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Abstract: To bridge the technology gap between IC-level and board-level fabrications, a fully additive
selective metallization has already been demonstrated in the literature. In this article, the surface
characterization of each step involved in the fabrication process is outlined with bulk metallization of
the surface. This production technique has used polyurethane as epoxy resin and proprietary grafting
chemistry to functionalize the surface with covalent bonds on an FR-4 base substrate. The surface
was then metalized using an electroless copper (Cu) bath. This sequential growth of layers on top
of each other using an actinic laser beam and palladium (Pd) ions to deposit Cu is analyzed. State-
of-the-art material characterization techniques were employed to investigate process mechanism at
the interfaces. Density functional theory calculations were performed to validate the experimental
evidence of covalent bonding of the layers. This manufacturing approach is capable of adding
metallic layers in a selective manner to the printed circuit boards at considerably lower temperatures.
A complete analysis of the process using bulk deposition of the materials is illustrated in this work.

Keywords: copper metallization; electronics fabrication; DFT analysis; fully additive method;
polymerization; UV-laser; SBU-CBM process; printed electronics; characterizations

1. Introduction

The industrial revolution is in its fourth version and the printing revolution is in
its third in the current global market. The use of printing technologies in electronics
manufacturing is growing in a wide range of applications. The two big complementary
technologies in electronic productions are conventional electronics using Silicon materials
and printed electronics (PE) for creating metallic patterns on PCBs [1,2]. Advantages of
PE technology are its low-cost fabrication, high volume market segment, high throughput
production, lightweight and flexible devices, versatile electronics functionalities, and simple
fabrication processes [3,4]. Modern applications of PE technology include data carrier
devices, barcodes, radio frequency identitfication (RFID) devices, gas sensors, biosensors,
temperature indicators, gas indicators, freshness indicators, flexible packagings, and many
more [5,6].

At the industrial level, these PE fabrication technologies are enhanced with novel
materials and new processes. Based on the fabrication methodologies, the processes are
broadly classified into two types, namely contact techniques and non-contact techniques.
In contact PE techniques, the printing plates make direct contact with the substrate, e.g.,
soft lithography, flexography, gravure printing, and screen printing. On the other hand, in
non-contact PE techniques, only deposition materials come in contact with the substrate,
like ink-jet printing, aerosol printing, and laser direct printing (LDW) [7-9]. Among
the three types of substrate materials that are extensively in use are glass fiber, metal,
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and polymers. The usage of polymeric materials and hybrid (ceramic) substrates in the
electronics manufacturing industry has increased in recent years [7,10]. The fabrication
process, presented in this paper, comes under non-contact PE technology which uses
the LDW technique to make Cu interconnects with polymer-composite-based surface
modification [11-13].

In recent applications, primarily two additive material deposition techniques are
used to pattern metallic traces on flexible substrates, i.e., parallel and sequential methods.
Direct-write material deposition technology falls under sequential methods, which have
the capabilities to create patterns with minimum feature sizes and resolution [14-17]. As
most of the electronics production methods have started using polymers, the metalliza-
tion process is thus facing challenges such as higher temperature deposition, uniformity,
step coverage, throughput, etc. The various metallization techniques revealed so far are:
physical vapor deposition, chemical vapor deposition, electrolytic coating, electroforming,
thermal spray, cold spray, electroplating, and electroless plating [18-21]. In most of these
processes, electroless deposition (ELD) has been used for metallization as it gives better
uniformity, lesser porosity, and good adhesion to non-conducting surfaces [22]. Some of the
recent studies reported semi-additive metallization by electroless Copper (Cu) plating via
surface activation, both in integrated circuits (ICs) and printed circuit boards (PCBs) [23-25].
Nevertheless, these methods still use metal removal steps in their production approach.
Hence, metallization processes for PCBs still need improvizations. The present paper
demonstrates an electroless Cu metallization process for PCBs without any metal etching.
The methodology shown in this work is a combination of sequential processes (LDW
technique for activation of bulk surfaces/specific patterns) followed by a parallel process
(for metallization).

Concerning the fabrication gaps related to PCBs, those of ICs, a fully additive ap-
proach for PCBs has been demonstrated in previous literature [11,13,26]. The objectives of
developing such a manufacturing process are to avoid adding extra steps to the process,
achieve feature sizes comparable to the ICs, and replace the solder joints with printed
electronic metallic interconnects. So far, a minimum of 2.5 um feature sizes has been
achieved [11]. The replacement of bulky capacitors and inductors with embedded passives
was demonstrated using this fabrication technique [13,26]. However, the steps involved in
this production recipe have not been shown yet. Using an interface science approach and
connectivity analysis, the process of how the metallization of the substrate is accomplished
is investigated and presented in this article.

