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SUMMARY

The evolution from subtractive to modified semi-additive (nSAP) and semi-additive (SAP) processes has
heightened the importance of electroless plated (ELP) copper (Cu) peel strength in the printed circuit
board industry. This study introduces a wet process for depositing Cu on liquid crystal polymer (LCP) using
advanced electroless plating, incorporating a polyethylenimine (PEI) surfactant, a homemade nano-sized
palladium (Pd) activator, and a micro-sculpturing treatment. By adjusting PEl immersion time and sub-
strate roughness in the sub-micrometer domain, the peel strength of the ELP Cu film ranges from under
10 gf/cm to over 600 gf/cm. This wide range meets both low peel strength needs of mSAP peelable Cu foil
and the high strength required in SAP. Characterization techniques, including atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), water contact angle (WCA) measurements, and fracture
analysis, reveal that ELP Cu peel strength is driven by a synergistic effect between molecular interaction
and physical anchoring.

INTRODUCTION

Printed circuit boards (PCBs) are the foundation of electronic products. They are widely used to create electronic circuits and eliminate the
need for connecting wires, thereby reducing the size of a device. The manufacturing process of a PCB can be classified into two categories:
subtractive method and additive method," as shown in Figure 1. The subtractive method starts with the copper (Cu) clad laminate (CCL), which
is a base dielectric material laminated with Cu foil (typically 20-30 um thick). The circuitry is formed by patterning and etching away the un-
necessary Cu using the photolithography procedure.” The subtractive method is well-established in common multilayer and high-density
interconnect (HDI) PCBs. However, the subtractive method reaches its limits when the requirement for Cu width is less than 50 pm due to
the irregular shape of the Cu pillar, which results from over-etching at the edge, as highlighted in Figure 1. In response to the intricate circuitry
of modern electronic devices, the concept of additive manufacturing is introduced. Full additive wet process (FAP) involves selective electro-
less plating (ELP) of Cu on a dielectric. Although the full additive process has been scientifically proven and has triumph in creating fine Culine,
waste control, and reduces process costs, it still faces technical challenges related to the adhesion of ELP Cu and the selectivity between spe-
cific dielectric types and ELP Cu. These challenges are crucial for the manufacturability and reliability of the final PCBs. More importantly,
these challenges become more critical in advanced dielectrics for high-speed, high-frequency PCB applications because modern substrates
include materials like glass, liquid crystal polymer (LCP), etc., are featured with chemical inertness and low surface roughness. Semi-additive
processes (SAP)>™ have been developed to overcome this issue. As shown in Figure 1, the SAP starts with ELP Cu on the substrate, which
helps to prevent over-etching issues in the subtractive process while still ensuring manufacturability at scale. From Figure 1, it can be observed
that ELP becomes increasingly important as the PCB process iterates from subtractive process to SAP. ELP is a wet process used to metallize
non-conductive substrates. Compared with dry metallization methods such as sputtering or thermal evaporation, ELP is cost-effective, scal-
able, and has been widely utilized in PCB manufacturing.®® The principle of ELP involves the catalytic reduction of metal ions from the solution
onto the substrate. Palladium (Pd) is commonly used as the catalyst to lower the activation energy required for the reduction of metal ions.
Generally, the adhesion of the ELP metal film to the substrate, which is an important index for the reliability of the entire circuitry, heavily de-
pends on the surface roughness via the physical anchoring effect. Typically, the lower the roughness, the worse the adhesion becomes.
Surface roughness of the substrate can exist naturally or be formed artificially. For example, the desmear process, which is designed for
removing friction-melted resin and drilling debris during through-via processing by permanganate treatment, is now widely applied to create
surface roughness before ELP.”'? For substrates without or unable to create adequate roughness such as silicon wafer and glass, conventional
ELP usually fails to provide sufficient film adhesion due to insufficient anchoring effect. Under this circumstance, chemical treatment on the
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Figure 1. Diagrammatic representation of PCB manufacturing process

substrate using either silane coupling agents or surfactants is developed to enhance the adhesion of ELP film. This chemically reinforced inter-

