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Abstract: With the continuous miniaturization of electronic devices and the upcoming new technolo-
gies such as Artificial Intelligence (AI), Internet of Things (IoT), fifth-generation cellular networks
(5G), etc., the electronics industry is achieving high-speed, high-performance, and high-density
electronic packaging. Three-dimensional (3D) Si-chip stacking using through-Si-via (TSV) and solder
bumping processes are the key interconnection technologies that satisfy the former requirements
and receive the most attention from the electronic industries. This review mainly includes two
directions to get a precise understanding, such as the TSV filling and solder bumping, and explores
their reliability aspects. TSV filling addresses the DRIE (deep reactive ion etching) process, including
the coating of functional layers on the TSV wall such as an insulating layer, adhesion layer, and seed
layer, and TSV filling with molten solder. Solder bumping processes such as electroplating, solder
ball bumping, paste printing, and solder injection on a Cu pillar are discussed. In the reliability part
for TSV and solder bumping, the fabrication defects, internal stresses, intermetallic compounds, and
shear strength are reviewed. These studies aimed to achieve a robust 3D integration technology
effectively for future high-density electronics packaging.

Keywords: through-Si-via (TSV); solder bump; 3-dimensional integration; reliability

1. Introduction

The recent advancements in digital electronics such as the Internet of Things (IoT),
Artificial Intelligence (Al), fifth-generation (5G) communication, and high-performance
computer (HPC) demand computers with unbelievable memory, speed, and computation
power [1,2]. To meet the demands of growing technology, the number of transistors per unit
area in the microchip increases exponentially as per Moore’s law, which is accompanied
by the downscaling of the chip size [3]. Currently, major semiconducting companies such
as Samsung and TMSC have developed the 5 nm node process for mass production and
are looking forward to developing 3 nm nodes in the near future. To fill the gap between
Moore’s law scaling and system integration requirements such as high I/O connections,
fast signal transfer, low power consumption, and effective heat transfer, recently, several
3-dimensional (3D), 2.5-dimensional (2.5D), and 5.5-dimensional (5.5D) IC platforms have
been developed by IC architects [4,5]. In the 3D IC approach, the functional chips are
stacked vertically and connected using vertical interlayer interconnects. This significantly
reduces the X and Y dimensions with a negligible increase in the Z-dimension. Compared
to the traditional 2D IC approach, 3D IC offers profound interconnection with high-density
I/0 connections as the electrical signal transfer between the driving electronics and optics
occurs on a 2D plane. In addition, the interconnection length is significantly reduced,
thereby improving the system performance [6]. However, in 3D IC, thermal dissipation
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remains a problem as the heat generated in the bottom chip has to travel through the entire
stack to get dissipated. A 2.5D packaging approach has been developed to control the
thermal dissipation wherein the functional chips were stacked vertically using a silicon
imposter [7].

In keeping with the recent high-density packaging of chips, the vertical stacking
technology of Si chips using TSV (through-Si-via, silicon wafer through-hole) technology
is critical technology for semiconductor system integration. The TSVs are filled with Cu,
as Cu is the most widely used interconnection substrate material. In addition, for joining
purposes, a solder bump is fabricated on the Cu-filled TSV and reflow after stacking to form
electrical interconnects. The advantage of using TSV technology is that it can make elec-
tronic systems of small size and high performance. It can be applied to various fields such
as CMOS image sensors, stacked DRAM, stacked NAND flash, SiP (system in package), 3D
SOC (system on chip), HBM (high bandwidth memory), etc., [1]. Three-dimensional (3D)
packaging can be applied to system integration, which has a shorter connection distance
than 2D and 2.5D packaging, enabling devices to be connected in the shortest distance. Intel
and others also announced technologies based on 3D packaging technology such as Chiplet
System Integration for use in Al and high-performance computers (HPC). Recently, there
have been reports of 12 DRAM chips stacked using more than 60,000 TSVs in Samsung
Electronics. In addition, concerning micro electro-mechanical systems (MEMS), there is
a study of manufacturing a Rogowski coil current sensor using a TSV structure wire to
detect a power device’s excessive current [8].

The 3D stacking technology using TSV is a method that makes a direct electrical
connection path between chips. The process of TSV technology consists of the following
steps: (a) forming a fine through-hole in a silicon wafer, (b) coating a functional thin
layer on the inner wall of the through-hole, (c) filling the through-hole with a conductive
material, and (d) exposing the through-hole and making a thin wafer through polishing
(CMP, chemical mechanical polishing), bumping, and lamination processes. Since the TSV
technology makes a direct connection path inside the chip, it is possible to minimize the
length of the connection part when connecting to other chips [9-11]. This reduces electrical
resistance and speeds up data transmission. The development of three-dimensional loading
in the direction of small size, low power consumption, and high performance is needed to
be applied more widely to the stacking of different types of chips such as memory, processor,
power device, sensor/actuator, biochip, etc., or for vehicle semiconductors and big data
processing devices [12,13]. Similarly, the solder bumping process is receiving individual
attention owing to the importance of reliability in TSV. Generally, electroplating is used to
fabricate the solder bumps [14]. However, with the invention of new technologies, solder
paste printing [5], ball bumping [15], and recently, even the bumpless technologies [16] are
explored in industries. Sakui et al. [16] reported the WOW (wafer-on-wafer) interconnection
technology using TSVs without bumps. By self-alignment, bumpless TSVs can be connected
directly between the upper and lower Cu-plugs, and resultantly, the package thickness can
be reduced. To achieve high performance and reliability of fine-pitch 3D integrated devices,
a collective knowledge of TSV and solder bumping is very important. The novelty in the
present review is the collective discussion on the TSV and solder bumping fabrication
processes for the fine-pitch interconnections and their effect on the joint reliability. Finally,
considering the significance of nanocomposite solders, the future directions are discussed
on the aspects of incorporating the nanoparticles in the fine-pitch TSV and solder bumps.

Research Methodology

In this paper, a comprehensive review of 3D interconnection technology is presented.
Additionally, the most popular die stacking technologies such as TSV and solder bumping
through electroplating are given much attention. In addition, the most recent technologies
in bumping such as TSV filling by molten solder, Cu pillar bumping, solder ball bumping,
solder injection bumping, solder paste printing, and bumpless joining are studied to
get a better understanding of their implementation in the industries and the associated
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challenges. Figure 1 shows the pictorial representation of acceptance and rejection criteria
of the papers included in the present review. The discussion is based on 108 articles in
related fields, starting from the year 2001 until 2021. The rest of the references includes
patents and the thesis related to TSV and solder bumping. The distribution of research
publications from 2001 to 2021 for TSV and solder bumping are shown in Figure 2.
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Figure 1. Literature review approach adopted in the present work.
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Figure 2. The distribution of research publications from 2001 to 2021 for TSV and solder bumping.

The research articles are directly or indirectly related to TSV, solder bumping, elec-
tronic packaging, and the reliability analysis. Academic repositories such as Springer,
Science direct, Nature, IEEE Xplore, IOP science, JIEP (The Japan institute of electronic
packaging), Korea science, Emerald insight, and MDPI were used to collect the relevant
materials. Figure 3 depicts the percentage of journal publications collected from each of the
publishers in TSV and solder bumping. The topics such as recent research trends, fabrica-
tion techniques, improvement in fabrication methods, electrical and mechanical properties,
and simulation studies were covered individually for the TSV and solder bumping parts.
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The histogram shown in Figure 4 gives the percentage of each research topic associated
with TSV and solder bumping.
The main objectives of this research are given below:

e  Collective overview of 3D packaging technologies and their importance in recent
microelectronic packaging is introduced.

e Research trends and challenges associated with the TSV fabrication techniques is
discussed systematically, and the important features are highlighted.

e  The electrical and mechanical properties of TSV are analyzed in relation to their
fabrication technique, and the future direction to overcome the reliability issues is
discussed.

e  Research trends and recent developments associated with solder bumping techniques
are reviewed and illustrated pictorially.

e The advantages and disadvantages of various solder bumping techniques are tabu-
lated with respect to current technological limitations.

e  The future directions to improve the reliability of the solder bumping is discussed in
terms of controlling the intermetallic compound at the TSV /solder bumping interface.
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Figure 3. Publishers included in the present work.
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Figure 4. Research topics for TSV and solder bumping focused in the present work.
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2. Through-Si-via
2.1. TSV Formation and DRIE Technology

For forming TSV, the deep reactive ion etching (DRIE) process is generally used. The
Bosch process, also known as the DRIE process, can form multiple holes and TSVs with
various aspect ratios. The Bosch process was invented by Laermer et al. [17,18], and it
is named after Robert Bosch, a German company. The Bosch process has been used to
fabricate TSVs by many researchers [19,20]. We explore how a focus exposure matrix can be
used to study the motifs encountered on the sides of silicon features etched with the Bosch
process. Alternative etching and passivation processes are repeated to achieve vertical
via hole. In the reaction chamber, fluoride gases such as SFg, CF4, and C4Fg collide with
plasma and change the gas molecules into ions. The etching process is a repetition of silicon
etching using reactive ions from SF6 gas passivation of TSV by C4Fg, which has similar
characteristics to Teflon. The following equations are chemical reactions during etching
(Equations (1) and (2)) and protective layer passivation (Equations (3) and (4)) during the
Bosch DRIE process [18].

