micromachines

Review

Research Progress of Palladium-Plated Copper Bonding Wire in
Microelectronic Packaging

Yuemin Zhang *, Haiyun Guo, Jun Cao

check for
updates

Citation: Zhang, Y.; Guo, H.; Cao, J.;
Wu, X;; Jia, H.; Chang, A. Research
Progress of Palladium-Plated Copper
Bonding Wire in Microelectronic
Packaging. Micromachines 2023, 14,
1538. https://doi.org/10.3390/
mi14081538

Academic Editors: Mehmet

Remzi Dokmeci and Liangxing Hu

Received: 19 June 2023
Revised: 18 July 2023

Accepted: 27 July 2023
Published: 31 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Xuefeng Wu, Hewei Jia and Andong Chang

School of Mechanical and Power Engineering, Henan Polytechnic University, Jiaozuo 454000, China;
212105010016@home.hpu.edu.cn (H.G.); cavan@hpu.edu.cn (J.C.); wuxuefeng@hpu.edu.cn (X.W.);
jiahewei0305@163.com (H.].); cadzmy@163.com (A.C.)

* Correspondence: zhangyuemin@hpu.edu.cn

Abstract: Wire-bonding technology is the most commonly used chip interconnection technology in
microelectronic packaging. Metal bonding wire is the key material for wire bonding and plays an
important role in the reliability of electronic devices. In recent years, palladium-plated copper (PdCu)
bonding wire has been widely used because of its low cost, good electrical and thermal conductivity,
the fact that it is not easy to oxidize, and its high reliability. Therefore, it is necessary to review its
research progress. In this paper, the preparation and application of palladium-plated copper bonding
wire are reviewed. Firstly, the preparation methods of electroplating, electroless plating, and direct
plating are introduced. Secondly, the factors affecting the distribution of Pd in free air balls and
bonding interfaces, the effect of Pd on the formation and growth of intermetallic compounds in
PdCu wire, stitch bond, and reliability of PdCu wire are summarized and analyzed in the application
process. Finally, its development prospect is prospected. Hopefully, this review can help readers to
have a comprehensive understanding of the preparation and application of palladium-plated copper
bonding wires, and can accelerate the promotion of its application in more fields in the future.

Keywords: microelectronic packaging; PdCu wires; distribution of Pd; intermetallic compound;
reliability

1. Introduction

In microelectronic packaging, wire bonding is the most widely used and mature
technology, which plays an important role in the performance of electronic devices, and
metal-bonding wire is the key material of wire bonding. Gold-bonding wires have been
dominant for a long time in the past, but in recent years, with the continuous rise of gold
prices, it is urgent to find an alternative bonding wire with a lower cost. Copper (Cu) wire
is becoming a standard wire-bonding material to replace gold wire in the semiconductor
industry [1-4], especially in nanoelectronic packaging, because of its low price, excellent
electrical and thermal conductivity, good strength and toughness, short heat-affected zone,
and low necking failure rate [5-9].

However, the Cu wire has the following limitations in use: (1) oxidation of the wire
surface; (2) the storage life before bonding; (3) stitch bondability; (4) the problem of
increasing the cost of using mixed gas; (5) and long-term reliability. These problems limit
the use of thin Cu wires in large-scale integration (LSI) packaging [10,11]. For example,
using the Cu wire that has been oxidized on the surface for testing will cause the Cu ball
to deviate from the ball in the burning ball, thereby reducing the bonding strength and
affecting the reliability of the Cu wire.

Therefore, it is urgent to find a way to avoid Cu wire oxidation, prolong its storage
life, and improve the reliability of Cu wire bonding. According to the literature, four kinds
of metal thin coatings of Au, Ag, Pd, and Ni can prevent the oxidation of Cu wire [12-14].
The formation of spherical and high-quality free air ball (FAB) is the key requirement for
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the success of copper wire bonding. The melting point of Au and Ag is lower than that of
Cu, and sharp balls will be formed during ball burning; Pd and Ni are precious metals, and
their melting points are higher than that of Cu. However, it is found that the Ni-coated
copper wire will form an eccentric ball during the burning of the ball. Only when Pd is
plated can a good ball be formed [15,16]. Moreover, Pd has good ductility and plasticity,
good adhesion to copper wire, a stable performance, and a high corrosion resistance in
high-temperature and high-humidity environments [17]. These advantages of Pd promote
the birth of PdCu wires. Pd coating not only solves the shortcomings of easy oxidation and
high hardness of the Cu wire [18], but also prolongs its shelf life, broadens the bonding
window of the second solder joint, and improves corrosion resistance and reliability [19-24].
Therefore, palladium-coated copper (PdCu) wire has been widely used in IC packaging,
audio and video transmission lines, and other electronic devices.

