'." frontiers
1IN Materials

MINI REVIEW
published: 30 March 2022
doi: 10.3389/fmats.2022.860710

OPEN ACCESS

Edited by:
Wenzhuo Wu,
Purdue University, United States

Reviewed by:
Roberto Bernasconi,
Politecnico di Milano, Italy

*Correspondence:
Yu Zhang
zhangyu@gdut.edu.cn
Chengqiang Cui
cqeui@gdut.edu.cn

Specialty section:

This article was submitted to
Semiconducting Materials and
Devices,

a section of the journal
Frontiers in Materials

Received: 23 January 2022
Accepted: 08 March 2022
Published: 30 March 2022

Citation:

Yang G, Luo S, LiZ, Zhang Y and Cui C
(2022) A Mini Review on the Microvia
Filling Technology Based on Printed
Metal Nano/Microparticles.

Front. Mater. 9:860710.

doi: 10.3389/fmats.2022.860710

Check for
updates

A Mini Review on the Microvia Filling
Technology Based on Printed Metal
Nano/Microparticles

Guannan Yang"?, Shaogen Luo’, Zhen Li', Yu Zhang "?* and Chenggqiang Cui"?*

"State Key Laboratory of Precision Electronic Manufacturing Technology and Equipment, Guangdong University of Technology,
Guangzhou, China, 2Jihua Laboratory, Foshan, China

Microvia filing is a core interconnection technique in electronic manufacturing.
Electroplating is the primary method used in the industry for filling microvias but also
has the drawbacks of cumbersome procedures and toxic by-products. New microvia
filing technology through printing of metal particle-based conductive fillers was then
developed, with the advantages of simpler process, higher efficiency, better compatibility,
and eco-friendliness. Here, we review the up-to-date research findings on the microvia
filing technology based on printed metal nano/microparticles from the perspectives of
material development and filling performance. Some key questions about this technology
are also discussed. We hope the outlook presented by this review could help the further
studies on this topic. The review also identifies some key remaining issues to be resolved.
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INTRODUCTION

Microvia filling is a core interconnection technique in electronic manufacturing, which has been
widely applied in the fabrication of printed circuit boards (PCBs) and integrated circuits (ICs) and
has great application prospects in complementary metal oxide semiconductor (CMOS) electronics,
micro-electromechanical systems (MEMSs), and silicon photonics.

Currently, electroplating is the primary method used in the industry for filling microvias. The
electroplating microvia filling technology has the advantages of high quality, high reliability, high
efficiency in mass production, and low cost (Szatatkiewicz, 2016; Nothdurft et al., 2019; Tao et al.,
2020). However, this technique also has some drawbacks. 1. The electroplating is a relatively complex
multi-step process with exposing, developing, etching, and plating procedures. It has a high
requirement on equipment, and the by-products are harmful to the environment. 2. For the
microvias with large depth-to-diameter ratios, it is difficult to achieve the “bottom-up” filling
mode, and void defects will form inside the microvias, which will influence the property and
reliability. The electroplating filling efficiency of deep microvias is relatively low. 3. The microvias
with different sizes should be plated under different electroplating parameters, making the
manufacturing process of complex electronic circuits more cumbersome.

For these reasons, some alternative methods have emerged. In 1995, Panasonic took the lead in
developing the Any Layer Interstitial Via Hole (ALIVH) technology for the interconnection of
through-holes between arbitrary layers (Ochi et al., 2002). Conductive copper paste was used to fill
the resin substrate, and the filled holes showed a resistivity below 10 uQ-cm (Suzuki et al., 2001). The
extended ALIVH technology has been applied to epoxy resin, polyimide, and glass—epoxy prepreg
substrates in the manufacturing of radio frequency (RF) modules and chip packaging substrates
(Andoh et al, 2002; Nakase et al, 2006). In 1997, Toshiba developed the Buried Bump

Frontiers in Materials | www.frontiersin.org

1 March 2022 | Volume 9 | Article 860710


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2022.860710&domain=pdf&date_stamp=2022-03-30
https://www.frontiersin.org/articles/10.3389/fmats.2022.860710/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.860710/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.860710/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhangyu@gdut.edu.cn
mailto:cqcui@gdut.edu.cn
https://doi.org/10.3389/fmats.2022.860710
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2022.860710

Yang et al.

TABLE 1 | Summary of some reported conductive adhesives/inks.