SF¢ + e (plasma) — SF5 + +F 4 2e™ (1)
Si(solid) + 4F(gas) — SiFy(gas) ()
C4Fs + e~ (plasma) — C3Fg + CF, + e~ 3)
nCF, — (CFZ)n 4)

Figure 5 shows the schematic diagram of the DRIE process. During the DRIE process,
due to the etching and passivation process, it forms a scallop shape at the wall of TSV [21].
However, the disadvantage of the scallop shape is that it hinders the formation of the Cu
seed layer for Cu electroplating or cause a leakage current that degrades the performance
of TSV [22]. Park et al. [23] reduced the average scallop depth by 91% from 230 to 20 nm
by optimizing reactive ion etching (RIE) condition of 100W radio-frequency power and
30 SCCM (standard cubic centimeter per minute) of SFg for 30 min, resulting in smooth
profiles of the sidewall trench. Frasca et al. [24] reported that by forming a ‘Michelangelo
step” using 40% concentration of KOH at a temperature of 60 °C, it is possible to prevent
scallop formation and perform conformal shape during Cu filling.

[SFe + plasma] [CaFs gas] [SFe + plasma]
Photoresist l l l 8 2 8 l l l
4
Si-Wafer ‘ Si-Wafer \ ‘ Si-Wafer \ ‘ Si-Wafer \
‘ etching | | passivation ‘ etching |

\ \ J

Figure 5. Schematic illustration of the Bosch DRIE process.

The critical aspect ratio phenomenon in DRIE can be controlled using the micro-
loading effect and RIE lag [25,26]. The micro-loading effect is the difference in the etch
rate depending on the aspect ratio and size of the fine pattern of the TSV structure. Wang
et al. [27] showed that the reduction in array pitch increased temperature accumulation and
etching speed to suppress micro-loading effects. The RIE lag is when the lower etching rate
occurs at smaller feature width [26]. Gerlt et al. [28] have achieved RIE lag reduction by
adjusting the two-step Bosch process parameters. With simplicity and adaptability intact,
they reduced RIE lag to below 1.5% at an etching depth of 50 um.
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The shape of TSV differs from the ratio of C4Fg gas used for protection layer and
SF¢ gas used for etching. [29]. If the C4Fg ratio is not appropriate, an oval-shaped TSV
is obtained. An oval shape TSV is prone to the closure of the entrance, which makes it
easier to form a void or seam inside TSV, as shown in Figure 6. When the ratio of SFq
increases, positive trapezoidal TSV forms. Positive trapezoidal TSV causes the silicon
via closing at the top, which hinders the complete filing of TSV. Using a precise ratio of
C4Fg and SF¢ makes it possible to form the vertical shape of TSV. In the vertical shape,
current waveform control can avoid void or seam defects [9,30] or additives into plating
solution [31]. However, an unsuitable plating solution and plating condition can cause
high current density at the entrance of TSV, which closes the opening and causes voids
and seams inside the TSV. To lower the current density at the edge of TSV, rounding of the
edge is used. When the ratio of C4Fjs is increased, an inverted trapezoidal shape is formed
(see Figure 6), and due to its shape, entrance closure during filling is prevented and makes
complete TSV filling easier. Roh et al. [32] performed complete Cu filing of tapered TSV
with a gradient of 11° and top diameter size of 44.3 um, bottom diameter size of 34.2 pm,
and depth of 60 pm.

High C ,F; ratio
Cu Seed layer

Si-Wafer Si-Wafer

(a) (b)

Figure 6. Schematic illustration of TSV shapes: (a) vertical shape; (b) inverted trapezoidal shape.

2.2. TSV Inner Wall Coating

Multiple layers such as an insulating layer, a barrier layer, and a seed layer are coated
on the TSV inner wall. SiO, or SiN are generally used as an insulating layer to form
electrical isolation between TSV and the Si wafer. SiO, can be coated by using chemical
vapor deposition (CVD) of SiHy. The chemical reaction formula is given in Equation (5) [8]:

SiH,(gas) 4+ Oz(gas) — SiO;(Solid) + Hy(gas). 5)

Lin et al. [33] have shown that the wet thermal oxidation method can also be used
to produce a SiO; layer around 1 um thickness on TSV. Coatings of Ti, TiN, and TaN are
used as a barrier layer to improve bonding between the filling metal inside TSV (Cu) and
Si wafer and to prevent the diffusion of filler metal into the Si wafer. The thin Ti layer
is widely preferred over SiO;, since it has a good joining property to SiO; and Cu filling
material. [10]. Seed layers such as Cu and Au are selected to ease the electroplating of the
Cu filler metal in TSV. Generally, the Cu thin film has good conductivity and is widely
preferred [34]. Zhang et al. [11] successfully deposited barrier and seed layers in ultra-high
TSV using atomic layer deposition and sputtering respectively and subsequently filled
Cu in TSV by electroplating. Murugesan et al. [35] used electroless Ni as a seed /barrier
layer to TSV with a width of 800 nm and AR of 12 or higher. Ni effectively blocked the
thermo-mechanical stress caused by Cu, and when annealed at 300 °C, it also served as a
good barrier to Cu diffusion. However, Cu is easy to be oxidized and it can be consumed
during Cu electroplating by dissolution into electroplating solution. There is a report of
using the Au layer to prevent oxidization and to achieve higher chemical stability [9,36,37].
Hong et al. [9] has coated SiO;, Ti, and Au as protection and seed layers inside the TSV.
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Sputtering is generally used to form a thin metal layer of Ti/Cu or Ti/ Au over the SiO,
layer. Roh et al. [32] coated 1 um thick SiO, using high-density plasma CVD (HDPCVD)
and Ti for the adhesion layer and Cu as a seed layer by sputtering [32]. Figure 7 shows
the process flow for the forming of functional layers such as insulation, barrier, and seed
layers. Kee et al. [38] coated SiO; (1 pm thick), Ti (0.3 pm thick), and Cu (0.5 pm thick)
as insulating, adhesion, and seed layers, respectively in TSV for Cu-SiC filling. Al,Os3,
TaN, and Ru are adopted as insulation, barrier, and seed layers, respectively, by Knaut
et al. [39] with the TSV aspect ratio being higher than 20:1 via a diameter of 5 um and
depth of 110 um. Generally, the seed layer inside TSV is thick at the entrance of TSV and
thin at the bottom of TSV. This happens due to the irregular linear movement of metal
atoms during the sputtering process. This causes metal atoms to be more deposited at the
entrance of TSV than at the bottom. It is increasingly becoming difficult to conformally
deposit barrier and seed layers inside TSV as the aspect ratio increases. An electroless
metal (EL) plating process is widely used to form conformal and seed layers. Matsudaira
et al. [40] have reported on Co-alloy as a barrier layer. On Pb nanoparticle catalyst, they
have electroless plated CoWB and CoB. They have shown that CoWB film that has a larger
content of W by 15% had a promising diffusion barrier property. As a result, they have
shown that CoOWB film with W higher than 15% had a promising diffusion barrier at 350 °C
annealing. Murugesan et al. [12,41] have plated a Ni layer using the electroless deposition
technique and reported that Ni can act as a good seed layer for the flawless filling of TSV.
In addition, by forming an even concentration of Ni ions inside TSV, they have achieved a
flawless 10 um diameter Cu-TSV with a resistance value of 36 mQ).