Sequential Build Up-Covalent Bonded Metallization (SBU-CBM) is the name given to
this fully additive fabrication method, and the recipe of the method is shown in Figure 1.
In Figure 1, the steps are shown to obtain a bulk Cu on the FR-4. In total, there are seven
steps involved and are marked numerically in the process flow. Step 4, in Figure 1, is
the deciding step for selective metallization with specific patterns. The electroless plating
step (Step 7) shown in the process flow comprises four different baths as indicated in the
literature [11]. A detailed mention about the baths is presented in Section 4. This surface
activation step can use physical mask or computer-aided design (CAD) file masks to create
printed designs on board. Surface activation of CBM chemistry can be performed with
LASER (laser lithography)/optical radiation (optical lithography). In the present work,
bulk metalized samples were used.

In this paper, further investigation of the process involved in this fully additive method
has been conducted. The main highlights of the work are:

e  To demonstrate, in detail, the fabrication steps involved in a fully additive fabrication,
i.e., SBU-CBM method.

¢ To show the surface modification mechanism and the metallization technique using
different characterizations and complementary DFT.

*  To combine the analysis from experimental and simulation results towards concretiza-
tion of a production technique useful in printed electronics.
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Figure 1. The process flow diagram of the SBU-CBM method for bulk Cu metalization.

In Section 2, the experimental methodology embraced to illustrate the surface mecha-
nism of the SBU-CBM method is displayed. The computational methods employed to the
investigation are shown in Section 3. Section 4 outlines the results of different characteriza-
tion and analyses of the production technique. Section 5 summarizes the work and briefly
mentions the future work related to the manufacturing process.

2. Experimental Methods

This section outlines the methodology and materials used to showcase the mechanism
involved in the fabrication steps.

2.1. Materials and Sample Preparation

The tests were performed using a 375 nm solid-state GaN laser. The CBM chemistry
(HP-14), polyurethane (PU), and electroless kit (PEC-660 series) were used during the
investigation. Cuptronics AB, Stockholm supplied the proprietary CBM chemistry (HP-14),
Sweden [27]. Electroless Cu bath (PEC-660 series) was purchased from J-KEM International,
Stockholm, Sweden [28]. This method has been demonstrated for creating geometries with
selective metallization [13]. The focus of this study is to examine the surface modification
phenomena during each step of the SBU-CBM process to obtain the final Cu metallization.
Therefore, a test specimen with bulk surface has been investigated. Four identical sets of
samples, each with seven specimens, were prepared. Figure 2 depicts a group of seven
samples. The image quality of the test specimens is compromised due to light reflection
from their translucent surfaces. The starting thickness of the samples (Sample 1) is around
0.8-0.9 mm. The Sample 3 shown in Figure 2 is before the cleaning of its surface (with
DIW), and such is the reason for its irregular surface. The samples are described in detail
below:

Sample 1:  Only FR-4.

Sample 2:  Polyurethane (PU) spin-coated on top of FR-4.

Sample 3:  Polymerized CBM solution (HP-14) seed layer on top of PU and FR-4 (sample
with laser activation and without cleaning of the surface).
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Sample 4:  After the predip bath immersion (Bath-1).
Sample 5:  After the activator bath immersion (Bath-2).
Sample 6:  After the reducer bath immersion (Bath-3).
Sample7:  After the Cu bath immersion (Bath-4).

Figure 2. An overview of the test samples used for the investigation of the surface mechanism.

2.2. Chemical Constituents and Methodology

One of the key elements in this production process is the CBM solution, which contains
active monomers and spacers in it [29]. In this case, HP-14 is used, which has acrylic acid
as an active monomer, ester of acrylic acid, and amide of acrylic acid as spacers. The
proportion of spacers in the solution is very minimal compared to the active monomers.
Spacers direct and control the optical properties of the active monomers. Nevertheless, only
active monomers participate in the surface modification process. An engineering overview
of the crucial steps in the surface modification is shown in Figure 3.
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Figure 3. Surface engineering of the SBU-CBM method. (a) Showing the carbon double bonds
in acrylic acid (the primary constituent of the CBM solution seed layer). (b) Partial activation of
the double bonds by the actinic radiation and polymerization on polyurethane surface. (c) Stable
activated polymers on the sample’s surface after proper cleaning and rinsing. (d) First layer of Cu
deposited on the activated polymers. (e) Formation of a uniform layer of Cu at the final step of the
SBU-CBM process.

