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29 Abstract.

30 Poor wettability of{solder, paste’ on printed copper (Cu) surfaces presents a
31 significant limitation towardsithe reliable assembly of flexible hybrid electronic (FHE)
32 circuits. This work addresses this challenge using a low-melting-point, bismuth-
33 based solder on nanoparticle-based copper ink pads serigraphically printed on flexible
34 polyimide. To improve 'solderability, we introduce a surface treatment involving
35 mechanical polishing of the printed copper with sodium bicarbonate (NaHCOy3) to
36 reduce surface porosity and remove organic residues. This treatment enhanced solder
37 wettability by 66%, leading to superior component alignment and assembly quality.
38 The fabricated circuits prove highly robust and withstand a 1000-hour accelerated
23 aging testrat 85°C and 85% relative humidity. Cross-sectional analysis confirms
41 formation of.a 1.5 £0.5 um thick intermetallic layer, indicative of an industrial-quality
42 flexible hybrid electronic circuit.
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1. Introduction

In the context of printed electronics, efforts are made to fabricate eléetronic circuits
using additive manufacturing techniques [1,2]. This approach targets lower production
costs, reduces waste, and alleviates the use of environmentally harmful chemicals,used
in traditional circuit manufacturing [2]. However, most integrated cireuits, (ICs), also
known as microchips, can’t be printed due to the required précision and level of
complexity [1-5]. As a result, flexible hybrid electronics (FHE) design.strategies seek to
combine complex pre-packaged components with printed circuitry elements [1-7]. Once
the circuits are printed, the ICs and other surface-mount deviees (SMDs) are usually
attached using a conductive adhesive or a solder paste [8-12].:Beeause FHE circuits
are mostly fabricated from low-cost and temperature-semsitive substrates, conductive
adhesives are generally used for component attachment to,avoidiany thermally-induced
damage to the substrates [10,11,13,14]. In the FHE literatureythe current state-of-the-
art discussed in the following section involves epoxys=.and/or solder-attachment of SMD
components on various types of inks. v

1.1. State-of-the-art solder assembly on silver.prints

Flexible hybrid electronic (FHE) circuits populated through surface mount assembly
(SMA) on printed silver using reflow, melting of solder paste have been documented
[15,16]. These assemblies are mostly reported on circuits fabricated using inkjet,
dispensing, or serigraphic (screen) printing of silver-based inks [4,14,17,18].

Component (or SMD) shear tests, performed to evaluate the strength and integrity
of solder joints holding components suggest that the capillary effect of nanoparticle-
based inks promotes sheap/strengths$imilar to that of silver epoxies and stronger than
solder-pasted components [18]. However, shear strength values can vary significantly
depending on the stibstrate type’(paper, polyimide, or glass) associated with different
capillarity actions between the silver nanoparticle-based inks and these substrates [18].

It is now understood that the surface morphology of the silver-based prints also
has a clear impact on the interaction and melting dynamics of the solder paste for SMD
assembly, espécially omrinks deposited by inkjet [17]. This process still requires a solder
paste with a peak reflow temperature of 235°C, yielding cracks in the print and the
solder leaching of thie printed contact pads [17]. This leaching occurs when the melting
solder dissolvesiand absorbs the printed pads from the substrate [17].

Assemblies on inkjet-printed silver are also realized using SnBi, SnBiAg solder
pastes anddisotropic conductive adhesives (ICAs) [14]. There, reliability tests conclude
that the coefficient of thermal expansion also has a clear impact on the SMD adhesion,
while using ICAs can yield longer lifetimes [14].

Alternatively, a state-of-the-art nScrypt micro-dispensing system was also used
to print both silver conductive ink and a low-melting-point solder together to create
functional assemblies [4]. The ability to dispense both materials requires control over
the timing of material flow and the position of the valve rod [4]. Interestingly, these
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g results suggest that their solder paste, which has a peak reflow temperature lower than
6 160°C, was hydrophobic on the silver printed on polyimide substrate, but it still allowed
; a good wetting on silver prints deposited atop copper-based substrates [4].