" Sion, N 5 oA
i02, Si A :
» 4 Ti, TaN, TiN
= :
Si-Wafer Si-Wafer Si-Wafer
Insulation layer Barrier layer Seed layer

Figure 7. Schematic illustration of functional layers on TSV.

2.3. TSV Filling

After coating functional thin films in TSV, conductive metals are filled to TSV. Gen-
erally, filling of the metal is done by electroplating, but in the case of TSV with a smaller
diameter under 1 um or trench filling, the electroless plating method can be used [42]. The
Si wafer is the cathode during electroplating and as metal ions (ex. Cu?*) receive electrons
from the cathode and deposit them inside the via hole.

Cu?t +2¢~ — Cu (6)

The amount of electro-deposited metal is proportional to current, and it can be calcu-
lated by Faraday law as shown in Equation (7)

W=2Q @)

where W is the amount of metal deposited, Z is the electrochemical equivalent, and Q is
the current flow.

The electroplating method is suitable for mass production, and it can produce flawless
filling by modifying the current waveform and additives to the plating solution. In addition,
using the electroplating method, it is possible to fill TSV with a few pm diameter and
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a high aspect ratio. Hong et al. [43] have reported the bottom-up Cu-filling method by
manipulating the current waveform. However, during the electroplating process, electric
current concentrates at the entrance corner of TSV, which is one of the reasons for flaws
in the TSV. TSV can categorize into three types—sub-conformal, conformal, and super-
conformal—Dby the shape that TSV is being filled, as shown in Figure 8 [44—46]. During
sub-conformal formation Figure 8a due to the faster plating speed at the entrance corner
of TSV by higher current density, the opening is closed before the internal part of TSV is
filled. This causes the formation of a void inside the TSV. During conformal formation
Figure 8b, TSV overall is plated at nearly equivalent speed, and this causes a seam inside
the TSV. Only by super-conformal formation Figure 8c where faster plating occurs from
the bottom of the TSV is flawless filling is possible. Super-conformal formation of TSV has
been reported by Hoffmann et al. [47] and the authors [46].

—_—
Si-Wafer
@
R ——
Si-Wafer
(b)
|___|
Si-Wafer
©

Figure 8. Schematic illustration of (a) sub-conformal [44], (b) conformal [45], and (c) super-conformal
filling [46].

When direct current (DC) is used to fill conductive metals such as copper, the higher
current density at the entrance corner of TSV makes it easy to form a sub-conformal shape.
To prevent the formation of voids and seams in TSV, the phenomenon of high current
density at the entrance of TSV needs to be hindered. The pulse current can be adopted
to prevent the formation of defects in TSV. Alternately applying reduction current, which
fills TSV, and oxidation current, which dissolves over the coated Cu parts, impedes the
early closure of the entrance of TSV. There is a method of setting the oxidation current to 0.
However, only by adopting this method, it is a little difficult to avoid the overcoating of
Cu [48].

To use pulse current in the plating process, an accelerator, suppressor, and level-
ers must be present in the plating solution, as shown in Figure 9a. Frequently, bis-(3-
sodiumsulfopropyl) disulfide (SPS) is selected as an accelerator, and polyethylene glycol
(PEG) is selected as a suppressor [49]. In addition to an accelerator and suppressor, levelers
play a crucial role of obtaining the flawless filling of TSV. Organic materials such as Janus
Green B (JGB), diazine black (DB), and methylene violet (MV) can be adopted as levelers
as shown in Figure 9b. Jung et al. [31] have reported the effect of these levelers on the



Metals 2021, 11, 1664

9 0f29

Cu-filling morphology in TSV, as shown in Figure 10. The authors have achieved defect-less
via filling with pulse current and the concentration of each additive to 50 ppm. When MV
was added as an additive, it was possible to see the size reduction of the internal defects.
In the case of JGB, Cu was not uniformly plated from the entrance to the bottom of the via.
When DB was added as an additive, a large-sized void formed at the bottom of the via
during filling. Due to small concentration, levelers adhered to the Cu surface by diffusion.
As they attached to the entrance edge, they hindered the growth of the plating layer, which
improved the via filling quality. Therefore, they can be considered inhibitors, while levelers
are essential to achieve flawless via filling.

Figure 9. (a) Cu electro-deposition in TSV with additives; Molecular structure of levelers: (b) Methy-
lene Violet; (c¢) Diazine Black; (d) Janus Green B.

Figure 10. Cu filing morphology achieved for various levelers: (a) Basic Solution; (b) Janus Green B;
(c) Diazine Black; (d) Methylene Violet. [31].

Electroplating done using pulsed currents had difficulties in getting flawless fillings
in the TSV. Lee et al. [46] have reported using periodic pulse reverse (PPR) when filling Cu
in TSV. The authors have shown that when the reduction current is —7 to —10 mA /cm?,
the oxidation current is 30-50 mA /cm?2, and the distance between the anode and cathode
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is 3 cm, the sub-conformal shape was formed and created defects such as void and seam.
Hong et al. [44] have reported that when the mean current density of PPR is —7.71 mA /cm?
and the distance between the anode and cathode is 3 cm, the plating firstly occurred at the
middle of TSV, which created a void and seam. It could have happened due to the lack of
uniform bottom—up filling, which caused copper to meet somewhere in the middle of TSV.

According to Hong et al. [44], defects that occur by Cu filling by pulse current were
reduced by applying the current-off duration between the reduction current and oxidation
current, as shown in Figure 11. When using the PPR current waveform for TSV filling, Cu
is plated at a reduction current, overcoated metals are dissolved to the plating solution at
the oxidation current, and during the current-off period, dissolved Cu ions are diffused in
the plating solution. By this process, TSV remains open, which can prevent defects such
as voids and seams from forming. There is another improved Cu filing method using the
pulse current. Jin et al. [50] have reported that using short a duty time with high frequency
could promote bottom—up filling and prevent Cu from growing in the middle of TSV. The
report has indicated that with the current density of 2 mA /cm? and frequency of 4444 Hz,
6 x 60 pm? size TSV was filled in 30 min.

[Anodic
Current(+)]

l — [T(sec))

[Cathodic /
Current(-)] . T :

\Jt/ ZZRY
Cue Cwze Cu® Cu?* Cu?* Cu?
Plaing Dissalve Diffusion

,j\
/’ J\\

Buz' Cu"" [:ub

Figure 11. Plating characteristics of periodic pulse reverse (PPR).

The pulse current process has the disadvantage of longer filling time due to the plating
stage at the reduction current and the etching stage at the oxidation current. Therefore,
research focused on shortening the Cu filling time. Firstly, Hong et al. [51] reported that
with Cu-Ni alloy as the filling metal and with the PPR current waveform, the filling time
was reduced by 1.36 times more than pure Cu filling. In addition, some reports reduced
the filling time by changing the suppressor and accelerator in the plating solution. Kim
et al. [52] showed that by adding thiourea to the suppressor, PEG-PEG-SPS-17, the filling
time is halved. In addition, Sung et al. [53] found out that the reduction in efficiency of
the electroplating method occurs when unstable Cul exists at the suppressing layer. To
prevent the formation of Cul, they replaced an iodine ion in PEG-PEG-SPS-I™ to bromine
ion and made PEG-PEG-SPS-Br~. By using this suppressor material, they halved the filling
time. Dinh et al. [54] have suggested a new leveler material, sulfonated diallyl ammonium
bromide copolymer (SDDABC) with 16 ppm concentration; they filled 20 x 45 um TSV
in 5 min. It was five times faster than the 1 ppm concentration of SDDABC. Ha et al. [55]
achieved the filling time of 3 min by optimizing sulfonated diallyl dimethyl ammonium
chloride copolymer (SDDACC).