In Figure 3a, a seed layer of the CBM solution is spin-coated and exposed under actinic
radiation. The double bonds (C=C) in the acrylic acid (CH;=CH-COOH) undergo the
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polymerization reaction. Some of the monomers receive an adequate amount of energy
from ultra-violet (UV) radiation to polymerize and some of them remain as is, as shown in
Figure 3b. The next important step is to remove the unactivated monomers by properly
rinsing and cleaning the sample with de-ionized water (DIW) as shown in Figure 3c. By
cleaning the sample, absorption of the metal ions in further steps can be optimized. Then
the samples undergo with electroless bath to get metalized. The electroless bath is a package
of four different baths [11] and a very first layer of Cu is attached to the activated region
during the final bath, as shown in Figure 3d. Then, the bulk Cu layer can be deposited after
3-5 min of long immersion in the final bath, as shown in Figure 3e. In general, the thickness
of the Cu varies from 0.3-1.0 um. These are some of the major surface modification steps in
the SBU-CBM fabrication process. The samples shown in Figure 2 were prepared through
these steps for further investigation. Figure 3a—c relates to Sample 3, whereas Figure 3d,e
corresponds to Sample 7.

2.3. Characterization

To explore the surface mechanism of this Cu metallization process, a few characteriza-
tions were completed such as X-ray diffraction (XRD), scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDS). Samples from each step of the SBU-CBM
method (as shown in Figure 1) were inspected using a high-resolution SEM (JSM-IT300) by
JEOL Inc. Afterward, the samples were investigated through EDS to clarify the mechanism
at each interface. The surface of the samples was tested under XRD to check the crystallinity
of the deposited Cu. With the help of crystallographic information, a density functional
theory (DFT) simulation of the CBM approach was conducted. The results from the DFT are
complementing the experimental results. The characterization results and the description
of the important surface mechanism in the fabrication are outlined in the section below.

3. Computational Methods

We performed DFT calculations using the projector-augmented wave method [30,31]
as implemented in the Vienna Ab-initio Simulation Package (VASP) [32]. For the description
of exchange-correlation potential, generalized gradient approximation in the Perdew-Burke-
Ernzerhof parametrization was employed [33]. The plane wave cutoff energy was set to
a large value of 530 eV. We used a I'—centered Monkhorst-Pack 6 x 6 x 1 k-mesh for
the Brillouin zone integration in the structural relaxation, whereas a refined 12 x 12 x 1
k-mesh is used in the self-consistent calculations. In finding the iterative solution of Kohn-
Sham equations, a force convergence of 10~2 eV/A and an energy convergence of 10~° eV
are achieved. Moreover, long-range van der Waals interactions are incorporated using
Grimme’s DFT-D3 method [34]. A vacuum layer of 15 A thickness was inserted in the
out-of-plane direction to minimize the effects of three-dimensional periodic boundary
conditions. Finally, we used Pyprocar [35] package for pre- and post-processing of the data
and plotting of the results.

4. Results and Discussion

In this segment, the results from the characterizations are presented. Analysis of the
surface mechanism involved in the fabrication approach has been performed. A clear
understanding of surface phenomena in each step and their connection to each other in
the SBU-CBM method has been gathered from the SEM-EDS analysis. Using the XRD
and evidence from SEM-EDS results, a complementary DFT analysis of the process has
also been completed. Finally, the process parameters involved in fabricating the samples
were mentioned.

4.1. XRD Analysis

XRD characterization is one of the powerful inspection techniques to understand the
properties of an unknown surface. In the present study, XRD analysis has been performed
for all the samples; however, the four major steps are illustrated in Figure 4. In Figure 4a,
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those four steps are shown (from bottom to top), i.e., FR-4 surface (Sample 1), PU on FR-4
(Sample 2), activated CBM solution on PU (Sample 3), and final Cu deposited sample
(Sample 7). Figure 4b shows the plot for those four samples, whereas the diffraction peaks
on the Cu deposited sample are shown in Figure 4c. Cu is only deposited on Sample 7 as
expected following the sequential steps. The diffraction peaks for Cu are: (111) at 43.38,
(200) at 50.524, and (220) at 74.24, respectively. The crystal structure was cubic. The objective
of this characterization was to observe the properties of Cu and obtain a qualitative analysis
of the metallization. Based on the literature [36-38], this Cu deposition is perfect for its
usage in printed electronics applications. Furthermore, this crystallographic information
has been utilized for DFT simulation of the fabrication process.
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Figure 4. XRD analysis of the SBU-CBM fabrication method. (a) Four important steps in the produc-
tion approach for which XRD analysis has been carried out. (b) XRD plot for the surface of FR-4,
polyurethane, activated CBM solution by UV radiation, and Cu deposited samples, respectively.
(c) Separate XRD plot of the Cu deposited sample with the main diffraction peaks.