9

1(1) 1.2. Solder assembly on copper prints

12 Copper-based inks offer a promising alternative to silver inks for/printed, eléctronics,
12 as they can reach the necessary conductivity required for industrial applications and
15 remain compatible with standard processes [19,20]. Another advantage resides in the
16 fact that copper is roughly 1000 times more abundant than silver [21-24].

1; A comparative study of solderability on both silver and cepper printed inks was
19 published as early as 2008 [25]. These inks consisteddef metal powders with high-
20 temperature organic binders. However, the origin, particle sizes, metal purity, or the
;; chemical composition of the organic binders were not mentioned in the article. In this
23 study, silver and copper inks are printed atop rigid FR4y then dipped into Sn-Ag-Cu and
24 Sn-Pb solder baths of unspecified alloy concentrations. While the solder fully covers the
;2 printed metal, it still led to a “poor” solderability on both the silver and copper prints.
27 The cross-sectional analysis of the prints suggests poor wetting, which is attributed to
28 surface roughness and heterogeneity [25].

gg In 2019, screen-printed coppersink was developed from Cu nanoparticles (CuNP)
31 formate [26]. Intermetallic bonds weréformed between this ink and the SAC305 solder
32 paste. However, the assembly.is only achieved using a reflow oven on a print containing
2431 only CuNP and the binder. "While the solder wetting of the CulNP prints is not
35 quantified, the authors conclude withhan emphasis on the formulation of a solderable
36 screen-printable Cu ink to print fine features and be sintered either thermally or using
;73 a flash lamp [26].

39 Today, achieving reliable surface mount assemblies of electronic components on
40 printed copper circuitry still temains a problem for FHE integration.

41

42

43 1.3. Objective of ithis study

2;1 As a result, FHE cireuits are still mostly fabricated using silver-based inks [2]. While
46 affordable copper-based inks were recently developed, it is imperative to develop suitable
2; assembly.strategies/using standardized equipments and processes. In this work, we
49 achieve/ SMD component assembly on printed copper circuits by improving the solder
50 wettability. between commercial copper ink and solder paste. Indeed, we demonstrate
g; that the melted solder paste does not properly wet the pristine printed copper without
53 any intermediary surface preparation step to improve solder paste wettability. This
54 aspect 18 essential to allow printed circuits to be assembled using standard assembly
gg linetequipment. Another important aspect of this research is to replace the silver with
57 copper prints to alleviate significant electro-migration issues associated with silver [27].
58 As shown in Figure 1, it is clear that the solder paste can’t properly wet the
59

surface of the pristine copper print. There, we compare the wetting on copper prints
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and on laminated copper sheets with electroless nickel immersion gold electroplating.
The solder wetting problem is highlighted in Figure 1(c), where the solderds seen to
coalesce to leave most of the printed copper surface exposed. In Figure . 1(d), solder
spreads on the electronic component pads. These results clearly emphasize the need
for further investigation to improve the solder wetting on the copper prints and achieve
more robust and reliable solder joints.
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Figure 1: Solder wetting on di{ferent types of circuits. (a) Melted solder paste on a
circuit printed with LF360 copper.ink. (b) Melted solder paste on a commercial circuit
made from copper laminates (c) 3D topographic representation of the melted solder on
the copper print seen in (a). " (d) 3D topographic representation of the circuit seen in

(b).

2. Materials'and Methods

2.1. Materials

The cireuits aré printed on commercial polyimide (PI) sheets from American Durafilm
inc. sof type 500FPC, (Holliston, USA) with a 127 gm (5 mils) thickness using the
commercial\ copper ink LF360 from Copprint (Jerusalem, Israel). The prints are
prepazed using a serigraphic Keko P200S printer using a silk mesh with 280 meshes per
inch square. The printed ink is then dried for 2 minutes at 90°C before sintering at 300°C
using & laminator. As for the solder paste, a paste with low melting point is selected
to avoid deformations and creeping in the PI substrate. We use the Indiumb.7LT-1
Indalloy®281 (58 Bi/42 Sn) from Indium Corporation® (Clinton, USA). Furthermore,
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: the solder paste used for the experiments is type 4. The circuit design for the experiment
6 included the footprint of the Seoul Semiconductor LED STW8Q14D (Ansan-si; Korea):
7