11— ) 4
713 or electrostatic effect.’*"’

face can improve the adhesion of ELP film through molecular interactions such as donor-acceptor

Generally, the requirement of ELP film adhesion for PCB applications is typically greater than 500 gf/cm. In the past, adequate adhesion of
ELP film is obtained mechanically'® or chemically or a combination of both methods'”?* so that the catalysts and the subsequent metal film
can be firmly anchored. However, for advanced PCBs with line widths smaller than 50 um, such as substrate-like PCBs (SLPs) and coreless PCBs
(multilayer PCBs without a core substrate), as well as for next-generation PCB dielectrics like glass and liquid crystal polymers, obtaining suf-
ficient ELP film adhesion (500 gf/cm) remains a significant challenge. To achieve highly adhesive ELP film on these advanced substrates,
several studies have explored the use of surface modification techniques,”'?*° 11276 or the appli-
cation of improved Pd catalysts'*'” to enhance the adhesion of ELP film on these substrates. However, a comprehensive solution to this chal-
lenge has yet to be fully realized.

To satisfy the demands of SLPs and coreless PCBs, a modified version of the semi-additive process (mSAP) is introduced. mSAP begins
with an ultra-thin (3-5 um) CCL to address the issue of ELP adhesion while retaining the other benefits of SAP. The ultra-thin CCL is typically
made using a peelable Cu foil technology, which consists of an ultra-thin Cu foil, a releasing layer, and a carrier sandwich. After laminating the
peelable Cu foil onto the dielectric, the carrier is peeled off from the sandwich to form the ultra-thin CCL. To facilitate the release of the carrier
after lamination, the ultra-thin Cu foil must be weakly attached to the carrier, with a peeling strength of only 30-50 gf/cm.?*?° This requirement

the addition of adhesion-promoting layers,’

is significantly different from the 500 gf/cm requirement for ELP adhesion in SAP, as mentioned earlier.

Consequently, for directly ELP onto the target substrate in SAP, a peeling strength greater than 500 gf/cm is required. In contrast, for the
peelable Cu foil process, a peeling strength of less than 50 gf/cm is required. The industrial processes for these two distinct applications differ
significantly due to these drastically different adhesion requirements.

In this study, we developed a single ELP process capable of meeting both high and low ELP Cu film adhesion requirements on a LCP
substrate by engineering the surface modification conditions and using a novel Pd activator. LCP was chosen as the substrate due to its ther-
mal stability, chemical inertness, low dielectric constant and loss factor up to 45 GHz, and negligible moisture effects, making it a promising
next-generation PCB dielectric.® More importantly, achieving high adhesion for ELP directly onto LCP is challenging so it is a good candidate
to investigate our novel process.”’*” To improve adhesion between the smooth LCP surface and metal layers, we utilize the polyethylenimine

39326 graft onto chemically inert LCP surface. Combined with a homemade polyvinyl alcohol-capped Pd

(PEI), an amine-abundant surfactant,
nanoclusters (PVA-Pd) catalyst and a micro-sculpturing treatment, the peeling strength of the ELP Cu film on LCP can be manipulated over a
wide range, from 9.8 to 632 gf/cm. This demonstrates the process’s applicability for both high and low peeling strength requirements and
paves the way for future full FAP on LCP for advanced PCBs. This study presents a process that combines surface modification, micro-sculp-

turing treatment, and Pd nanocluster catalysts to address the current issue of insufficient adhesion in ELP layers encountered in SAP.
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Furthermore, our findings clarify the respective contributions of intermolecular interactions and mechanical anchoring to the adhesion of the
ELP layer, providing a solid scientific foundation for the future development of advanced dielectric materials in SAP processes.