4.2. SEM-EDS Analysis

In the present work, SEM and EDS analysis of the sample’s surface is the imperative
characterization to understand the connection of the fabrication steps. Each sample has
been inspected and the crucial steps with the analysis are presented below. The analysis has
been divided into two parts, i.e., activation of the CBM seed layer for metal ion absorption
and electroless Cu plating via catalytic reduction.

4.2.1. Laser Activation of CBM Seed Layer

The initial step of this production recipe is to build layers on top of each other se-
quentially [32]. Polyurethane (PU) is the first layer on the FR-4, and a seed layer of the
CBM solution is then spin-coated on top of it as the second layer. Due to the evaporating
nature of the CBM solution, the seed layer is then exposed to actinic radiation immediately.
Steps (a)—(c) in Figure 3 depict the surface mechanism. As illustrated in Figure 3a, double
bonds of carbon in acrylic acid become unsaturated when receiving activation energy from
UV laser radiation. Meanwhile, some of the double bonds remain and are removed from
the surface by thorough washing and rinsing as shown in Figure 3c. The polymerized
surface is subsequently immersed in an electroless bath to attach metal ions to it as shown
in Figure 3d,e. Surface analysis of these samples is shown in Figure 5. In Figure 5a,b, the
fabrication step is shown for which the analysis has been conducted. Figure 5d,f corre-
sponds to Figure 5b, where the SEM image shows showing the surface and spectroscopy
data, proving the presence of carbon in abundance (74.5% by wt.). Similarly, Figure 5c,e
corresponds to Figure 5a, where the SEM image shows the modified surface and the spec-
troscopy result shows the stable polymerized carbon (reduced to 61.9 % by wt.) even after
proper rinsing and cleaning of the sample. Next step is the deposition of copper as shown
in Figure 6.
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Figure 5. (a) Step showing the surface after laser activation of CBM solution seed layer. (b) Step
showing the PU on top of FR-4. (c) SEM image of the Sample 3. (d) SEM image of the Sample 2.
(e) EDS result of Sample 3. (f) EDS result of Sample 2.
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Figure 6. (a) Step showing the final step of the SBU-CBM fabrication method with bulk metalized Cu
surface. (b) Step showing the surface after laser activation of the CBM solution seed layer. (¢c) SEM
image of Sample 7. (d) SEM image of Sample 6. (e) SEM image of Sample 5. (f) EDS data related to
Sample 7. (g) EDS data related to Sample 6. (h) EDS data related to Sample 5.

4.2.2. Electroless Copper Plating

After the surface modification by UV radiation, the next step is electroless Cu plating.
In this work, we used a proprietary electroless kit by ]-KEM International ltd, Stockholm,
Sweden. This electroless package has four different baths in it [11,13]. Bath-I, i.e., the predip
bath is an alkaline bath used for increasing the receptivity of the substrate. This alkali
treatment also enhances the action of the activator bath, i.e., bath-II. However, the influence
of bath-1I, bath-III, and bath-IV is significant on the metallization and hence thoroughly
discussed in the following sections.
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Catalytic Behavior of Pd Ion

Bath-II is named the activator bath as it activates the nucleation site for the absorption
of Cu ions at a later stage. This bath contains colloidal palladium (Pd) as a catalyst, which is
adsorbed onto the sample’s surface. The Pd atoms deposit in embryos and get agglomerated
on the surface. In bath-III, which is the reducer bath, the Pd atoms spill over the surface
uniformly by breaking the embryos as shown in Figure 7c. The next bath is bath-IV, which
contains a Cu-rich aqueous solution. Upon immersing the sample in bath-IV, the absorption
property of the Pd atoms creates an initial layer of Cu at the nucleation sites around Pd
atom as shown in Figure 7b. This deposition is due to the catalytic action of Pd. Due to
the proprietary nature of the materials, the exact composition of the baths is unknown.
However, the presence of palladium (Pd) in bath-II and bath-III is indicated from EDS data
shown in Figure 6g,h, respectively. As indicated, the weight% of Pd has increased and
spread more evenly on the surface of Sample 6 than Sample 5. Figure 6d,e illustrates the
surface of Sample 6 and Sample 5, respectively. A similar chemical modification is also
reported in previous literature [39-41].