8

9 2.2. Surface Treatment Methods

1(1) Three surface treatments are explored. The first surface treatment involves immersion
12 of the circuit in 10% acetic acid solution for 20 seconds. Then, the circuitiis wiped
12 off with a piece of lint-free cloth until dry. This is meant to remove the copper oxide
15 layer from the print and provide a copper-rich surface for soldefing [28} For the second
16 surface treatment, polishing of the surface is aimed to completely remove the upper
1; layer of the print. To perform the polishing, non-toxic sodium bicarbonate is used. The
19 sodium bicarbonate is sourced in powder form, pure, and from a conventional retailer.
20 The prints are rubbed with the sodium bicarbonate umtil the surface achieves a bright
;; copper finish. The third and last surface treatment repeatsithe same procedure as in
23 the second, but finishes with an immersion in acetic a¢id for 20 seconds.

24 'S

;2 2.8. Solder Wetting Quantification Method by % Coverage estimation

;é The TIlastik segmentation toolkit is used to quantify the surface covered by the solder
29 paste on the print [29]. The segmentation training considers drawing some reference
30 segments to distinguish each of thé areasiofiinterest for the algorithm to learn properly.
g; Then, the software can process the images of the printed samples, yielding a colored-
33 segmented image where the exposed copper is clearly distinguishable from the parts
34 covered with solder paste. These'resulting images are exported in binary 8-bit grayscale
22 format so that the coverage ratio can bercalculated as a percentage (% ). This last step
37 is performed using ImageJito extract the pixel count for each level of gray from the
38 image.

39

40

41 3. Results

42

22 3.1. Surface Analysis

45 A micrograph analysis of the surface in obtained under scanning electron microscope
2? (SEM) and'shewn in Figure 2. In Figure 2(a), the low-resolution image shows a
48 somewhat uniformssurface with some porosity. In Figure 2(b), the higher-resolution
49 image shows the aggregate of copper particles forming the printed surface structure. The
g? particle diameters in Figure 2(b) were measured using ImageJ and the measurements
52 are available in the supplementary information section. The bimodal distribution shows
53 smaller particles with a diameter of 0.18+£0.05 um and larger particles with a 0.91+0.16
gg um diameter. As expected, Figure 2(b) also suggests that the copper particles have
56 partially sintered together. This implies a residual surface granularity specific to the
57 particle-based ink compared to the smooth surface from a traditional PCB using rolled
gg copper foil laminated on the fiberglass substrate [30].
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X-Ray photoelectron spectroscopy (XPS) measurements are performed/don the
copper prints and the results are shown in Figure 2(c). XPS is a technique avhere the
observed material is irradiated by a beam of X-rays. The material reactsto the exposure
by photo-emitting electrons, and their kinetic energy (ejection velocityy), is measured.
Then, the irradiation energy is subtracted from that value to obtain theébinding energy,
which depends on the mass of the atomic nucleus and thus the expesed element. This
technique can be paired with an ion-beam etching to determine the chemical‘€omposition
in depth. Also, the XPS measurements require a vacuum to operate [31, 32].

The graph shows the different percentages of chemical elements as a function of
their depth depending on the print’s surface. Results suggest that the first 100 nm
consists primarily of carbon- and oxide-based compounds. As observed, a depth of 500

nm below the surface must be reached before the presence of copper increases to more
than 30%.
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Figure 2: Surfage morphology and XPS analysis of the copper prints. (a) Low-resolution
SEMmmicrograph of the printed copper surface using a 500 um scale. (b) Higher-
resolution SEM micrograph of the printed copper surface at 10 um scale. (c) XPS
analysis of the printed copper surface.

8.2. Surface analysis post surface treatment

Since the appearance of the print changes after sintering, and the XPS analysis indicates
a high carbon content in the print’s surface, one can reasonably expect sintering residues
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4

5 to carbonize during the thermal treatment. By removing a micron or two of the print
6 surface, the concentration of copper has increased. Indeed, XPS analysis shows that the
; percentage of copper is higher past 500 nm and that the percentage is"extrapolated.to
9 increase as it goes deeper into the print.