RESULTS AND DISCUSSION

In order to investigate the key causes of ELP Cu peeling strength on LCP, three types of LCP substrates (Chang Chun Plastics Co., Ltd) are
investigated in this study: a pristine LCP (PLCP), an LCP substrate obtained by etching the Cu film from an LCP Cu-clad laminate (CLCP), and a
micro-sculptured CLCP (MS-CLCP). PLCP has least surface roughness and is used as the substrate to study the effect of PEI modification. The
surface of the CLCP has the reverse topography of the Cu layer from the original LCP CCL. The MS-CLCP is made by treating the CLCP in a
modified permanganate bath containing a mixture of KMnOy (99.3%, Showa, Japan) and NaOH (50%, Showa, Japan) at 75°C for 3 min,
followed by immersion in a neutralizer solution (D-830, Hurricane, Taiwan) and sulfuric acid (H,SO4, 98%, Union, Taiwan) at 40°C for 5 min.
According to our previous study, the micro-sculpturing treatment can locally carve the surface without changing the integrity of the original
landform.®" CLCP and MS-CLCP are used to investigate the effect of surface roughness on ELP Cu peeling strength. For the ELP process, the
samples are cleaned in acetone to remove organic traces and dust. After cleaning, all investigated LCP samples are treated in an aqueous PEI
solution (1 v%, branched PEI, Polyscience, USA) to functionalize the surface. Before ELP in a commercial bath (THRU-CUP PEA-6, Uyemura,
Japan), the PEI-modified samples are activated by PVA-Pd catalysts (50 ppm, homemade) for 5 min at room temperature. The synthesis of
PVA-Pd can be found in our previous studies.'**” ELP Cu is carried out at 36°C for 15 min, resulting in an ELP Cu film thickness of approxi-
mately 500 nm. This is followed by thickening the ELP Cu film to 5 pm in a commercial electrodeposition bath (Macderlun, Taiwan) at 3
Amperes per square decimeter (ASD) for 9 min. The sample preparation described previously is illustrated in Figure 2.

Water contact angle (WCA) measurements (SEO, Phoenix-I, Korea) were used to assess the hydrophilicity of the substrate surfaces. Surface
roughness and topography were investigated using atomic force microscopy (AFM, Nanosurf, C3000, Switzerland). Surface morphology was
observed with a scanning electron microscope (SEM, Flex SEM 1000, Hitachi). Before SEM examination, a thin layer of gold was deposited
on the samples by sputtering to make them conductive. The chemical environment of the samples was analyzed using X-ray photoelectron
spectroscopy (XPS, VGS, Thermo K-Alpha, USA). Peeling strength measurements were performed using a 90° peel adhesion tester (90° angle
peel fixture, Instron, USA).

Mechanism of PElI modification on LCP surface
The effect of branched PEI (Figure 3A) modification was studied on PLCP. Samples made by 0, 5, 15, 30, and 40 min of PEl modification are
denoted as PEI-0, PEI-5, PEI-15, PEI-30, and PEI-60, respectively. Topographical SEM images are shown in Figures 3B-3F. PEI-0 exhibited
extremely smooth surfaces as the surface roughness, Sa, which was determined using AFM (Figure ST in the supporting information) is
only 2.0 nm. Small net-like white particles appeared after PEl modification, which indicated the presence of PEl on the surface. These white
particles appeared in the same fashion but became denser for prolonged PEI immersion until PEI-30. For PEI-60, these white particles
appeared in an aggregated form on the surface. Sa of PEI-5, PEI-15, PEI-30, and PEI-60 are 3.2 nm, 4.2 nm, 2.1 nm, and 3.0 nm, respectively.
According to our previous study on surface modification by soft matter,* the trend of Sa evolution upon PEl immersion time suggests PEI-5
and PEI-15 are islandish decorations and PEI-60 surface is covered by multiple layers of PEI. PEI-30 appears a relatively smallest Sa among all
PEI-modified samples, which is a hint that PEIl formed a monolayer on the surface. However, this hypothesis must be proved further.

WCA was used to probe the hydrophilicity of PEl-modified samples. Representative WCA results were shown in Figure 3, in which the
averaged WCA measured from 3 samples were marked. PLCP surface before PEI modification has a WCA of 68.3°, reflecting the moderate
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Figure 3. PEl modification on LCP surface
(A) Structure of branched PEI.
(B-F) Topographical SEM, WCA images of PLCP, and different PEI dipping time.

hydrophilicity from the aromatic polyester of LCP backbone. PEI contains abundant amine and is thus more hydrophilic than PLCP. The WCA
decreased from 62.0° to 52.0° for PEI-5 to PEI-40 monotonically, evidencing PEI modification on LCP surface.