Microvia Filing With Metal Particles

Category Particle size Filler Matrix Electrical resistivity Ref.
(n2-cm)
Conductive adhesives 1-10 pm Cu@Ag particles Phenolic resin 100 Nishikawa et al. (2010)
Ag nanowires Epoxy resin 120 Wu et al. (2006)
Ag particles Epoxy resin 750 Wu et al. (2006)
Ag particles Epoxy resin 200 Guan et al. (2010)
Ag dendritic Epoxy resin 4230 Lilei et al. (1999)
Ag flakes Epoxy resin 160 Qiao et al. (2014)
Cu flakes Epoxy resin 240 Zhang et al. (2010)
Cu particles Phenolic resin 1000 Nishikawa et al. (2010)
Sn40/PbB0 solder — 30 Kang et al. (1996)
Conductive inks 10-100 nm  Cu particles Ethylene glycol 5.65 Liu et al. (2016)
Cu particles Colophony and cetyltrimethylammonium bromide 46 Yu Zhang et al. (2021)
Cu particles Oleic acid and oleylamine 13 Ishizaki and Watanabe (2012)
Ag particles Graphene 2.2 Liu et al. (2019)
Cu@Ag particles Ethylene glycol 13.8 Tan et al. (2017)

Interconnection Technology (B%it) (Fukuoka et al., 1998; Goto
et al., 1998). Mixed copper-silver conductive paste was scraped
onto copper foils, and conical conductive bumps were formed
after curing. Then, the bumps were penetrated through the
laminated prepregs and interconnected with the copper foil on
the upper layer. The resistance of the interconnection was
only ~1 mQ.

Following these technologies, microvia filling technology
through printing of metal particle-based conductive fillers has
become a research hotpot in recent years. Compared with the
electroplating microvia filling technology, the filling technology
based on metal particle adhesives/inks shows the advantages of
simpler process, higher efficiency, better compatibility for vias
with different sizes, and eco-friendliness.

In this article, we attempt to summarize the up-to-date
research findings on the microvia filling method via printed
metal nano/microparticles from the perspectives of material
development and filling performance. Some key questions
about this technology are also discussed. We hope this review
could help the researchers and engineers in the field of microvia
filling in electronic manufacturing.

DEVELOPMENT OF METAL NANO/
MICROPARTICLE CONDUCTIVE FILLERS

The conductive fillers can be divided into conductive adhesives
and conductive inks. The conductive adhesives are usually
composed of a non-conductive polymer matrix such as epoxy
resin and phenolic resin and small metal particles/flakes such as
Ag, Cu, and Au particles (Zhang et al., 2010). When the polymer
is cured during heating, the single chain polymer molecules will
crosslink with each other and form a network structure. It makes
the metal particles contact each other, thereby forming the
conductive paths (Timsit, 2013; Nedfors et al., 2015).

The advantage of conductive adhesives is that the polymers
cure at a relatively low temperature (<180°C). There are no strict
requirements on the size of the metal particles (<20 um), so the

production cost is relatively low. The cured polymers have good
bonding force with different substrates and can provide good
mechanical properties. By adjusting the composition, the thermal
expansion coefficient of the conductive adhesives can be adjusted
to match that of the substrate, and thereby to reduce the
possibility of failure. However, at such a low curing
temperature, the metal fillers in the conductive adhesives are
not able to form metallurgical bonds, but only physical contact.
Therefore, there is still a large contact resistance between the
metal fillers, resulting in poor overall conductivity. Table 1 lists a
summary of the filler, matrix, and electrical resistivity of some
reported conductive adhesives and conductive inks. It can be seen
that the conductivities of these adhesives are relatively poor.

The conductive inks are composed of metal nanoparticles such
as Cu and Ag nanoparticles and organic flux such as rosin,
alcohol, and oleic acid. With low viscosity and low surface
tension, the conductive inks are able to fill the microvias with
large depth-to-diameter ratios (Das et al., 2008). Due to the size
effect and large surface area ratio, metal nanoparticles and
microparticles can form metallurgical bonds with each other at
a temperature much below the melting point of bulk metals
(Buffat and Borel, 1976; Yang et al, 2021a). Usually, these
conductive inks are sintered at the temperature above 220°C.
At this temperature, the organic fluxes in the conductive inks will
decompose, and the metal particles could form sintering necks
with each other, leading to a better conductivity.