10 Figure 3(a,b) shows scanning micrographs taken before and after the sodium
1; bicarbonate surface treatment. The consequences of the treatmemnt’on the surface
13 morphology are clearly seen in Figure 3(b), as it shows several areas freefof spherical
14 copper particles. These sporadic flat areas are encircled on the micrograph.

15 =

16
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18

19

20

21
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24

25
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27

28 (a) (b)

29

30 Figure 3: Schematic representation ofuthe printed copper morphology and SEM
g; micrographs. (a) SEM micrograph of the printed copper using a 20 pm scale bars.
33 (b) SEM micrograph of the printed copper after treatment.

34

35

36 The XPS results shown in Figure 4 reveal the effect of the surface treatments using
37 acetic acid immersion and’sodinmsbicarbonate polishing on the surface composition.
gg Results for the copper print'treated with acetic acid suggest a greater copper ratio
40 near the surface compared to,unfreated circuits. Also, the percentage of carbon-based
41 molecules decreases at ashigher rate compared to an untreated circuit. However, the
fé percentages of oxides remain essentially similar.

44 Meanwhile/ Figure 4(b) shows the analysis after a sodium bicarbonate polishing.
45 The initial proportion'ef carbon compounds decreases from over 60% to approximately
23 15% within thedirst 120 nim beneath the surface. Also, the ratio of oxides drops close
48 to zero at"100 nm.under the surface. Furthermore, the copper concentration increases
49 at a higher raté compared to the acetic acid treatment. Within 200 nm of the surface,
5? the pelished print shows close to 90% of exposed copper, while the acid-treated print
22 reaches such percentages at approximately 600 nm depth beneath the surface. This
53 suggests that the polishing has a clear impact on the surface composition by exposing
>4 the metallic copper and removing the excess of carbon-based contaminants.

22 The last XPS analysis shown in Figure 4(c) is performed on a print polished with
57 sodium bicarbonate, followed by cleaning with acetic acid. The concentration of copper
52 shows a similar progression to Figure 4(b), reaching similar copper exposure percentages.
5

However, the initial ratio of carbon molecules is higher than both the acetic acid, and
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sodium bicarbonate treatments alone. Considering that the only difference is that the
sample in Figure 4(c) is cleaned with acetic acid compared to that sample in Figure 4(b);
we can safely assume that the source of the excess carbon is the acetic acid itselfror-a
byproduct of its application.
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Figure 4: XPS analysis ofsthe printed copper surface after different treatments. (a)
Chemically treated with, acetic acid 10% for 20 seconds. (b) Manual surface polishing
with sodium bicarbonate. (c) Manual surface polishing with sodium bicarbonate,
followed by cleaning with acetic acid.

3.3. Wetting Coverage Analysis

In order'to quantify the surface wetting improvement, image analysis of LED pads is used
to directly evaluate the wetting on the untreated surface, after the acetic acid treatment,
after the sodium bicarbonate polishing, and on surfaces treated with both sodium
bicarbonate polishing and acetic acid cleaning. High-resolution images are acquired
using ankeyence VHX7000 microscope, then segmented with the Ilastik software as
described earlier. The segmentation is classified into 3 categories: the solder paste once
melted, the copper print, and the PI substrate. If the number of segmented pixels in
the copper footprint is zero, this means that the solder paste is wetting 100% of the
copper surface. If there are pixels showing the copper, the percentage will be less than
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4

5 100%. The number of pixels associated with the polyimide is ignored, considering this

6 surface is not part of the assemblies.

; Furthermore, Figure 5 shows sets of printed circuits with melted solder for each-of

9 the surface treatment strategies. The top part of each sub-figure only pregents five (5) of

10 the ten (10) footprints used for solder wetting coverage analysis. Thusgithe sample size

:; is ten (10) per surface treatment, and the results are expressed in averages plus or minus

13 their standard deviations. Also, the shear strength results are represented{in the same

14 way. The dataset is arranged in this way due to the high resolution of.the pictures and
~

12 the required processing time for each segmentation. The five LED¢pads were cut from

17 different prints to reduce statistical bias. The entire dataset of all the/footprints, their

18 segmentation, and pixel counts is available in the supplementary information section.