Since PEl is the only source of nitrogen atoms in the PEl-modified samples, we used the nitrogen content from XPS analysis as a quanti-
tative indicator of PEl loading. Figure S2 shows XPS survey scans of PEl-modified samples, with the most significant change after PEI modi-
fication being the appearance of an N1s signal with a binding energy (BE) of approximately 398.0 eV. The elemental content of carbon and
nitrogen from these spectra was integrated and summarized in Figure 4.

The nitrogen content increased rapidly from 0% to 5.25% for PEI-5, followed by a mild increase to 5.63% and 6.38% for PEI-15 and PEI-30,
respectively. For PEI-60, there was a sharp increase to 16.13%, implying a different packing behavior of PEl from PEI-30 to PEI-60. In the initial
stage of PEl immersion, the nitrogen content increased due to the attachment of PEI molecules to the open LCP substrate. As modification
progresses, the LCP surface becomes increasingly occupied by PEI, hindering subsequent PEI grafting. The moderate increase in nitrogen
content from PEI-5 to PEI-30 reflects this phenomenon. PEI-30 is the transition point in Figure 4 and is thus considered to form a monolayer-
like PEI film. After the PEl monolayer is formed, additional PEI attaches to the existing PEl monolayer.

Since branched PEI contains abundant primary, secondary, and tertiary amine moieties, PEl attachment on the LCP surface from PEI-30 to
PEI-60 becomes chaotic, forming aggregated, thick PEI layers. The dramatic increase in nitrogen content and decrease in carbon content in
PEI-60 can be explained by the formation of multilayered PEI stacking, as XPS is a surface-sensitive characterization technique.

The interaction between PEl and LCP was explained using elemental XPS shown in Figure 5, where the hollow circles represent the exper-
imental data and the red lines represent the curve-fitted results. The spectra were fitted with a Gaussian-Lorentzian function after background
subtraction by the linear method. For all samples, the deconvolution of the C1s XPS spectra (Figure 5A) revealed the presence of three distinct
peaks: C-C/C-H, C-O/C-N, and C=0/O-C-0. Calibration for the charging effect was performed for the C-C/C-H bond at 284.80 eV. Bare
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Figure 4. Carbon and nitrogen percent of LCP surface obtained in XPS with different PEl immersion time from 5 min to 60 min
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Figure 5. Study of interaction between PEI and LCP using XPS
XPS spectra of (A) C1s, (B) Ols, and (C) N 1s spectra of bare, PEI-5 min, PEI-15 min, PEI-30 min, and PEI-60 min (from bottom to top).

LCP shows C-C/C-H and C=0/0O-C-O peaks at 284.80 eV and 288.83 eV, respectively, which can be treated as the constitution of the LCP
backbone.

PEI modification induced a slight negative shift for both peaks up to PEI-30 (284.68 eV and 288.58 V), indicating the interaction of PEl with
the LCP surface. The peak at 286.36 eV for bare LCP also showed a negative shift after PEl modification, even though it could be from the C-O
bond of the LCP backbone or from the C-N bond of the imine group (-NH) in PEI. PEl contains amino groups (-NHz) that have an electron-
donating nature. When PEl is grafted on the LCP substrate, it can chemically interact with the surface functional groups of the LCP. This inter-
action can change the local chemical environment around the C-C/C-H and C-O bonds, resulting in a negative shift in their XPS spectra. For
PEI-60, the C-C/C-H peak showed a positive shift, while the C-O/C-N peak at 285.81 eV became broader compared to bare PLCP. Com-
bined with the disappearance of the C=0/O-C-O peak at ~288 eV, a feature of the LCP polymer backbone, we believe the surface of
PEI-60 is covered by a thick PEI layer that makes the characteristics of PLCP disappear in the XPS analysis.