Some researchers reported on additives in the plating solution to simplify and optimize
the Cu-filling process. Shin et al. [56] optimized the concentration of three chemicals:
polyethylene glycol (PEG) as a suppressor, bis-3-(sodiumsulfopropyl disulfide) (SPS) as an
accelerator, and Janus Green B (JBG) as a leveler. With the optimized concentration and
pulse current, they successfully filled Cu in the TSV with various aspect ratios (2, 2.5, 3)
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with a depth of 60 um without defects. The on-current density was 10 mA /cm?, and the
reverse current density was 16 mA /cm?. The optimized concentration of each chemical was
500 ppm of PEG, 5 ppm of SPS, and 30 ppm of JGB. Wu et al. [57] reported on the interaction
between three additives in the plating solution when executing defect-free Cu filling in TSV.
When three additives were independently added to the plating solution, they had different
inhibition behavior. When they were added together, the interaction varied at different
potential values. Tomie et al. [58] have reported that when the suppressor and leveler were
added together at the plating solution, even though the suppressor covered the Cu surface,
the leveler eventually replaced the suppressor. Therefore, it can be said that the leveler
plays a key role when executing bottom-up Cu filling in TSV. The reports stated have added
three chemicals: a suppressor, leveler, and accelerator in the plating solution to perform
defect-free Cu filling. However, using three chemicals simultaneously is challenging. To
successfully use three chemicals at once, understanding each chemical and the data of the
optimized concentration of chemicals are needed. Therefore, to improve the efficiency and
simplify the Cu-filling process, some researchers reported using a single additive to the
plating solution. Wang et al. [59] have reported by using single inhibitor material, 3-(2-(4,5-
dihydrothiazol-2-yl)disulfanyl)propane-1-sulfonic acid (SH110) shown in Figure 12a, they
were able to perform defect-free Cu filling at the current density of 1 mA/cm?. Le et al. [60]
suggested another additive material of 3-(1-pyridinio)-1-propanesulfonate (PPS), as shown
in Figure 12b; using the current density of 0.2 A/dm? and 5 g/L concentration of PPS, they
successfully filled the TSV with Cu.
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Figure 12. Molecular structure of single inhibitor material (a) SH110; (b) PPS.

Recently, researchers improved the filling ratio and filling speed by applying ultrasonic
vibration during Cu filling in TSV. Xiao et al. [61] were able to electroplate Cu to TSV with a
high aspect ratio depth (20 x 200 um?) with 105 W ultrasonic in 5 h and achieved the filling
ratio of 98.5%. Wang et al. [62] experimented with variables such as the concentration of
accelerator, electric current density, and the existence of ultrasonic. As a result, of ultrasonic,
the filling ratio improved by 23% and was able to fill 20 x 60 um? size TSV in 180 min. Zeng
et al. [63] also reported good filling of 20 x 60 um? size TSV with no defects in 150 min by
applying ultrasonic and pulse current.

2.4. Electrical Properties of TSV

Since TSV is used in various forms depending on the requirement of the chip, it is
necessary to study the shape, stacking method, and arrangement structure, which are
the variables that can affect the electrical characteristics of TSV [64,65]. Jeong et al. [66]
have compared the impedance values for different TSV shapes such as cylindrical, square,
elliptical, and triangular shapes. The authors used a four-point probe measurement method
to analyze electrical measurement by passing a current through both ends of an unknown
resistor and measuring the voltage. The square TSV shape has better electrical performance
at high frequency and shows less impedance reduction than other shapes. This is because
the quadrangular TSV shape has a higher insulating layer due to its large outer area and
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protects the signal more than other shapes. For a single Si substrate, Pak et al. [67] modeled
the electrical characteristics of TSV based on the number of stacked TSV, their aspect ratio,
and the wall layer thickness. The authors reported an increase in total resistance and
capacitance with increasing the number of stacked TSVs. The increase in total resistance
and capacitance of stacked layers depends on the width and height of TSV. The total
resistance can be reduced by decreasing the aspect ratio of TSV, and the total capacitance
can be reduced by enlarging the TSV pitch and thickness of the SiO; layer [67]. Belaid
et al. [68] have proposed a model and computed the time-domain coupling noise in the
3D-integrated circuit. They have used the numerical inversion Laplace transform (NILT)
method and chain matrices. The authors show that TSV noise coupling is affected by
different factors such as source characteristics, horizontal interconnections, and the type of
input and output (I/O) drivers.

2.5. TSV Filling with Molten Solder

Filling molten solder into TSV is a recent and low-cost via filling technique. In this
process, TSV is filled with lead-free solder with a melting point of around 200-230 °C
instead of electroplated copper. Molten solder can be filled by the Injection Molded Solder
(IMS) or vacuum-assisted via the filling process [69]. In the vacuum-assisted process, by
using a pressure of 0.02-0.08 MPa, TSV can be filled with the molten solder by pressure
differences between the upper and lower side of the Si wafer, as shown in Figure 13. The
solder filling time into TSVs with a diameter of 30 um and depth of 200 pm was less than
4 s. The solder filling process is faster and easier than the Cu-filling process. However,
it has drawbacks such as lower electrical conductivity, electromigration resistance, and
lower thermal resistance than Cu-filled TSV.

Heater

Molten solder paste

TSV formed
Si chip

!

Vacuum

Figure 13. Process of TSV filling with molten solder.
2.6. Reliability of TSV and Future Directions

Cu must be filled in TSV without any defects for reliable interconnections. Imperfec-
tions such as protrusions, voids, seams (shown in Figure 6; Figure 7), etc. can seriously
affect the TSV characteristics. The Cu protrusion that appears during the annealing treat-
ment of TSV affects the reliability of TSV. Protruded Cu can cause stress between the
Si wafer and Cu-plated layer due to the thermal expansion coefficient (CTE) difference
between Si and Cu. It could create cracks, which reduced the lifetime of the chips. Some
researchers suggested methods to prevent this phenomenon. Jung et al. [70] have replaced
Cu filling with Cu-Ni alloy on TSV with a size of 30 um diameter and 60 um of depth. They
have shown a reduction of Cu protrusion compared to pure Cu filling from 1360 to 1250 nm
(8.8% reduction) at the annealing condition of 450 °C. Roh et al. [32] electroplated Cu-W
instead of pure Cu on tapered-shape TSV (entrance diameter 44 um, bottom diameter
34 um, depth 60 pm) and showed a 44% reduction of protrusion at annealing condition of
450 °C. Sung et al. [13] have reported a protrusion-hindering effect of additives 2-mercapto-
5-benzimidazole sulfonic acid (2M5S) and thiourea at the annealing condition of 400 °C.
They have experimented TSV with a diameter of 5 um and depth of 60 pm. The 2M5S has
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reduced the Cu protrusion by 84.9% due to the benzene ring in the material. However,
2M5S has created an unstable compound of Cu (I)-2M5S during plating that reduced the
uniformity of TSV. Thiourea has hindered the protrusion of Cu by 69.2%. Jin et al. [50] have
shown that a short duty cycle and high frequency of 2222 Hz on TSV with a size of 6 pm
diameter and 60 um depth reduces the Cu protrusion by 21.17% at an annealing condition
of 430 °C.

Si and Cu filled in vias induce complex internal stresses due to the CTE difference. The
internal stress can lead to Cu extrusion from the via and delamination, thereby degrading
the reliability of the TSV interconnection. The stress and plasticity behavior of Cu and the
as-plated microstructure play an important role in the extrusion failure. TSVs undergoing
thermal annealing post-plating exhibited linear elastic behavior without an increase in
residual stress [2]. The delamination of Cu from Si is an important reliability failure, as it
reduces the electrical signal transfer in stacked dies. It can be controlled by decreasing the
TSV diameter or by reducing the CTE mismatch between the Si and Cu [2]. The addition
of nanoparticles proved to be beneficial in reducing the CTE mismatch and internal stress
between Si and Cu. However, nanoparticles should have good electrical conductivity
to improve the transfer of electrical signals. In that case, a CNT (carbon nanotube) has
good electrical conductivity and mechanical property in nano dimensions. Sable et al. [71]
reported that Cu-CNT-filled TSV with graphene nanoribbons (GNR) as interconnects
improved the performance of 3D ICs. The electrical resistance is 57.3% and 72.9% in the
case of a copper—CNT composite and copper, respectively. The CNT/GNR interface and
copper—-CNT/GNR interface offer 80.5% and 64.2% lower interface resistance than their
copper counterpart. It can be considered that as for lower radius, the resistance provided
is high for all three materials. Chen et al. [72] investigated the fabrication of a CNT-Cu
composite using a TSV interposer to secure the high electrical conductivity of Cu and the
low coefficient of thermal expansion (CTE) of CNTs. The Cu—CNT pillar inserted to TSV
showed electrical conductivity (=2.5 x 10° S/cm, ~1/2 of Cu) and CTE (=7 x 10~¢/K)
values equivalent to pure Cu and Si, respectively. The calculated CTE values in accordance
with Equation (8) agreed well with the measured value of ~ 6.2 x 107¢/K.