;g The lower part of the LED contact pad is shown inteach bottom left corner of

2 the composite sub-figure, while the bottom right sub-figure presents the segmentation

22 results. The segmentation in Figure 5(a) presents afealculated surface coverage of 24.1%

;i , suggesting a solder paste wetting considered phiobie. After melting, the paste clumps

25 into bead-like structures. It is important to mention/that e print in Figure 5 (a) differs

26 slightly from the prints used for the other‘wetting tests./This implies that a small gap at

;; the bottom of the footprint is covered by ink instead of being open. After calculating the

29 difference, this correction represents 4% of the printed arca and the wetting percentage

30 must be adjusted accordingly. Fer cémparison, the circuit shown in Figure 5 (b)

g; is treated with acetic acid. Segmentation analysis suggests a 60% surface coverage.

33 Figure 5 (c) shows the LED pads that were treated with sodium bicarbonate polishing.

34 By visual observation, the solder paste spreads much more uniformly compared to the

22 acetic acid treatment. This(is confirmied by the segmentation analysis suggesting a

37 90.8% surface coverage. Théfimal solder paste wetting test used a surface previously

38 treated with sodium bicarbonate polishing and acetic acid cleaning. As shown in Figure

23 5 (d), the resulting segmentation/analysis suggests a surface coverage of 85.6%.
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Figure 5: Composite im
treatment. (a) Co
Solder wetting on cir cated with acetic acid for 20 seconds. (c) Solder wetting
sodium bicarbonate polishing. (d) Solder wetting on
circuit pads poli sodium bicarbonate polishing and then treated with acetic
acid.

6. This box chart clearly shows that the sodium bicarbonate treatment
and t including an additional acetic acid cleaning achieve the best surface

ccording to these results summarized in Table 1, the sodium bicarbonate
s with and without acetic acid cleaning achieve better wetting than using
id cleaning only. Still, the acetic acid treatment yields a significantly improved
overage compared to the untreated prints. The acceptability threshold set in this
esearch project is a 50% of surface coverage. This choice is consistent with the IPC-
-610G industry standard, which specifies that an SMD assembly must cover at least

Page 10 of 18

cuit assembly 10
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Figure 6: Box chart representationyof the solder surface coverage for the ten samples
evaluated for each surface treatment protocol:

Table 1: Solder surface.wetting results for each applied treatment.

Surface Not Acetic Sodium Sodium
treatment  treated™ son. Acid Bicarbonate Bicarbonate
type and Acetic Acid
Average 22.6% 61.3% 88.9% 85.3%

Median 21.0% 60.5% 89.5% 85.7%

Standard!  6.8% 11.5% 2.0% 1.4%

deviation

50% of theswidth of the SMD or the pad, whichever is the smallest [33]. According to
this criterion, all surface treatments applied to our circuits screen-printed with copper
ink are suecessful.

To assert the results of the solder wetting on the copper prints, pictures of the
solder contact angle were taken with a Holmarc HO-IAD-CAM-01B system, and they
are available in the supplementary information section. The first picture shows the
soldersmelted on a pristine copper print and the solder has coalesced into a ball atop
the print. However, flux resin residue around the melted solder does not clearly show
the edge of the ball, and the many attempts to remove it have also wiped out the solder.
Knowing the presence of the flux would not give a good profile image, the contact
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angle was not measured. The second picture presents the melted solder on a’copper
print polished with sodium bicarbonate. There, the melted solder appears claser to the
surface of the circuit as such it “wets” the circuit surface. Furthermore, the contact
angle of the melted solder on the treated circuit was measured with ImageJ at, 20.8°on
the right side and 22.2°on the left side.