The aforementioned mechanism is further supported by the O1s spectra shown in Figure 5B. The deconvoluted O1s spectra of all samples
revealed two distinct peaks: C-O (532.40 eV) and O-C=0 (531.00 eV). The C-O peak shows a slight negative shift up to PEI-30 (532.24 eV) and
a significant negative shift to 531.17 eV for PEI-40. Similarly, the O-C=0 peak shows a significant negative shift (530.07 eV) for PEI-0, indi-
cating the same trend. Evidently, 30 min of PEI modification seems to be a point where the transition to multilayer coating of PEl on PLCP
occurs. Consequently, we reasonably believe PEI-5 and PEI-15 result in island-like decoration, PEI-30 approaches monolayer coating, and
PEI-60 ends with a multilayered PEI coating.

The N1s spectra (Figure 5C) of all samples show an asymmetric broad band at ~398 eV, which can be deconvoluted into three bands at
397.75, 398.37, and 399.16 eV, corresponding to free amine groups (NHz), hydrogen-bonded amine groups (NH), and protonated amine groups
(NHs.), respectively. The presence of protonated and hydrogen-bonded amines arises from the interaction of PEl with itself and with the solvent
(water).>* The ratio of the deconvoluted peak intensity of NH3+ to NH, is 0.78, 0.80, 0.86, and 0.50 for PEI-5, PEI-15, PEI-30, and PEI-40, respec-
tively, revealing a trend of increase up to 30 min of PEl immersion and then a decrease from 30 to 60 min of PEl immersion.

To understand the decrease in the ratio of NH3. to NHz, we considered the H-bonded peak intensity and calculated the ratio of hydrogen-
bonded NHzto free NHz, as given in Table S1. From PEI-5 to PEI-30, the ratio of H-bonded NHz peak intensity to free NHz increases (0.98-1.12)
and is comparable with the ratio of NH3: to NH2 (0.78-0.86). However, in PEI-60, the ratio of H-bonded NH: peak intensity to free NHz intensity
and the ratio of NH3+ to NHz became disproportionate (1.03-0.50), which strongly implies the formation of multilayered or aggregated PEI
through intermolecular hydrogen bonding. As immersion time increases, the available NHs. decreases, reducing the binding interaction
with LCP.

Combining these results, a time-dependent mechanism for PEI modification on PLCP is proposed and schematically shown in Figure 6.

PVA-Pd uptake on PEl-modified LCP

To study the interaction of PEl with PVA-Pd, XPS analysis of PVA-Pd activated PEI-30 was conducted, and the resultant N1s and Pd3d spectra
are shown in Figure 7. In Figure 7A, the BE of free amine (NH2) and hydrogen-bonded amine shows a positive shift of 0.3 eV and 0.42 eV,
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Figure 6. Schematic illustration of time-dependent PElI modification mechanism on LCP surface

respectively, after PVA-Pd uptake. Combined with the negative shift in the BE of Pd3d shown in Figure 7B, this suggests that Pd adsorption on
PEI-modified PLCP follows a donor-acceptor interaction between NHz of PEl and the Pd core of PVA-Pd.'”*" PVA acts as a capping agent for
Pd nanoclusters and does not participate in PVA-Pd adsorption on PEI-modified LCP.

The positive shift in Figure 7A can be explained based on electronegativity. The electron-withdrawing nature of Pd causes a partial with-
drawal of electron density from the neighboring amino group in the PEI polymer. This withdrawal of electron density can lead to a higher
effective positive charge on the nitrogen atoms. The increased positive charge results in stronger binding of electrons to these atoms, leading
to higher binding energies in the XPS spectra. In pure PVA-Pd, Pd atoms are likely in a chemical environment where they are primarily coor-
dinated with oxygen atoms from the PVA polymer chains.*” This coordination environment can influence the electronic properties of the Pd
atoms. The presence of amino groups from PEl near the Pd atoms can influence the distribution of electron density around the Pd atoms. The
electron-withdrawing nature of Pd can decrease the effective positive charge experienced by the Pd atoms. As a result, the electrons around
the Pd atoms are less tightly bound, leading to a lower BE observed in Figure 7B.