_ acuKcu@cu + aenTKenT @onT
XCu—CNT = (8)

Kcu®cu + Kent@ont

where acy and acnr are the CTE of Cu and CNT, respectively, K¢y and Kenr are the bulk
moduli of Cu and CNT, respectively, and @c, and @cnr are the volumetric fraction of
Cu and CNT, respectively. Lwo et al. [73] studied the reliability of TSV under various
environmental conditions and analyzed using Weibull analysis. Bias current and thermal
cycling were found to be decisive factors affecting the reliability of TSV. In the biased
samples, voids were formed at the current corner in the TSV. Apart from that, other
reliability failures occurred due to oxidation, delamination, and flanking. Jeong et al. [66]
studied the protrusion and stress distribution for various TSV shapes using finite element
analysis. It was found that multilayer TSVs have less reliability and higher cracks due to
high-stress levels brought by the interaction between multilayers in contact. In addition,
the cylindrical and quadrangular TSV shapes displayed high mechanical reliability when
compared with the elliptical and triangular TSV shapes. Presently, the factors affecting the
reliability such as TSV shape and filling materials are well-established, whereas research
on TSV fabrication with nanoparticle addition is rare. Considering the importance of
different nanoparticles in reducing the CTE between the Cu filling and Si wafer, research
should focus on incorporating nanoparticles in TSV and their effect on the electrical and
mechanical properties.

3. Solder Bumping

Solder bumping is the development of a small solder bump on the Cu-filled TSV. Sev-
eral processes have been demonstrated to develop a solder bump on the TSV successfully.
These include electroplating [14], solder ball bumping [15], solder paste printing [5], vapor
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deposition [74], and injection molding solder of a controlled collapse chip connection new
process (C4NP) [75]. The choice of the processes is influenced by the pitch size, production
costs, and assembly. Each method has its own advantages and drawbacks. Electroplating
has remained the preferred choice because of its low cost, mass production, and impor-
tantly, it can be applied to fabricate fine-pitch solder bumps through precise patterning.
In electroplating, fine-pitch bumps can be achieved through the precise control of current
density and additives. However, an electroplating bath is often prone to varying compo-
sition, and proper bath recycling is required before disposal. Solder ball bumping is an
eco-friendly process. However, mounting a tiny solder ball for fine-pitch I/O connections
requires an expensive assembly setup [15]. Solder paste printing is cost-effective and can be
used for mass production. However, flux contamination is an unavoidable issue and affects
long-term reliability [5]. Vapor deposition techniques such as evaporation and sputtering
can provide a uniform composition solder bump, but the process is expensive [74]. Solder
bump is the most widely used soldering technology in ball grid arrays (BGA) and flip-chip
technology. In the present review, the important characteristics of solder bumping related
to fine-pitch TSV interconnections are discussed.

3.1. Solder Bump by Electroplating
3.1.1. Solder Bump Plating on TSV

Sharma et al. [14] successfully electroplated Sn-3.5 Ag solder bumps on the Cu-filled
TSV from an acidic electroplating bath composed of SnSOy4, HySO4, AgrSOy, thiourea, and
some additives. The eutectic composition was obtained for a plating time of 40 min and
a current density of —55 mA /cm?. The plated solder bump was reflowed at 260 °C for
20 s. The reflowed Sn-3.5 Ag solder bump was a spherical shape with a dimension of
~35 x 46 um. The shear strength test results show that shear strength rises from 75 to
110 MPa with increasing shear speeds from 0.5 to 10 mm/s. However, higher shear speed
decreased the shear strength and resulted in a brittle intermetallic (IMC) fracture mode.

For the 3D stacking of silicon chips, a solder bump is formed on a Cu-plug in TSV,
which connects every Cu-filled TSV electrically and mechanically with upper or lower
TSVs. In this case, it is important to control the bump size to achieve desirable stacking.
Hence, during electroplating, a photoresist (PR) is generally used on Si to control the exact
bump size [76]. The bumping with a PR mold consists of lithography processes such as PR
coating on a wafer, film masking, UV lightening, patterning, and PR stripping to produce a
PR mold. Tanida et al. [77] obtained a tiny sized bump with fine pitch using a PR mold. Sn
or solder capping on the Cu-plug in TSV can also be adopted to keep a gap between the Si
chip and avoid bridging a solder between the neighboring solder. Meanwhile, a bumping
process on a Cu-plug without a lithography process (non-PR mold) to reduce the cost and
number of steps is shown in Figure 14a. Using this process, Sn- and Sn-Ag bumps were
produced on the Cu-TSV [78].

Figure 14a shows process steps for bumps formed on the Cu plugs by DC electroplat-
ing without the PR mold. For electroplating conditions, —55 mA /cm? current density, and
30 min time, Sn-3.5Ag solder bumps were successfully plated using the non-PR bumping
Figure 14b,c. The solder is a low alpha solder of Sn-3.5Ag, which emits low alpha radiation
particles. The as-plated solder bump diameter is around 50 um, and after reflow, the
hemispherical bump diameter became approximately 30 pm. However, the deposition of a
non-PR bump depends on the uniformity of TSV. For instance, defects in TSV such as seam,
cavity, or incomplete filling of Cu in TSV results in irregular solder bumps based on the
defect type. Figure 15 shows the appearance of irregular and non-uniform Sn-3.5 wt % Ag
bumps formed on the Cu plug in TSV having 30 um in diameter and 60 um in depth. The
plating condition was —55 mA /cm? current density for 20 min by the non-PR bumping
method. It is attributed to the non-uniform Cu filling height in the TSV and results in the
poor bonding during TSV stacking [44].
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Figure 14. (a) Process flow for producing a non-PR bumping on a Si die by electroplating [79]; (b) Sn-3.5Ag bumps formed

on the Cu plugs by non-PR bumping; (c¢) bump appearance after reflow.

WD26 .3mm 15.0kV x50

Figure 15. Irregular bump on unevenly filled Cu via in non-PR pumping process.
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Hong et al. [36] successfully fabricated Sn bumps on Cu plugs in TSVs using a sim-
plified process without any serious defects. Cu was electroplated and filled in via holes
without PR, where the lithography process is not used for Sn bumping. In this process,
a Cu plug is exposed on one side of Si surface where a Sn bump will be produced by
electroplating. The other Si surface side is coated by a seed metal such as Cu or Au to
supply current for Sn bumping through a Cu plug in TSV, as shown schematically in
Figure 16a. Sn bumps were formed by DC current electroplating with a current density of
3 A/dm? for 15 min. The Cu plug diameter in TSV is 35 um, and the Sn bump diameter in
the bump bottom is 64 um. In another study by Hong et al. [36], decreasing the current
density of DC to 0.05 A/cm? and increasing the plating time for 30 min, Sn bumps about
22 um in height and 68 um in diameter were produced by the DC plating, and the bump
was similar to a mushroom head shape without a columnar part. The bump surface was
relatively facet-rich, but it was not connected with the neighbor ones. The size of the
bump is primarily uniform, and none of the bumps showed serious defects, as shown in
Figure 16b. Bumping without the lithography method has advantages such as omitting
the following steps: PR (photoresist) coating, film masking, UV (ultraviolet) exposure,
patterning, and PR stripping processes [76,80]. The author also uses the non-PR process in
various studies [9,78,79].

Current
flow

Electrical connection

(@)

(b) (c)

Figure 16. (a) Schematic illustration of the metal layer on the Si wafer for the electrical connection of
solder bump; (b) cross-section of a bump; (c) top view of bumps array [36].
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The standard equilibrium potential of Ag is more positive than that of Sn. Hence, dur-
ing electroplating, precise control in plating current density and time is required to achieve
a uniform composition throughout the solder bump [81]. A Sn-3.55 wt % Ag solder bump
with a height and diameter of 18 and 92 um, respectively, was obtained by electroplating at
a current density of —55 mA /cm? for 20 min [9]. During the electrodeposition of Sn-3.5Ag
on a Cu-filled TSV, the circumferential edge part on top of TSV deposited more preferen-
tially than the center part of TSV, because the current density along the edge is higher than
the center part of TSV [82]. Figure 17 shows the difference in Ag composition deposited
at the top and bottom of the bump for different current densities. The compositional
difference decreased by varying the current density from —40 to —60 mA /cm?. In addition,
it was observed that the Ag content at the bottom of the Sn—Ag bump is generally higher
than that at the top. Since the Ag ion is nobler than Sn and deposited at a lower current
density, Ag is deposited earlier than Sn [83].

