasted onto the circuit as current limiting
resistors, and the conductive silver pulp was used as an
interconnect to bridge the resistor components and the solder
pads on the circuit. Finally, the chip light-emitting diodes were
mounted onto the solder pads with the conductive silver pulp. A
video of the working devices and circuits is shown in Movie S1
(Supporting Information). Figure 7d shows a typical conven-
tional rigid circuit board, the printed circuit board (PCB)
design, and its circuit trajectory. This PCB design contains a
CD4017 integrated circuit (IC) chip, an NESSS IC chip, and
other devices. The NESSS provides a periodic square-wave
signal to the CD4017, which circulates this signal in turn to 10
groups of LEDs and current limiting resistors. A working video
of the designed circuits is shown in Movie S2 (Supporting
Information). As demonstrated in Figure 7e, the flexible circuit
was fabricated on PI surfaces via LISA and ECP and then
conformally attached to the human skin. The fabrication process
is shown in Movie S3 (Supporting Information) for a
demonstration of the rapid digital manufacturing capability. In
summary, the metallized PI surface fabricated by LISA and ECP
is practical for flexible electronic circuits.

Metals such as copper and aluminum are commonly used as
electromagnetic shielding materials. Still, their poor flexibility
and high density make it difficult to meet the requirements of
lighter and more flexible electromagnetic shielding materials for
the next generation of portable and wearable smart electronic
products. Therefore, electromagnetic interference (EMI) films
prepared by the surface metallization process have the
characteristics of light weight and good flexibility. The ability

of surface conformation and electromagnetic interference

2198

shielding performance can be used as an ideal substitute for
metal shielding materials. The flexible EMI shielding films,
prepared by the LISA process, are shown in Figure 8a and could
be bent at a large curvature for being conformally pasted to any
free-form surfaces. The EMI shielding performance was further
investigated. As shown in Figure 8b, four PI films were laser-
modified at different laser pulse frequencies ( frep) of 30—60 kHz
and then metallized by the same ECP process. Figure 8c reveals
that the copper on the PI surface had different degrees of
uniformity because of the different laser energy distribution. The
EMI shielding performance is shown in Figure 8d; the total
shielding efficiency (SEy) was relatively low (~60 dB) when f,.,
was 30 kHz. With the increase in f,., the total shielding
efficiency increases continuously. When f,., is 60 kHz, SEy is
~140 dB, which is close to that of the copper foil. Theoretically,
the EMI shielding effectiveness can be evaluated according to
the following formula, including reflection loss SEp and
absorption loss SE,. SE, and SEy, are both proportional to the
conductivity of the shielding material.>>>* The improvement in
electrical conductivity can promote the EMI shielding efficiency.
Therefore, the reason that the increase in freP improves SEr is
supposed to be the high conductivity of the deposited copper
layer under relatively higher f,.,. According to the above data,
the LISA film possesses high EMI shielding efficiency in the
original state. In order to further verify that the LISA film can still
maintain effective EMI shielding efficiency under conformal
working conditions, the SE; under bending conditions was
tested and compared with the data of the copper foil. As
presented in Figure 8e, in the curved state, the SE of both LISA
films and copper foil can decrease significantly relative to the
original data. However, the SE; of the LISA film was slightly
higher than that of copper foil, which can maintain a practically
effective EMI shielding ability (~50 dB), both in the inward
bending state and outward bending state. The better perform-
ance of LISA films may be due to the mechanical anchoring of
the copper layer and PI, which improves the toughness of the
overall film. Thus, compared with copper foil, LISA films can
maintain good electrical conductivity under bending damage.

3. CONCLUSION

In summary, based on LISA technology, we have developed a
facile electroless metallization process of microscale metallic
structures on PI substrates for flexible electronic applications.
This process utilizes the laser modification of PI surfaces and the
selective adsorption of catalytic silver ions on porous modified
surfaces, enabling the electroless metallization on the PI
substrates. Using this method, a copper microgrid pattern with
a line width down to 50 pm was successfully demonstrated.
Moreover, the superior stability of the deposited copper layer
and PI substrate enable the level-SB adhesion strength and the
resistivity of less than 2.18 X 107> Q ym under repeated bending
and harsh environments. Versatile electronic applications,
including SMD circuits and EMI films, were successfully
demonstrated on flexible polyimide substrates using this
method. Because of the strong adhesion of the mechanical
anchorage of porous interlayers, excellent mechanical, electrical,
and thermal stabilities of the metallic structures were observed
on the fabricated devices. With the unique performance of a
high-throughput, low-cost, pretreatment-free, and high-reso-
lution fabrication compared with the current conventional
approaches in the electronics industry, this process has a broad
application in the field of flexible electronics manufacturing.
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Figure 8. Optical images of EMI shielding films (a) and four others processed in different repetition frequencies (b). The enlarged view of samples in
part b is shown in part c. (d) Plot of SEy results of LISA films with a different pulse frequency in the laser irradiation process. (e) Plot of SE results of

LISA films and copper foils in the original state and in the bending state.