In the research studies of metal particles in the fillers, Liu et al.
(2016) prepared Cu nanoparticles with 30 nm diameter in a
polyhydric alcohol solution and mixed them with ethylene
glycol. After sintering at 260°C for 5min, the as-prepared
conductive ink obtained a resistivity of only 5.65 pQ-cm. Tan
et al. (2017) developed a conductive ink of Cu-Ag core-shell
nanoparticles with 50 nm diameter. The ink obtained a resistivity
of 13.8 pQ-cm after sintering at 150°C for 60 min. Li et al. (2018)
developed a Cu nanoparticle ink, which showed a resistivity of
4.37 uQ-cm after sintering at 150°C for 60 min. Liu et al. (2019)
developed a conductive ink of mixed graphene and Ag
nanoparticles with a diameter of 10 nm. The ink obtained a
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Microvia Filing With Metal Particles

TABLE 2 | Summary of the reported microvia filling performance of metal nano/microparticle conductive adhesives/inks.

Filling Via Filler Matrix Curing
method type method
Screen TGV  Cu, Sn particles Epoxy Vacuum hot
printing press
TRV Ag flakes Epoxy Hot press
TRV Ag nanoparticles Propylene glycol Hot press
methylether, epoxy
TRV Ag nanoparticles, Propylene glycol Hot press
Ag flakes methylether, epoxy
TRV  Cu particles Epoxy Hot press
TRV LMPA particles Epoxy Hot press
Stencil print ~ TCV  Ag particles — Oven
TRV  Ag particles Epoxy Oven
TRV  Ag particles — Hot press
TRV Ag nano/ — Hot press
microparticles
Scraping TRV  BiSn49 — Hot press
printing TRV Cu, Ag - IPL
nanoparticles
TRV Ag microflakes - Oven
Inkjet TSV Ag nanoparticles - Oven
printing
TSV Ag nanoparticles - Oven
TSV Ag nanoparticles - Oven
TRV  Ag nanoparticles — Hot press

conductivity as low as 2.2 pQ-cm after sintering at 150°C for
60 min.

In the research studies of organic fluxes in the fillers, Zhang Y.
et al. (2021) prepared a Cu nanoparticle ink with mixed fluxes of
colophony and cetyltrimethylammonium bromide (CTAB). After
sintering at 260°C for 30 min, the ink forms a conductive sheet
with a resistivity of 46 pQ-cm. Zhang Y. et al. (2021) found that
the mixed flux of organic acid and surfactant could effectively
promote the decomposition of cupric oxides during the sintering
process. Ishizaki and Watanabe (2012) developed another mixed
flux of oleic acid and oleylamine and found that the cupric oxides
can be removed by annealing at 300°C, and the resistivity of the
sintered sheet was only 13 pQ-cm.

Microvia Filling Performance of Metal Nano/

Microparticle Conductive Fillers

With the development of metal nano/microparticle conductive
fillers, many research studies have been carried out to explore
their performance in microvia filling.

In terms of hard substrates, the filling technique was mainly
performed on through-glass vias (TGVs), through-silicon vias
(TSVs), through-ceramic vias (TCVs), and through-resin vias
(TRVs). Khorramdel and Méntysalo (2016) tried to fill blind vias
on silicon substrates with Ag nanoparticle paste. The resistivity of
the filled vias was 2-4 orders of magnitude higher than that of
bulk copper. Iwai et al. (2018a), Iwai et al. (2018b), and Iwai et al.
(2019) in Fujitsu Laboratory filled TGVs in a multi-layer glass
package substrate with copper paste and sintered them by a

Curing Resistance Electrical Ref.

temperature/ (mQ) resistivity
time (uQ-cm)
200°C/90 min — 26 Iwai et al. (2018a), Iwai et al.
(2018b), Iwai et al. (2019)
190°C/120 min — 20 Das et al. (2008)
190°C/120 min - 100 Das et al. (2008)
190°C/120 min - 10 Das et al. (2008)
190°C/120 min — 500 Das et al. (2008)
190°C/120 min — 50 Das et al. (2008)
250°C/10 min 0.03-0.07 — Bach et al. (2018)
165°C/10 min 50 Kisiel et al. (2005)
275°C/10 min 10 Das et al. (2009)
275°C/10 min 10 Das et al. (2009)
150°C/30 min 0.2 — Kang et al. (2001)
— — 7.8 Chu et al. (2019)
150°C/30 min . 180 Zhou et al. (2016)
220°C/60 min 4000 — Khorramdel and Mantysalo
(2016)

250°C/60 min 50 <200 Quack et al. (2013)
220°C/60 min — <450 Tsung-Han Yang et al. (2017)
250°C/60 min — 4.5 Falat et al. (2011)

vacuum hot-pressing machine. The single hole resistance was
5.2mQ, and the resistivity was 0.26 pQ-cm. Bach et al. (2018)
tried to fill the vias and blind vias on ceramic substrates with Cu
and Ag pastes. The compactness of the filled vias reached 95%,
and the resistance of the sintered vias reached 30 pQ. Yang T. H.
et al. (2017) used silver nanoparticle paste to fill TSVs. By using
the inkjet printing technology, the aspect ratio of the filled vias
can be increased to 5:1, with a diameter of only 25 pum. The
resistivity of the filled vias was less than 400 uQ-cm.