3.4. Reliability of the assemblies

For a solder joint to be considered reliable and of good/ qualitys it must form
an intermetallic compound (IMC) region [34]. For evaluation, a solder joint was
encapsulated in epoxy resin, cross-sectioned, and metallized to perform an electron
energy-dispersive spectroscopy (EDS) measurement. Thefpolished eross-section is shown
in Figure 7 (a). The cross-sectional SEM micrograplrof. thexsolder joint formed after
sodium bicarbonate polishing treatment is shown in Figurey. 7 (b). The particulates
from the printed copper ink are visible at the bottomof the figure (high-resolution).
The top part of that figure shows the bismuth#tin-based solder in Figure 7 (c). The
IMC is easier to observe in Figure 7 (b), where the/dark blue hue shows a stoichiometric
change, while the EDS imaging of tin in Figure 7(¢)rshows the presence of tin at this
junction. The thickness of the IMC region can, be estimated at 1.5+0.5 pum. This
is within the typical IMC thicknessyvalues ranging between 1 um to 3 pm [35]. To
demonstrate the application of this researchy Figure 7 (d) shows a functional LED
circuit assembled on printed copper circuitry and treated with the sodium bicarbonate
polishing before assembly using aconventional reflow oven.

A S
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28 (c)

30 Figure 7: Cross-sectional analysis of @seldered assembly joint formed on a copper print
31 treated with sodium bicarbonate. (a)'SEM of the cross-sectional assembly solder joint.
(b) EDS micrograph of the capper present in the assembly. (c¢) EDS micrograph of the
34 tin present in the assembly. (d) Printed LED circuit treated with sodium bicarbonate
35 and fully assembled.

37 >

38 The strength of the assembléd solder joints was evaluated using a standardized
shear test with a calibrated. Nordson Dage 4000plus. After measuring the shearing
41 force required to break 30 components from the assembled circuit, the average shearing
42 strength measured is 5:01+1.5 kg, resulting in the copper ink peeling-off from the PI
substrate beforetbreaking of the solder joint could be reached. Further shear tests done
45 with prints treated with either acetic acid or sodium bicarbonate treatment showed a
46 similar behavior! Te¢ improve the ink adhesion on the substrate, the polyimide (PI)
substratesswere treated before copper printing using a 200W oxygen plasma oven for
49 5 minutes with¢a throughput of 20cc/min. These treated polyimide sheets were then
50 used_to prepare a new set of prints for component assemblies. After replicating the
same shearing test procedure, the plasma-treated substrates yield an average shear
53 strength of 9.44+2.5 kg. For comparison, assemblies performed on a commercial flexible
54 PCB laminates yield an average shear strength of 12.14+1.7 kg. All the shear test
measurements are available in the supplementary information section. The shear tests
57 performed on printed copper circuits still end with the ink being removed from the PI
58 sheet before the solder joint breaks.
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4. Discussion

The surface of the printed copper is found to be porous and composed of@€opper particles
with carbon and oxide residues, likely originating from the particles’ encapsulating
agents. Surface treatment methods are explored to increase the wetting of the selder.
One of the methods is a polishing of the surface with sodium bicarbenate to remove
surface residues and increase copper concentration. After treatment, sthe atomic
concentration of copper reaches 80% at the surface. The SEM.micrograph in Figure
3 (b) shows that the treated surface has several flattened areas/of a féew microns square.
The surface of commercial circuits is either made by electroplating or laminating copper
on top of the dielectric material. That surface is made of contiguous, flat, and almost
pure copper [36]. Thus, the treatment has both smoothed and increased the copper
concentration to the point where areas of the print surface are¢loser to a commercial
laminated PCB.

Three different surface treatments are compared to improve solder wetting. At
first, the acetic acid was selected to remove coppernoxides and possibly the ink
sintering residue. The second surface treatment was intended to expose a higher copper
concentration in the print through a polishingprocess. The choice of the polishing media
converged on sodium bicarbonate due to its availability, cost, and ease of handling. The
idea was to bring the copper print surface closer to a PCB copper laminate, which is
known to be compatible with solder paste. In order to obtain a quantitative assessment,
a deep machine-learning segmentation algerithm is used to segment photographs and
thus differentiate the substrate, the printed copper and the melted solder paste.