Sn-Ag solder bump

3_-

2_.

l

—60 —-55 -50 —-45 -40

Current density (mA/Cm?)

Ag composition difference (wt%)

Figure 17. Ag composition difference on the top and bottom of the Sn-Ag solder bump, data adapted
from Ref. [83].

The electroplating thickness is dependent on the plating current density and time and
can be expressed using Equation (9) [82]:

Eciet
= 9
600 )

where X is the deposition thickness, t is the electroplating time, Ec is the electrochemical
equivalent of the deposit, i is the current density, ¢ is the cathodic current efficiency, and p
is the deposit density. In Sn-3.5Ag bumping, using Equation (9), Jun et al. [83] reported
the cathodic current efficiency () for the Sn-3.5Ag bump as 45.05% [Ec = 0.04358494 g/C,
i=30mA/cm?, p=7.412 g/cm3 for Sn-3.5Ag].

Park et al. [84] studied the Sn-Cu solder bump height variation by increasing the
deposition time from 1 to 35 min for a current density ranging from 1 to 5 A/dm?. The
plating rate of the near-eutectic Sn-Cu bump increased linearly from 0.27 to 2.28 pm/min
by increasing the current density from 1 to 5 A/dm?. For a constant plating time of 10 min,
the bump height increased 10 times from 2.3 to 21.9 um by increasing the current density
up to 5 A/dm?. The theoretical bump height was calculated using Equation (10) [84]:

()
nF
t

h= ad

(10)
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where Ay is the atomic weight, n is the number of electrons, F is the Faraday constant,
iis the current density, t is the deposition time, a is the plated surface area, and d is the
deposit density. From Equation (10), it is clear that the bump height is directly proportional
to the current density and deposition time. However, in reality, other factors might deviate
the bump height from the linear dependence in (10). It is confirmed by comparing the
theoretical and the experimental bump height for varying time and current density. The
linear increase in bump height is observed only up to a current density of 4 A/dm?, after
which the bump height remains constant. In addition, the maximum plating efficiency
is obtained for 3 A/dm?2. Similarly, for a constant current density of 1 A/ dm?, a linear
increase in bump height is observed up to 25 min plating time. Unlike the theoretical results,
for further increases in plating time, the bump height remained constant. This shows that
optimizing the electroplating factors such as current density and time is important to
obtain the maximum efficient solder bump. Similar studies were carried out for Sn and
Sn-Ag solder bumps [3-86]. For all the bumps, the bump height and width increased with
increased plating time, as shown in Figure 18a and b respectively. Similarly, in Sn-Cu
bumping, by electroplating in the condition of 2.5 A/ dm? for 10 min, bumps 20 x 20 x
10 pum3 in size with 50 um of bump pitch were formed [84]. A near eutectic Sn—-0.72 wt %
Cu bump was produced in the plating condition of a reduction current density of 1 A/dm?
for 23 min. Hence, the precise optimization of plating current and time is necessary to
obtain the solder bump of desired dimensions.

40
(@) P/ 8o (b) o
3
35 m pr o A
’,'.;A - 70/ v
30 A"’» e
—_ . ',. —_—
5 25 2 2 E 604
S 505 3
= /..-0 .7 E’
R .
D 201 K el 3 5 o
o - T 50
-:_ 15 '.’ /__/' - - {14], sT..A\g. i :-55 nm\/t'm‘ i v =
g 10 ,.-", --@--[7, Sn,l-—.ﬂm.—\/cm: g 40 - A B [14], Sn-Ag, 1= —55 mA/em?
o 7 -,._ 37 ~ -~ -[79], Sn, i = —60 mA/cm? o ® [79), 50, 1= —60 mAjem®
5 2 = W= [86], Sn, i = —30 mA/cm? A [86], Sn,i=—30 mA/em?
l’ - @~ -[83], Sn-Ag, i = =30 mA/em?* 30 4 v (53], Sn-Ag, 1= 30 mAlcm?
0 n
T 0 01 2 +—ap—vr——1—r—-"—r—"—"r—"—"r—T—"TT—T—T—TTT
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90

Plating time (min)

Plating time (min)

Figure 18. The increase of (a) bump height; (b) bump width with increasing plating time for Sn and Sn-Ag in the literature.

For fine pitch electrodes, a Cu pillar with the electroplated solder method is the most
popular. However, the electroplating of a solder bump on the Cu plug in TSV has some
drawbacks. For example, the plating solder composition is practically limited to dual
systems such as Sn-Ag and Sn-Cu. Plating thickness is varied depending on the wafer
position. Maintenance of plating solution, condition, and equipment is quite complicated,
and investment cost is relatively high.

3.1.2. Cu Pillar Bump with Solder Cap

Micro-bumping is important for the vertical connection of stacked chips in 3D elec-
tronic packaging, including TSV technology. When the micro solder bumps are formed on
TSV by the electrolytic plating method, the pitch between the bumps usually has a range of
70-140 um. However, for smaller pitch size < 70 pm, there is a possibility of connections
(bridging) between neighboring solder bumps during reflow. In order to improve this
problem, Cu Pillar Bump (CPB) technology was introduced. The schematic illustration of
the CPB process is shown in Figure 19.
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Figure 19. Schematic illustration of the Cu pillar bump with a solder cap.

In CPB, a higher Cu bump is formed on TSV by electrolytic plating, and a thin solder
film is plated directly on the top of the Cu bump [87]. In CPB, a finer pitch can be achieved
without bridging [88,89]. Ma et al. [90] fabricated an ultra-fine pitch bump consisting of
a 6 um Cu pillar, a 0.5 um Ni layer, and a 5 um Sn layer on the top of the Cu pillar that
was produced by electroplating on the Si die with a photoresist mold. The diameter of
CPB micro-bumps was 20-7 pm, and the micro-bumps were reflowed at 230 °C for 80 s.
After aging treatment at 190 °C, they found that CuzSn was formed around the Cu pillar
sidewall. The growth rate of the CuzSn sidewall increased with the decrease in micro-bump
diameter. The growth rate of the CuzSn sidewall is given in (11):

divc = do + Kt!/? (11)

where dyvic and dg are the thickness of IMC, t is the thermal treatment hours, and k is the
growth rate constant.

From the experimental results, the growth rate constants of sidewall Cu35Sn were
calculated as 0.066 um?2/h/2,1.237 ym? /h'/2, and 2.641 um?2/h1/2 respectively for 20 pum,
10 pm, and 7 um diameter solder bumps. Similarly, Koh et al. [88] fabricated ultra-fine
pitch bumps of 30 pm diameter using CPB. In addition, due to the higher joint gap in
CPB, excellent heat dissipation and excellent electrical and thermal conductivity and high
mechanical yield strength can be achieved.

Tanida et al. [77] also achieved 20 um pitch using CPB in 10 um sq. TSVs, namely a Cu
bump with 10.4 pm sq. and 5 um height, and they electroplated a 1.5 um thick Sn-2.5Ag
solder film on the top of the Cu bump. Multilayered IMCs of CusSns and CuzSn and a
single layer of CuzSn were formed at the interface at the bonding temperatures of 240 °C
and 350 °C, respectively. Lee et al. [87], fabricated a Cu pillar bump capped with Sn-Ag by
electroplating for bonding chip stacking with TSV. The size of the micro-bumps was 10 and
20 um. SiC nanoparticle composite solder was filled into TSV instead of Cu for low-cost
and high-speed filing. The addition of 1.0 wt % SiC nanoparticles showed a lower CTE
value of 15.0 ppm/°C, which is expected to reduce delamination from the TSV wall.

3.2. Solder Ball Bumping

Micro-ball bumping of Sn-Ag and Sn-Cu-Ag solder on the TSV by the pick and
place process is shown schematically in Figure 20. It is the most cost-effective process of
establishing solder bumps on TSV. It has advantages such as enabling the various sizes
of solder bumps and various compositions of solder balls such as Sn-Ag, Sn-Ag-Cu, and
Sn-Cu. However, a well-precise assembly setup is required to pick and place the micro
solder balls on a fine-pitch Si chip.
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Figure 20. Schematic illustration of solder ball bumping.