Characterization of CLCP and MS-CLCP

Figure 8 summarizes the SEM and AFM topographies of PLCP, CLCP, and MS-CLCP. As mentioned previously, PLCP is very smooth with a Sa
of merely 2.0 nm. CLCP appears sponge-like, with many craters distributed on the surface, and has a Sa of 130 nm. As mentioned earlier, these
craters are, in fact, the reverse morphology of the Cu foil from its parental CCL. For MS-CLCP, both the top view and Sa (136 nm) are nearly
indistinguishable from CLCP.
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Figure 7. PVA-Pd Uptake on PEl-modified LCP
Deconvoluted XPS spectra of (A) N1s spectra of PEI-30 min (bottom) and PEI+PVA-Pd (top), (B) Pd spectra of PVA-Pd only (bottom) and PEI+PVA-Pd (top).
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Figure 8. SEM and AFM topographic images of PLCP, CLCP, and MS-CLCP

Figure 8 summarizes SEM and AFM topographies of PLCP, CLCP, and MS-CLCP. As mentioned previously, PLCP is very smooth with Sa of
mere 2.0 nm. CLCP appears as sponge-like as many craters distributed on the surface were seen with a Sa of 130 nm. These craters are in fact,
the reverse morphology of the Cu foil from its parental CCL as mentioned previously. For MS-CLCP, both top view and Sa (136 nm) are nearly
indistinguishable to CLCP.

The macroscopic surface roughness of the investigated LCP substrates was further probed using a profilometer. The average Rq obtained
from 15 samples of PLCP, CLCP, and MS-CLCP are 5.62, 64.88, and 77.79 nm, respectively (Figure 9). It should be noted that despite CLCP and
MS-CLCP being much rougher than PLCP, their surfaces are still significantly flatter than the average Rq (479 nm) of FR4 surfaces in traditional
ccL21es

Peeling strength of ELP Cu on LCP
The peeling strength of ELP Cu on all investigated samples is shown in Figure 10. For PLCP, the adhesion of ELP Cu increases with increased
PEl immersion time and peaks at PEI-30 (98 gf/cm), followed by a decrease in peeling strength for PEI-60 (51.6 gf/cm). Clearly, the adhesion of
ELP Cu on PEI-modified PLCP is highly influenced by the conditions of PEI modification. As noted, the adhesion of the ELP film relies on the
interaction between the amino moieties of PEl and the PVA-Pd catalyst. This explains why the ELP Cu film made with PEI-30 exhibits the high-
est peeling strength among all PLCP samples, as PEI-30 possesses the most abundant upright-positioned amino moieties.

ELP Cu adhesion on PEI-5 and PEI-15 is lower than on PEI-30 due to fewer amino moieties and consequently less capability to interact with
PVA-Pd, resulting in poorer adhesion.'? In PEI-60, the “effective” amino moieties are fewer than in PEI-30 due to multilayered, chaotic
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Figure 9. Rq obtained from 15 samples of PLCP, CLCP and MS-CLCP
The average Rq value of 15 samples is shown in the figure as mean + SEM (standard error of the mean).
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stacking. XPS analysis confirms that significant amino moieties are consumed to form PEI-PEI aggregates in PEI-60. Compared to the donor-
acceptor molecular interaction between PVA-Pd and PEI, the hydrogen bonding in PEI-PEl aggregates is weaker, resulting in reduced adhe-
sion of ELP Cu despite PEI-60 having the most abundant PE| on the surface.

The peeling strengths of ELP Cu on CLCP and MS-CLCP sharply increased to 297 gf/cm and 632 gf/cm, respectively, which are approx-
imately 3 and 6 times higher than the best peeling strength achieved on PEI-30 PLCP. This result clearly demonstrates that mechanical
anchoring is more effective than molecular interaction in improving ELP Cu film adhesion, even after optimizing the molecular interaction.

SEM and energy-dispersive X-ray spectroscopy (EDS) were used for the fracture analysis of PEI-30 and PEI-40. The SEM images, elemental
contributions, and schematic fracture planes are shown in Figure 11. Fracture analysis of PEI-30 (Figure 11A) indicates that all PEl remains on
the LCP side, while the Cu side shows no PEI, suggesting a distinct fracture plane at the interface of PEI and PVA-Pd. For PEI-40 (Figure 11B),
nitrogen signals were detected on both the LCP side and Cu side, indicating that the fracture plane lies within the PEI-PEl aggregates.