In terms of flexible substrates such as polyimide (PI) and
polyethylene terephthalate (PET), Falat et al. (2011) used inkjet
printing technology to print Ag nanoparticle paste in 4-10 nm
diameter into the vias on polyimide substrates. After sintering at
250°C for 30 min, the resistivity of the filled vias reached
4.5uQ-cm, which was very close to that of bulk silver
(155 uQ-cm). Chu et al. (2019) filled vias on polyimide
substrates with a hybrid paste of mixed Cu microparticles and
nanoparticles. After curing the paste with intense pulsed light, the
filled vias reached a resistivity of 7.79 uQ-cm, which was
4.45 times that of bulk copper. Quack et al. (2013) filled Ag
nanoparticles into TSVs and aligned the vias toward each other
under hot pressing to realize the bonding of two dies. The
resistivity of a single via was less than 200 uQ-cm. Das et al.
(2008) used the pastes of Cu microparticles, low-melting-point
alloy (LMPA) microparticles, and Ag microparticles to fill
microvias with 75 um diameter on a rosin substrate. The three
pastes showed the resistivities of 500 uQ-cm, 50 pQ-cm, and
20 uQ-cm, respectively. By mixing the Ag microparticles with
Ag nanometers, the resistivity was further decreased to 10 pQ-cm.
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Table 2 shows a summary of the reported microvia filling
performance of metal nano/microparticle conductive fillers.
Compared with the conventional screen printing or scraping
printing method, the inkjet printing method has a better filling
capability for smaller and deeper vias and saves material.

It can be found that the reported resistivity of the filled
microvias with metal nano/microparticles is still much higher
than that of bulk metals. This is because there are still a large
number of voids in the sintered structure of metal particles in the
microvias. In a conventional hot-pressing process of metal
particles, the gaps between the metal particles can be gradually
reduced or closed under the external pressure, so that the sintered
particles could form a compact structure to achieve the properties
close to those of bulk metal. During the sintering process of
microvias filled with metal particles, as the external pressure can
hardly transfer to the particles inside the microvias, the voids
between the particles can hardly be closed, resulting in a porous
sintering structure with poor properties. The structure is similar
to the sintered metal particles in the pressureless condition. How
to achieve compact sintering of metal particles in microvias
becomes a main obstacle for this technique.

This question might be solved by the design of particles with
mixed sizes and densely prefill method. Through the design of
particles with mixed sizes, the small particles could fill the gaps
between large particles, which is an effective way to increase
the overall density of sintered metal particles. By increasing the
solid content in the conductive ink, and repeatedly compacting
the inks in the vias several times before sintering, the metal
particles in the via could also reach higher density. These dense
filling methods could increase the feasibility of microvia filling
with metal particles in electronics manufacturing.

DISCUSSION

Although various research studies have been carried out to
explore the synthesis and properties of metal nano/
microparticle conductive adhesive/inks, their applications in
microvia filling are still preliminary. For the traditional
electroplating microvia filling technology, the organic
additives including the accelerator, inhibitor, and leveling
agent are essential components to control the diffusion and
deposition processes of cupric ions at different positions of the
vias. A higher bottom deposition rate than the surface
deposition rate is required to realize the bottom-up filling
mode and obtain a void-less filling structure (Tao et al., 2020).
In comparison, the filling technology based on metal particle
adhesives/inks directly injects the conductive fillers into the
vias. This method shows the advantages of simpler process and
higher efficiency. However, the gaps between the metal
particles will leave many small cavities in the vias. The
shrinkage, oxidation, and interface resistance of metal
particle fillers will also influence the overall resistance of
the filled vias. Therefore, the resistivity of the filled vias will
be higher than that of bulk metals. Here, we would like to raise
some representative research focuses of this technique, which
to our knowledge have relatively high interest and importance.