The reliability of the PACu wire is closely related to the quality of the Pd layer, the
distribution position of Pd in FAB and the bonding interface, the growth of intermetallic
compounds (IMCs), and the relationship between these three aspects is related to each
other. The uniform and dense Pd layer on the surface of the Cu wire contributes to the
relatively uniform distribution of Pd in FAB and the bonding interface. Pd slows down
the growth of intermetallic compounds at the bonding interface, thereby improving the
reliability of PACu. How to obtain good Pd layer quality and then obtain PdCu wire with
excellent performance, what are the factors affecting the distribution of Pd in FAB and
the bonding interface, and what is the growth process and rate of Cu-Al intermetallic
compounds in PdCu wire, these are the research hotspots in microelectronics packaging,
and many scholars have conducted in-depth research on this. This paper analyzes and
summarizes the above three aspects by referring to the literature.

2. Preparation of Palladium-Plated Copper (PdCu) Wire

At present, the preparation of PdCu wire in China mainly adopts electroplating,
electroless plating, and direct plating technology. Electroplating and electroless plating
technology is the earliest application technology. The preparation of palladium-plated
copper (PdCu) wire by electroplating and electroless plating technology will produce
harmful substances and pollute the environment [25]. Direct plating is a new Pd plating
technology developed by researchers in recent years. It is simple to operate and does not
produce harmful substances. It can be called “green Pd plating technology”.

2.1. Electroplating

Electroplating is an important surface treatment technology. It uses electrochemical
methods to process the surface of metal and non-metal products, so that various metal
coatings can be obtained on the surface [26] to improve the corrosion resistance and
oxidation resistance of materials. The plating solution is generally composed of metal
salt, reducing agent, buffer and complexing agent, stabilizer, brightener, etc. The process
parameters of electroplating mainly include pH value, temperature, time, and current
density. At present, there are two kinds of palladium-plating solutions: ammonium salt
type and phosphate type [27]. The preparation of PACu wire by electroplating technology
is to plate a thicker Pd layer on a thicker (® > 0.15 mm) Cu wire, and then to obtain the
PdCu wire of the required specifications after drawing the PdCu wire, intermediate heat
treatment, PdCu wire finished drawing, PdCu wire final annealing, PdCu wire test or
rewinding, and other steps. However, due to the different plastic deformation properties of
Cu and Pd during the drawing process, it is difficult to draw fine ($ < 0.016 mm) PdCu
wire [28]. Therefore, in some ultra-narrow spacing microelectronic packaging, it is difficult
to prepare the required specifications of fine PdCu wire by electroplating technology, and
the preparation process will produce harmful substances and pollute the environment. In
the process of drawing, there may also be problems such as palladium layer shedding and
uneven thickness of the palladium layer. Figure 1 shows the electroplating process [28].
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High purity copper Draw wire to Copper wire palladium Electroplated palladium
smelting 0.2 mm - plating treatment copper wire
Intermediate heat treatment Drawn palladium plated copper Surface cleaning treatment

wire
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Finished drawing of palladium Final annealing of palladium Palladium plated copper wire

plated copper wire plated copper wire testing or rewinding

Figure 1. Palladium electroplating process for bonded copper wire [28]. Reproduced with permission
from ref. [28]; published by Materials Science and Technology, 2015.

2.2. Electroless Plating

Electroless plating is a plating method in which metal ions in the plating solution are
reduced to metal and deposited on the surface of parts by means of a suitable reducing
agent without impressed current. Electroless palladium plating can deposit palladium
membrane with uniform thickness on the surface of the complex matrix. It is the most
widely used method to prepare palladium membrane because of its low cost, simple
equipment, easy operation, good uniformity, and compactness [29].

Zhou et al. [30] developed a chemical method for the preparation of PACu wire and
applied for an invention patent. This method uses copper with a mass percentage greater
than 99.95%, and then completes the preparation by melting and drawing, electroless
palladium plating before annealing of the finished product, annealing, cleaning, rewinding
and other steps. Compared with the traditional PdCu wire, the performance of the PdCu
wire obtained by this preparation method has been improved, and the production process
is safe, energy-saving, and simple. Zhang et al. [31] first studied electroless palladium
plating on the surface of copper sheet, and then analyzed that due to the difference in
the surface area of copper wire and copper sheet, the activation energy of palladium
deposition on the surface of copper wire was small. By increasing the concentration of
isopropanolamine to control the growth of the palladium particles, the formula composition
and process suitable for electroless palladium plating on copper wire were obtained: PdCl,
2 g/ L, NaH,PO,-H,O 12 g /L, 38% (mass fraction) HCly mL/L, 28% (mass fraction) NH3
H,0 160 mL/L, Bismuth nitrate 55 mg/L, auxiliary complexing agent isopropanolamine
35mL/L pH 9.8, at a temperature of 52 °C and a duration of 35 min. The surface of the
coating obtained by the formula composition and process is uniform and fine, and there is
no delamination and crack, as shown in Figure 2.

Figure 2. Surface morphology of palladium coating at different magnifications, (a): 2000 times and
(b): 100 times [31]. Reproduced with permission of the master’s thesis advisor; Shanghai Institute of
Technology, 2016.
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PdCu wire is prepared by electroless plating. Although the production process has
low cost, good uniformity, and compactness of the obtained palladium film, ultimately, the
chemical solution is used, and the waste liquid will be produced in the preparation process,
which will cause certain pollution to the environment and bring pressure to the ecological
environment. The following focuses on a “green palladium plating process”.