For CLCP, zoom-in SEM images of the LCP side and Cu side after the peeling test (Figure 12A) reveal that Cu was able to deposit into the
craters of CLCP. The shape of the Cu deposit perfectly matches the landscape of the surface craters, indicating that our PEl treatment and
PVA-Pd activator successfully provide additional physical anchoring, in addition to the molecular interaction between PEI and LCP.

In MS-CLCP (Figure 12B), the zoom-in SEM image shows that the walls of the craters became rough compared to those of its parent CLCP.
The resulting Cu deposit also appears as a deflated ball-like shape instead of a spherical inflated ball, as seen in CLCP. This texture of the
deflated ball-like Cu deposit was created by the micro sculpturing. The wrinkles on the Cu deposit can provide additional anchoring, which
is the main reason for the high peeling strength of the ELP Cu film.
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Figure 11. Imaginary fracture plane and corresponding elemental composition
Imaginary fracture plane and corresponding elemental composition of (A) PEI-30 and (B) PEI-60.
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SEM zoom-in images of fracture analysis of (A) CLCP and (B) MS-CLCP.

Conclusions

In conclusion, we systematically engineered the adhesion of ELP Cu on LCP substrates, aiming to understand the relationship between
peeling strength and chemical, mechanical, or combined treatments. Based on our experimental findings, it is evident that establishing a
molecular interaction at the interface can enhance the adhesion of ELP Cu to approximately 100 gf/cm, suitable for applications involving
peelable Cu foil in mSAP processes. Furthermore, enhancing the peel strength of ELP Cu films relies significantly on the physical anchoring
effects provided by surface roughness. A moderately roughened (Rg < 100 nm) cratered surface can effectively increase peel strength to
approximately 300 gf/cm. By creating a hierarchical texture within these craters, peel strengths exceeding 500 gf/cm can be achieved, sur-
passing the requirements for ELP Cu adhesion in SAP. To our knowledge, the average peel strength of 632 gf/cm obtained on MS-CLCP rep-
resents the highest reported data for all wet-process methods.

Limitation of the study

This study focuses on the development of a highly adhesive electroless Cu plating technique on LCP substrates using PEI modification and
PVA-Pd nano-Pd. The data and phenomena reported in the paper are reproducible; however, the modifiers, substrate types, and experi-
mental conditions used in this study may not be applicable to all advanced substrates. Optimization conditions for new substrates other
than LCP may need to be adjusted and refined.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
KMnOy4 Showa, Japan CAS: 7722-64-7
NaOH Showa, Japan CAS: 1310-73-2
Neutralizer solution (D-830) Hurricane Co. Ltd. D60810

Sulfuric acid (H,SO4, 98%) Union chemical works Ltd. CAS: 7664-93-9
Polyethylenimine Polysciences, Inc. CAS: 9002-98-6
ELP - commercial bath Uyemura, Japan THRU-CUP PEA-6

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

The synthesis of PVA-Pd can be found in our previous studies'** and is briefed as follows: 285 mg of PVA (MW = 9000-10000) was dissolved in
44 mL de-ionized water at room temperature with stirring. Pd(NOs), (285 mg) as precursor, was added in the prepared PVA solution. 1 mL
reductant (formaldehyde) was added to the prepared solution, followed by gradually adding 5 mL NayCOs3 (1M). The solution changed
from yellowish to deep-brown immediately, indicating the formation of nano-particles, The PVA-Pd aqueous dispersion was then diluted
to 50 ppm with deionized water, which is analogous to the concentration of commercial Sn/Pd colloid (C-473, OMG, USA) being used widely.

QUANTIFICATION AND STATISTICAL ANALYSIS

We report the average Rq values obtained from 15 samples of PLCP, CLCP and MS-CLCP under the same standard test conditions. The
average Rq value of 4 samples are given as mean + SEM (standard error of the mean). We also provide an average peeling strength (number
of samples, n = 4) of ELD Cu on investigated PEI modified PLCP, CLCP and MS-CLCP. The average peeling strength value of 4 samples are
given as mean + SEM (standard error of the mean).
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