Microvia Filing With Metal Particles

Design of Filling Material

At present, Cu and Ag nanoparticle pastes are the most widely
used fillers for microvia filling. Ag particle pastes have been
widely used in die bond due to their high thermal
conductivity (Zhang Z. et al., 2021). As fillers of microvias, the
use of Ag particles is limited by their poor electromigration
resistance (Kang et al., 2001). In comparison, Cu particles are
more resistant to electromigration and cheaper. However, Cu
particles are easily oxidized in air, and the cupric oxides are non-
conductive and will hinder the sintering process of Cu particles.
Some studies attempted to coat the Cu particles with organic
protective agents such as polyvinyl pyrrolidone (Sampath et al.,
2014), gelatin, ethanolamine, and oleylamine (Ben Aissa et al.,
2015). Some researchers attempted to replace Ag/Cu particles
with other conductive particles, such as Sn-coated Cu particles
(Kang et al., 1998; Yoon et al., 2020) and Ag-coated Cu particles
(Yuetal,, 2017; Yang et al., 2021c). Due to the low melting point
of Sn, the Sn-coated Cu particles can be sintered at lower
temperature. The Ag-coated Cu particles have a silver
protective layer to prevent the oxidation of Cu, and therefore,
the particles could achieve better electrical performance and
filling capability for deep vias. The development of metal
particles with combined sintering property, oxidation
resistance, electromigration resistance, economy, and facile
preparation is still an important research topic.

Development of Filling Method

The filling method has a strong impact on the filling performance
of the vias. The traditional screen-printing method provides an
easy way to fill vias and grooves. However, the method shows
relatively poor positioning accuracy and resolution (~30 pm) and
is not suitable for filling vias with small apertures. The suitable
viscosity of the paste for screen printing is in a narrow range
between 0.5 and 5Pa-s, as the paste with higher viscosity is
difficult to penetrate into the vias (Krzeminski et al., 2018). In
comparison, the inkjet printing technology has a higher
resolution and is more suitable for filling vias with small
apertures. However, the method is prone to nozzle clogging
and printing defects such as coffee rings or satellite dropping
(Yang Q. et al., 2017). The inks for inkjet printing require a lower
viscosity between 0.001 and 0.1 Pa-s, a surface tension between 15
and 25 mN/m, and a small particle size at nanometer scale (Cano-
Raya et al., 2019). Some other advanced filling technologies have
also been developed in recent years, such as aerosol jetting and
extrusion printing. The aerosols for aerosol jetting technology are
generated by pneumatic or ultrasonic atomization of inks, with
particle sizes less than 0.2 um. Carried by gas at high speed, the
aerosols can be deposited into holes with a feature size below
10 pm and a standoff height up to 10 mm. Using the method,
Renn et al. (2013) filled silver epoxy into TSVs with a depth of
300 pm and diameter of 50 um, and a resistivity of only 5 uQ-cm
was obtained. The extrusion printing is another kind of pressure-
assisted printing method, and the viscosity of the ink is relatively
high (30-6 x 10’ mPa-s). The method is mostly used in additive
manufacturing with poor resolution and is suitable for filling vias
with large apertures (Yang and Fan, 2020). In addition to the
above, other printing technologies such as dielectrophoretic
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printing, pyroelectrodynamic printing, and piezoelectric printing
are expected to be used for microvia filling with metal particle
inks (Mondal and McMurtrey, 2020), but relevant studies are
rarely reported at present.

For microvias filled with metal particles, the density of the
sintered structure is the key to its performance. As revealed by the
permeation threshold theory (Aradhana et al., 2020), there is a
critical concentration of conductive fillers. Above this
concentration, the electrical conductivity will suddenly
increase. Mixing the particles with different sizes and
increasing the solid content in the particle paste are effective
ways to increase the density. How to further improve the filling
compactness is still of great importance for this technique.

Reducing the Sintering/Curing Temperature
As many organic substrates such as polyimide, polycarbonate
(PC), and polyethylene terephthalate (PET) are sensitive to
temperature, how to reduce the sintering/curing temperature
of metal particle-based conductive adhesives/inks becomes an
obstacle for their usage. New methods such as microwave flash
sintering (Agrawal, 2006; Perelaer et al., 2009), intense pulsed
light sintering (Jang et al., 2020), laser sintering (Yang et al.,
2021b), electrical sintering (Allen et al., 2008), and chemical
sintering (Magdassi et al., 2010) have been developed. Using
nanosecond-pulsed ultraviolet laser sintering of Cu
nanoparticles, Yang et al. (2021b) fabricated circuits on the
polyimide substrate with a resistivity of 15puQ-cm. The
microwave flash sintering utilizes the inductive coupling
between conductive particles and microwave radiation to
selectively sinter metal particles. Through microwave flash
sintering of Ag nanoparticles, Perelaer et al. (2009) obtained
silver circuits with a resistivity of 30 uQ-cm. The pulsed light
sintering technology utilizes the synergistic effect of opto-
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