Jung et al. [91] reported Sn3.5Ag solder ball bumping on a Cu-filled TSV having
dimensions of 60 pm diameter and 120 um depth. A low-alpha Sn-1Ag-0.5Cu (SAC105)
solder ball of diameter 80 pm was placed on the Cu-filled TSV and reflowed at 245 °C
peak temperature for 10 s. Low alpha solder is helpful to avoid soft error in high-density
electronics and semiconductor packaging. After reflow, at the interface between Cu in TSV
and solder bumps intermetallic compounds of CugSns were produced. The interfacial IMC
of CugSns in low alpha solder is similar to that of ordinary solder, and its thickness was
1.71 pm and 4.05 um before and after aging at 85°C for 150 h, respectively.

Khorramdel et al. [5] used solder paste jetting technology to form a solder ball on
the TSV. The authors studied the possibility of developing solder balls directly on the
top of TSV to facilitate a finer pitch between the solder ball and an increased density of
the I/O connections. The solder ball formation was performed by ink-jetting technology,
and jetting solder was Sn-Ag-Cu solder paste. The diameter of jetted solder ball was
227 pm, and to form a ball connection, the solder paste was reflowed at 230 °C. The authors
reported that solder paste jetting can be used for pad sizes as small as 200 um and pitch
sizes as small as under 350 um, which results in four times higher I/O density than the
conventional approach while retaining identical TSV dimensions. The reliability of the
TSV interposers was investigated by a temperature cycling stress test (—40 °C to +125 °C).
Electrical testing up to 1000 cycles did not cause any open circuits or significantly affect the
electrical resistance.

In solder ball bumping, flux is used during the solder ball reflow to prevent oxidation.
Extreme care should be given during the reflow because the activation of flux can change
the alignment of the solder balls and result in a bump to bump bridging during the reflow.

3.3. Solder Injection on Cu-Pillar

The process of solder injection on Cu-pillar, also named injection molded solder
(IMS). In this process, molten solder metal is squeezed out from the nozzle tip on the Cu-
pillar. [92,93]. This IMS process consists of the following steps: 1. seed layer preparation
and photoresist patterning on a Si wafer, 2. Cu pillar (post) plating, 3. solder bumping
by IMS, 4. photoresist & seed layer stripping [92]. The schematic illustration is shown in
Figure 21.
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Figure 21. Solder bumping by injection molded solder process.

The advantage of the IMS process can be that a ternary system solder such as Sn-Ag-
Cu can be easily supplied. The process is simple, and the bump size is independent of
wafer location compared to electroplating. In addition, it is a flux-less process, and solder
bumps of various sizes can be formed. The disadvantage is that high-temperature PR is
needed because it acts as a dam for the molten solder reservoir until solidification.

3.4. Solder Paste Printing

In this process, a solder bump is formed by printing solder paste on TSV using a
fine-pitch stencil followed by reflow. The process flow for solder paste printing on a TSV
is schematically illustrated in Figure 22. In paste printing, various parameters such as
the surface condition of substrates, the substrate-stencil ratio (stencil opening size, pitch
size, stencil thickness), the printing speed, and the pressure need specific attention to
successfully perform paste printing and solder bump formation [94].

Generally, paste printing was not used for ultra-fine pitch TSV substrates. However,
recent laser edge technologies for ultra-fine pitch stencil and type-7 solder paste have eased
the solder paste-printing process in 3D ICs. In addition, paste printing has beneficial aspects
such as simplification of the manufacture process and cost-effectiveness. Today, research is
focused on solder paste printing for ultra-fine pitch interconnects. Kim et al. [95] succeeded
in bonding a flip-chip scale package with a Cu pillar and solder bump. Optimization
studies showed that appropriate printing could be achieved for type-5 and type-7 solder
paste for a metal mask having a thickness of 30 pm and 50 um, respectively, and an opening
ratio of 70%. In addition, decreasing the mask thickness to 30 um and increasing the
opening ratio to 100% resulted in a fitting print for type 7 solder paste. The solder bump is
successfully formed by printing type-7 SAC 305 solder paste on a substrate with a width
of 150 pm using a metal mask with a thickness of 30 um. Similarly, a wafer-level bump
was achieved with type 7 SAC 305 solder paste using the paste-printing process by Kumar
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et al. [96]. A 100 um sized solder bump was fabricated using a Ni-Co stencil having an
opening and pitch size of 30 um and 120 um, respectively. The design of experiments (DOE)
approach was used to study the optimum printing parameters. For defect-free printing,
the optimum squeeze pressure and print speed was found to be 7 kg and 20 mm/s. Finally,
the advantages and disadvantages associated with the various solder bumping processes
are summarized in Table 1.

Print direction

o Solder paste Stencil

TIrL

l Removal of stencil

‘ Reflow

Figure 22. Schematic illustration of solder paste printing on TSV.

A

Cu pillar

Table 1. Comparison of solder bumping processes.

Process Solder Bump by Cu Pillar with Solder Ball Solder Injection Paste Printin
Electroplating Solder Cap Bumping on Cu Pillar &
Fluxless process
Mass production Eco-friendly Eco-friendly Cost-effective
Mass production P Mass production Applicable to Mass production
Advantage Applicable to . .
fine-pitch TSV Solder alloy fine-pitch TSV Solder alloy
flexibility Solder alloy flexibility
flexibility
Limited to dual Limited to dual Requires Flux residue
alloy systems alloy system Expensive tool for high- teg1pera ture Bridging
Disadvantage Disposal Disposal fine pitch TSV hotoresist Uniformity in
hazardous to hazardous to Flux residue pmaterial bump height
environment environment Micro voids
. Maintenance of Maintenance of
Technical . . . .
limitation electrolyte electrolyte Ball size Fine-pitch stencil
composition composition

3.5. Reliability of Solder Bump and Future Directions

Solder bump reliability is dependent on the type of the solder alloy system and the
IMC formed at the interface. Solder ball bumping, solder injection, and paste printing
processes offer solder alloy flexibility on TSV. Although the Sn3.0Ag0.5Cu (SAC 305)
system is the standard lead-free solder used in bumping, other systems such as Sn58Bi and
Sn57.6Bi0.4Ag are widely used for low-temperature bumping. Depiver et al. [97] studied
the fatigue life of Sn37Pb, SAC 305, Sn3.8Ag0.7Cu (SAC 387), Sn3.9Ag0.6Cu (SAC 396), and
Sn4.0Ag, 0.5Cu (SAC 405) solder bumps on Cu substrates. The authors reported the highest
and lowest fatigue life in the SAC 405 and SAC 387 compositions, respectively. It shows
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that even a small change in composition in the SnAgCu eutectic system has a significant
effect on reliability. The bonding of stacked TSVs and solder bumps is achieved by reflow
of the solder bumps. After reflow, the reliability of the solder bump mainly depends on
the microstructure and the Cu-Sn IMC formed at the interface. The metallurgical reaction
of Cu and Sn results in the formation of CugSns and CuszSn IMC at the solder bump /Cu
pillar interface. After reflow, CugSns is formed in accordance with the reactions (12) and
(13) [98]:

6Cu + 55n — CugSns (12)

2CuzSn + 35n — CugSns. (13)

Under thermal conditions, due to the solid-state diffusion of Sn and Cu, the growth of
CugSns IMC increases. However, Ni atoms substitute the Cu atom in the CugSns lattice
and form (Cu, Ni)¢Sns IMC when Ni is present in the soldering system. Later, CusSns at
the copper interface transforms to CuzSn in accordance with the reaction (14) [98]:

CugSns + 9Cu — CugSn. (14)

CusSn is prone to the formation of Kirkendall voids and hence has a lower fracture
toughness compared to CugSns IMC. The higher volume of IMC in the bump/Cu interface
significantly affects the reliability of the solder joint. Ni has higher activation energy
than Cu and has been used as a diffusion layer on Cu substrates. Pure Ni reacts with Sn
from the solder and forms Ni3zSng IMC. The IMC thickness is directly proportional to the
reflow temperature and time. Hence, to optimize and control the IMC thickness, a lower
reflow temperature should be used for the optimal time. In addition, an important design
parameter that significantly influences IMC volume is the pitch size. For high-density I/O
packages, the solder bump size decreases simultaneously with the pitch size continuously
decreasing. With the reducing bump size, the ratio of the IMC/solder volume increases. Sn,
Sn-Ag, or Sn-Ag-Cu solder is generally ductile, whereas the IMC at the interface is brittle
and has low fracture toughness and decreases the reliability of the TSV /solder joints [96].