The untreated surface, where the paste doesn’t wet the surface, yields an average
of 22.6% coverage on ten sampJQs. In comparison, surface treatments using acetic acid,
sodium bicarbonate alone, and sodium bicarbonate followed with a cleaning with acetic
acid give an average surface.doverage of 65.7%, 88.9%, and 84.9% respectively, suggesting
adequate solder paste wetting. These solder wetting results and XPS analysis show the
acetic acid has andmpact onaemoving the copper oxides and sintering residues off the
print. Meanwhile; the sodium bicarbonate treatment relies on the abrasion of the surface
instead of the_ehemical reaction achieved with acetic acid. Indeed, sodium bicarbonate
is a crystalline salt known to be used to polish silverware [37]. This is supported by the
SEM images of the print’s surface before and after the sodium bicarbonate polishing,
which show flat areas. The surface polishing has given better wetting results than the
acetic acid treatment. This is explained by the higher copper concentration achieved
through polishing rather than chemical treatment with acid. Additionally, comparing
the contact angle between the melted solder on pristine prints and those treated with
sodiumearbonate shows the improvement achieved by surface polishing.

This research is supported by a paper published in 2008, which claims that the poor
wetting is due to the print’s coarse and heterogeneous surface. Also, it mentions that
the solder wetting could be improved on the copper print if the heterogeneity could be
improved. The SEM cross-section analysis presents more voids than those presented in
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: this research [25]. In a study published in 2019, a CuNP and polymer-based inksallowed
6 the formation of an intermetallic junction with SAC 305 solder paste. However, the
; solder wetting is not quantified, only mentioned as forming a“good” solder jointrand
9 withstanding a tape adhesion test [26].

10 Furthermore, the results from the shear tests show the rupture point is between the
:; ink and the PI substrate, and not between the component and the copper pad. Copper
13 ink adhesion is improved by using oxygen plasma treatment of the substrate, resulting
14 in shear test performances close to those of a commercial flexible PCB, cireuit.

12 Also, EDS analysis shows that the IMC has a thickness of about 1.5+0.5 pm. The
17 presence of an IMC is indicative that the assembly has anjalloyed link between the
18 print and the solder, instead of the solder just laying over it. Anether improvement in
;g having the solder wet the print surface is the SMD post-assembly placement. As seen
21 in supplementary information, when the solder is phobicren the print, the electronic
22 components often lie atop a solder ball. They ate not correctly aligned with their
23 respective footprint.

24 'S

25

26 5. Conclusions

27

;g In this work, the solder wetting atop “a screen-printed copper-based circuit is
30 investigated. A thorough analysis ofuthe printed surface is performed using SEM
31 to reveal the surface morphology andyarrangement of the copper particles. XPS
gg measurements indicate the presence of oxides and carbon-based compounds on the
34 copper surface. We establish thathimproved solder paste wetting can be achieved by
35 treating the surface. Different surface treatments are performed using (1) acetic acid at
g? 10%, (2) manual polishingusing,sodium bicarbonate, and (3) a combination of both.
38 Each treatment is affordable, free of harmful chemicals, and simple to implement. Once
39 the circuits are treateds thesurface analysis shows that the circuits dipped in acetic acid
2(1) show less oxide residuess Meanwhile, the circuits treated with polishing show diminished
42 carbon and oxide residues within a few hundred nanometers from the surface. As such,
43 the solder paste gan be applied and then melted on the treated circuits. After treatment,
2‘; the surface coveragenis guantified with Ilastik learning algorithm and shows increased
46 solder wetting. /The:highest solder wetting is achieved for the surface treated with
47 sodium bicarbonate/alone, followed by the treatment using both. Compared to the
22 untreatéd copper prints, the solder wetting is increased by 66% when using the sodium
50 bicarbonate treatment. The circuits could be polished by an automated process, either
51 in-line or in batches, using a soda blasting system [38]. Specialized polishing agents could
g g be'explored in future studies, and thus possibly optimizing the polishing process. Finally,
54 a good golder-joint assembly is confirmed by the formation of an intermetallic region
55 between the printed copper and the tin-bismuth solder. Also, the surface treatment
g? capability is demonstrated by assembling several ICs of various dimensions, such as a
58 microcontroller and an LED driver. As for the limitation of this study, the observed
59 results are intrinsically linked to the specific interactions between this printed copper
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ink, its processing, substrate interactions and the solder paste employed.
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