4. MATERIALS AND METHODS

Materials Preparation. PI films were purchased from Runhai
Electronics (Shenzhen, China). Silver nitrate, copper sulfate pentahy-
drate, sodium hydroxide, and formaldehyde aqueous solution (37%)
were all analytical reagent (AR) grade and purchased from Sinopharm
Chemical Reagent (Shanghai, China). AR-grade ethylenediaminetetra-
acetic acid disodium salt dihydrate was purchased from Macklin
Biochemical (Shanghai, China), and potassium sodium tartrate was
from Titan Technology (Shanghai, China). Different from our previous
research work, the activation solution was prepared by dissolving 16.9
g/L silver nitrates in deionized (DI) water, which replaced the
expensive, previously used Pd/Sn as the catalyst for ECP. An ECP bath
was prepared by dissolving 21 g of ethylenediaminetetraacetic acid
disodium salt dihydrate and 16 g of potassium sodium tartrate in 1 L of
DI water. Then, 12 g of copper sulfate pentahydrate and 15 g of sodium
hydroxide were added stepwise until a homogeneous solution was
formed (Solution A). Formaldehyde aqueous solution (15 mL) was
sucked into a dropper (Solution B) and was added dropwise into
Solution A at a rate of S mL/min under stirring for about 10 min.

Set-Up of the Laser Scanning System. A Q-switched near-
infrared (NIR) pulsed fiber laser (WF-LD20, Woofee Laser Tech) was
equipped with a customized optical scanning system (Figure S4,
Supporting Information). The NIR laser wavelength is 1064 nm with a
pulse duration of 100 ns. The laser beam was focused on the surface of
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the substrate through a digital galvanometer scanner (F10, Feeltek
Laser Tech). A compact laser displacement sensor (HL-G10S-S-J,
Panasonic) with a resolution of 1.5 ym was aligned at the head of the
galvanometer scanner for in situ measuring the distance from the
galvanometer scanner to the substrate surface. An external Z-axis linear
actuator (EZS4E010-A, Oriental Motor) was equipped to adjust the
galvanometer’s height, which ensures that the surfaces of different
samples were aligned within the same focal plane at f = 144 mm. A
transparent dish containing DI water is placed on an XY stage (W40-10,
CCM) to adjust the samples’ position in the plane.

Manufacturing of Metallic PI Films. PI films were first cleaned in
ethanol and DI water in an ultrasonic bath. After being dipped into the
transparent dish of the laser system, the films were selectively scanned
by NIR laser to generate porous structures on their surfaces. The laser
parameters used are as follows: the average power is 2 W, the pulse
frequency 40 kHz, and the scanning speed 1500 mm/s. Thereafter, PI
films were transferred from the dish. After rinsing with DI water to
remove the ablation ash, the samples were dried under nitrogen flow.
The laser-modified PI films were first immersed in the activation bath at
40 °C for 10 min. Then, the samples were heat-dried in an oven at 50 °C
for 5 min. Thereafter, the activated films were ultrasonically cleaned in
DI water for 20 s to remove the residual silver nitrate in the unmodified
area. Subsequently, the PI films were immersed in the ECP bath at 40
°C for 60 min, where copper ions were reduced by formaldehyde and
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deposited on the activated areas of PI substrate. Afterward, the samples
were rinsed in DI water and dried under a nitrogen flow.
Applications. The five-parallel circuitry patterns were created on
the PI films through selective laser modification. Then, the patterned
samples were activated by silver nitrates and then immersed in the ECP
bath for 60 min for the metallization. Subsequently, LEDs and resistors
were welded on the circuits using silver paste. Finally, the fabricated
flexible LED displays were connected to an external control circuit with
a programmed microprocessor. Rectangle patterns were created on the
PI films through selective laser modification at the laser pulse frequency
from 30 to 60 kHz. Then, the patterned samples were activated by silver
nitrates and then immersed in the ECP bath for 60 min for the
metallization. Subsequently, another piece of PI film was pasted onto
the metallized surface for insulation. Finally, the fabricated flexible EMI
shielding films can be conformally pasted onto any free-form surface of
items that need to be protected from electromagnetic radiation.
Characterizations. The morphologies were characterized using
scanning electron microscopes (SU1510, Hitachi, Japan; TM3030,
Hitachi) and an optical microscope (DVMS6, Leica). Confocal laser
scanning microscopy (VK-X1050, Keyence) was used to measure the
surface roughness (S,) under a laser mode with a scanning size of 285 X
214 pm?®. The compositional analysis was performed by energy-
dispersive X-ray spectroscopy (EDS, EDAX Instruments) as an
attachment on a scanning electron microscope with an accelerating
voltage of 30 kV. The sheet resistances of the plated conductive patterns
were measured by using a customized four-probe method. During the
measurement, four probes were placed on the center of a square sample,
and the resistance was recorded with a source meter (2400, Keithley).
During the measurement for the repetitive bending or stretching
process, the sample was fixed to a home-built moving stage, and the
resistance was recorded with an LCR meter (E4980A, Keysight). The
adhesive strength was measured using a transparent tape (Scotch 6001,
3M) according to the testing standard of ASTM-D3359. Optical
transmission spectra were recorded using a spectrometer (HR2000+,
Ocean Optics). The EMI shielding performances of samples were
measured using a vector network analyzer (ES063A, Keysight). The
samples were sandwiched in the middle of a two port system and were
in turn connected to the vector network analyzer. The microwave
scattering parameters, including S11 and S21, were then recorded in the
X-band frequency range. The shielding effectiveness by absorption SE,,
the reflection SEg, and the total shielding effectiveness SE; were
calculated based on the measured microwave scattering parameters.
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