(@ (c)
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——
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FR-4
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Bulk metallization Deposition of the first ayer of Cu
atoms on the activated polymers

Figure 7. Mechanism involved in of the (d,e) of Figure 3. (a) Bulk metallization through auto-catalytic
deposition (achieved by long immersion in bath-IV, i.e., Sample 7). (b) Deposition of the first Cu layer
through Pd-catalytic reduction. (c) Deposition of Pd atom on the surface (Sample 6).

Auto-Catalytic Copper Deposition

The last step of the SBU-CBM method is Cu bath, i.e., bath-IV. A short immersion
into bath-IV forms a layer of nascent Cu as indicated in Figure 7b. Further immersion of
the sample in bath-IV (over a duration of 3-5 min) will result in bulk metallization. Each
‘nascent’ Cu atom then acts as a catalyst in itself, and the reaction continues as shown in
Figure 7a; hence, it is called ‘auto-catalytic deposition’. Thus, metallization of the surface
has a great influence from bath-II and bath-III, as the Pd adsorption is very crucial. In this
paper, the catalytic reaction has been observed with Sample 7. The SEM image of Sample 7
is shown in Figure 6¢. A uniform layer of Cu has been deposited with proper parameter
optimization and controlled fabrication steps. The EDS result related to the Sample 7 is
shown in Figure 6f (90% Cu on the surface).
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4.3. DFT Analysis

In order to explain underlying mechanism, we performed first-principles calculations
based on density functional theory (DFT) for which technical details are given in the
computational methods section. Figure 8a shows a schematic view of the molecular
structure of acrylic acid (an active monomer in HP-14 samples) having Pd and Cu atomic
layers deposited on top to mimic the experimental setup. Owing to the presence of dangling
bonds, Pd atoms tend to form covalent bonds with unsaturated C atoms as well as Cu
atoms implanted on its surface as displayed in Figure 8b. Moreover, refer to Figure 8c in
which we calculate element-projected density of states (DOS) to confirm the characteristic
nature of inter-atomic interactions. The presence of orbital hybridization between Cu and
Pd d-orbitals close to the Fermi level support these observations.

Final Step

Acrylic Acid " ‘7 2 (0> W
&P P G g B of oﬁﬁﬁ#
Figure 8. (a) Side view of the acrylic acid having Pd and Cu atomic layers implanted on top. (b) Sim-
ulated model after structural relaxation depicting characteristic inter-atomic bonding. (c) Element-
projected density of states for the relaxed structure.

4.4. Process Parameters

The parameters related to the SBU-CBM method, especially for making geometries
and complex structures, vary according to the size of the structures and were already
demonstrated in earlier literature [11,27,32]. In this work, the samples were prepared
with bulk metallization and hence optimization of the electroless baths was much simpler.
HP-14 was used as the CBM chemistry and hence previously optimized parameters were
used, i.e., laser gain of 6.5 mW, no. of repetitions was three (11 mins), and scan rate was
160 um/s (D-step: 2), already demonstrated in earlier literature [32]. A brief overview of
the parameters related to the electroless bath (adjusted for HP-14) is presented in Table 1.

Table 1. Process parameters of electroless Cu bath for bulk metallization.

Electroless Copper Bath Parameters

. Time Temperature
Type Name Concentartion (min) ©0)
I Predip Precup-128 50 mL in 200 mL of DIW 1 25
I Activator Catcup-207 50 mL in 200 mL of DIW 5 42
Boricacid + 2.2 gm in 100 mL of DIW +

= Reducer ACS-2075 1.1 mL of ACS-2075 > 2
9.50 mL of PEC-A +
PEC-660 6.75 mL of PEC-M +

v Cu Bath (A/M/B) 9.50 mL of PEC-B in 35 25

100 mL of DIW

5. Summary and Conclusions

The SBU-CBM fabrication approach has already been proposed in the literature with-
out a detailed study of its fabrication steps. In this work, a detailed mechanism of Cu
metallization using a fully additive fabrication approach has been demonstrated. Both the
experimental and simulation results related to the metallization process were shown. The
SEM-EDS results were well complemented by the DFT simulation results. In summary, the
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fabrication steps include the first layer of polyurethane and a seed layer of CBM chemistry
(HP-14) on top of it. With adequate actinic radiation, the seed layer gets polymerized
to adhere metallic ions on it. Bulk metalized samples were investigated in this work.
However, the main highlight of the SBU-CBM process is selective polymerization and
selective metallization. This fabrication process has the potential of patterning any desired
geometry and generating fine Cu interconnects at the board level without the involvement
of any etching steps. Future work will be the electrical and reliability testing of the Cu
with specific patterns to test the potential of the process for mass production. Furthermore,
the observed surface mechanism will be utilized to make multi-layered PCBs and connect
physical components without using the soldering process.
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