Su et al. [99] researched the effect of solder composition and IMC growth rate on the
reliability of Cu pillar UBM with the solder cap. Different reliability performance was
observed for Sn1Ag, Sn2Ag, and Sn3Ag alloy systems after a high-temperature storage
(HTS) test. Post assembly and reflow, a Snl1Ag solder micro-bump exhibited a large
amount of UBM IMC such as AuSny and PdSny. However, Sn2Ag and Sn3Ag micro-bumps
revealed a large amount of CugSns IMC and a minor amount of UBM IMC. After HTS, the
IMC thickness increased and numerous voids were observed within Sn1Ag micro-bumps.
The Sn2.0Ag bump showed thick CuzSn IMC with numerous Kirkendall voids at the
Cu/CugSns interface. Sn3.0Ag displayed void-free CugSns IMC with excellent reliability.
The addition of nanoparticles in the solder effectively reduces the growth of CugSns IMC
at the interface [100]. Nanoparticles have a high surface-to-volume ratio and hence get
adsorbed on the CugSns IMC during reflow. After the adsorption, the nanoparticles reduce
the surface energy of growing plane k by decreasing the growth rate of crystal plane k as
given from the Equation (15) [100]:

C k
Z‘yé‘Ak = ZyléAk —RT ZAk/ 1%dc — max (15)
K K K 0

where vX and ylg are the surface tension of the IMC crystal plane k with and without
nanoparticles, c is the concentration of the nanoparticles, Ay is the area of the plane k, and
I'’X is the amount of nanoparticles adsorbed at the plane k. Shin et al. [101] have fabricated
a SiC-dispersed Sn58Bi solder bump on Si wafer through electroplating. SiC nanoparticles
were added into the electroplating bath, dispersed using ultrasonic homogenizer, and
electroplated at the current density of 10 A/dm?. SiC nanoparticles decreased the Sn
and Bi lamellar spacing in the microstructure and CugSns IMC thickness at the interface
of the solder bump. Correspondingly, the shear strength of the SiC-added solder bump
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is increased by 6% and 10% in as-reflow and 400 h aged condition. The addition of
nanoparticles in solder paste is widely used in research. Nanoparticles such as ZrO, [100],
Al,O3 [102], ZnO [103], and CNT [104] have been successfully added to the Sn-Ag-Cu
and Sn-Bi solders to reduce the CugSns IMC at the interface and enhance the mechanical
properties. Additionally, optimum nanoparticle addition is found to improve the spreading
and wetting characteristics as well. Tsao et al. [103] reported enhanced wettability in
the Al,O3 nanoparticles-added solder as compared to the monolithic solder. The main
drawback of utilizing nanoparticles-added solder paste for the fine-pitch solder bump is the
segregation of nanoparticles after reflow. Hence, the addition level should be maintained
at optimum in order to achieve satisfactory wetting property and IMC growth suppression.
In case of a nanoparticle-added solder bump through electroplating, the proper dispersion
of nanoparticles in the solder bump needs to be controlled by the accurate control of plating
current density and time.

The reliability of the solder bump is also affected by the TSV structure as the stress
distribution by the formation of IMC at the interface. Chang et al. [105] studied the stress
simulation of the p-bump structure stack up and metallic reaction for the 3D p-bump
interface in TSV. They adopted Cu-bump/Sn-solder (CS), Cu/Ni-bump/Sn-solder (CNS),
and Cu/Ni/Cu-bump/Sn-solder (CNCS) with less than 30 um pitch. At the interface
between the Ni p-bump and solder, NizSny was produced. At the solder location under
the test of TCT (Thermal Cycle Test), a CNCS structure and CNS with thinner Cu thickness
of 15 pm reduced stress effectively in simulation. Additionally, after five reflow times, a
p-bump with CNS exhibited defects such as voids and cracks, but the p-Bump with CNCS
has no defects. After 300 h at 175 °C, the CS structure showed a slow metallic reaction
to produce CugSns and not much reduction of the solder volume. As a result, there are
no defects in the solder. On the other hand, the p-bump with a CNS structure failed at
200 °C and 300 h, and consequently, void and crack defects were found in the solder. These
results can be related to the type of IMC formed at the interface of the solder bump. For
instance, Chung et al. [106] observed that the formation of the CugSns IMC reaction layer
is slow and the Sn volume shrinks approximately 5%. Meanwhile, the reaction rate is fast
for the NizSny IMC formation, and the Sn volume shrinks around 11%. Volume shrinkage
dissipation occurs mostly in the vertical direction. IMC also affects the electrical properties
of the bump/TSV joint. Bashir et al. [107] reported that CugSns IMC increased the electrical
resistance of SAC 305/Cu after 400h of electro-migration. Whereas (Cu, Ni)sSns IMC
in SAC-305 (Ni)/Cu maintained a uniform electrical resistance for 600 h. Whereas, the
addition of CNT nanoparticles 0.03 wt % of CNT in SAC 305 increased the electrical
resistivity of SAC 305 from 1.04 x 107 Om to 1.34 x 107° Om [108]. Considering the
effect of IMC in the electrical and mechanical properties of the solder joint, it is important
to control the processing parameters to achieve minimum IMC growth. The addition
of nanoparticles is beneficial to inhibit the growth of IMC and control the electrical and
mechanical properties of the solder joint. Hence, methods to incorporate nanoparticle
in the solder bump have promising scope. However, nanoparticle addition by paste
mixing is widely used in surface mount technology, ball grid arrays (BGA), and flip chip.
Incorporating nanoparticles in solder bump by electroplating has potential scope in 3D
integration technology.

4. Bumpless Joining of Stacked TSV

Bumpless joining is the most recent joining technology used for 3D interconnections
in the present day. Sakui et al. [16] reported the WOW (wafer-on-wafer) interconnection
technology using TSVs without bumps. Bumpless TSVs can be connected directly between
the upper and lower Cu plugs by self-alignment, and resultantly, the package thickness
can be reduced. The thickness of 3D stacked structures TSVs having six dies for a memory
core and one multicore microprocessor was calculated as 600 um for bumped dies and
60 um for bumpless interconnections. The thickness of the die can be reduced by a factor
of 10. Another advantage is that bumpless joining showed only 5.8 °C temperature rise
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for eight stacked dies. Meanwhile, eight stacked dies with micro-bumps on TSVs showed
a temperature rise as high as 20 °C. Due to bumpless technology, the eight-die stacked
HBM (High Bandwidth Memory) can be designed without bumps on TSVs, while the
conventional TSVs having micro-bumps have a problem with temperature increment.
In addition, the authors suggested that bumpless technology usage in a modern Al robotic
bee, which has a CPU, ultra-small enterprise, HBM, and sensors, can be realized in the
volume of 50 mm? with 0.5 mW power.

5. Conclusions

Future electronic technologies’ need for high-density and high-performance 3D in-
tegrated technologies for electronic packaging is continuously increasing. In this paper,
the research trends of 3D interconnection technologies such as TSV on Si wafers and sol-
der bumps have been investigated and reported. For the 3D stacking of Si chips, TSV is
achieved by forming vertical holes on a Si wafer by the DRIE process, Cu is filled using
electroplating, and a solder bump is formed on TSV and reflowed for metallurgical bonding.
An effort is put to address the TSV fabrication and Cu filling onto the via. In addition,
the problems associated with the high-density packaging such as insulation breakdown
of TSVs due to Cu migration, electrical issues of TSVs, and mutual interference of TSV
have been discussed. In TSV reliability, delamination, protrusion, and Cu extrusion due to
the CTE mismatch of Cu plating have been addressed. For solder bumping, although the
electroplating process has been established in the industries, recent technologies such as
ball bumping, paste printing, and solder injection can bring new scope to reduce the cost of
3D packaging. Finally, the reliability of the 3D interconnection is discussed in terms of the
IMC formed at the interface and the efforts to reduce it. We anticipate that the incorporation
of recent technologies in solder bumping can improve the packaging reliability.
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