2.3. Direct Plating

Direct palladium-plating technology, namely coating-palladium technology, is used
to directly coat nano-palladium organic solution on the finished bonded copper wire, and
deposit nano-palladium on the surface of copper wire by a heat-treatment process [28].
Therefore, the preparation of PdCu wire by direct-plating technology requires the prepara-
tion of PdCu wire blank line first, and then adjusting the coating process parameters, and
finally obtaining the finished product.

Figure 3 shows the drawing process. The 6 N copper was drawn into 8 mm single-
crystal copper rod in a single-crystal continuous casting furnace, and then the single-crystal
copper rod was drawn into copper bonding wires of different specifications after rough
drawing, medium drawing, fine drawing, and micro wire drawing [32].

High purity copper smelting Single crystal copper rod Single crystal copper rod

oil drawing rough drawing

l

Micro wire drawing (cleaning) |#—— Fine drawing (cleaning) [¢—— Medium drawing

|

Intermediate verification —> anneal |—> rewinding

Figure 3. Bonded copper wire drawing process [33]. Reproduced with permission from ref. [33];
published by Foundry Technology, 2013.

Direct palladium-plating process [33]: (1) mold cleaning; (2) prepare the copper wire
to be coated and wear the mold; (3) absorb the coating liquid with a medical needle tube
without a rubber head; (4) according to the diameter of copper wire and the thickness of
palladium layer, the speed of the bidirectional pump is set, and the bidirectional pump is
opened; (5) when the speed of the pump reaches a predetermined value, start coating; (6)
observe the coating color and adjust the temperature and speed appropriately. The coating
schematic is shown in Figure 4.

Figure 4. Coating schematic [33]. Reproduced with permission from ref. [33]; published by Foundry
Technology, 2013.

The principle of direct palladium-plating technology [34]: Firstly, by adding various
chemical substances, the nano ultrafine powder is uniformly dispersed and suspended
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in the plating solution, and the plating solution has high wettability and stability. The
surfactant in the plating solution is coated around the nanoparticles, and the dispersion
between the nanoparticles is realized by the steric hindrance. Then, the drawn fine copper
bonding wire is immersed in a specially prepared solution containing nano-metal powder.
By drying the heating device and optimizing the heating deposition process parameters,
a smooth and flat coating can be formed on the surface of the copper bonding wire. The
effect of drying is to volatilize or decompose the solvent and other organic substances in the
solution, leaving only the pure coating to adhere to the surface of the copper wire. Under
the action of heat treatment, the coating completes the sintering process and is accompanied
by grain growth and interface diffusion, thus forming a surface nano-coating with high
interfacial bonding strength and brightness. The schematic diagram and device of surface
nano-coating are shown in Figures 5 and 6, respectively [34].

a9 8

Heating
furnace

Coating

solul‘ion .. Mould

Figure 5. Principle of surface nano-coating process [34]. Reproduced with permission from ref. [34];
published by The Chinese Journal of Nonferrous Metals, 2020.

Figure 6. Nano-coating device for micro wire surface [34]. Reproduced with permission from ref. [34];
published by The Chinese Journal of Nonferrous Metals, 2020.

The PdCu wire prepared by direct plating has good chemical stability, no cracking
and peeling, excellent bonding performance, uniform coating, and a dense structure.
Compared with electroplating and electroless plating, direct plating has the advantages of
a simple process, low costs (approximately 11% of electroplating and electroless plating),
environmental protection in the production process, no harmful substances, and a smooth
and uniform coating surface [25,33]. From Figure 7, it can be seen that the surface quality
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of directly-plated palladium copper wire is better than that of electroplating and electroless
plating. Therefore, in general, the performance (fracture force, elongation, etc.) of directly-
plated palladium copper wire will be better than that of electroplating and electroless
plating.

Electroplated  palladium  Electroless palladium-
copper wire plated copper wire

Direct palladium-plated
copper wire

Figure 7. Comparison of surface morphology of PdCu wire [31,33]. Reproduced with permission
of the master’s thesis advisor; Shanghai Institute of Technology, 2016; Reproduced with permission
from ref. [33]; published by Foundry Technology, 2013.

In summary, the fine copper bonding wire can be prepared by direct palladium-plating
technology, and the prepared fine copper bonding wire has a good performance, stable
chemical properties, a uniform palladium layer, and a good density. Direct palladium-
plating technology is not only simple, but also produces no harmful substances in the
preparation process, does not pollute the air and land, and is superior to electroplating and
electroless plating.

3. The Distribution of Pd in FAB and Bonding Interface

In the application process of PACu wire, due to the influence of test parameters and
external environment, the distribution of Pd on FAB and bonding interface will be different,
and the distribution of Pd has an important influence on the reliability of PdCu wire.
Many scholars have studied the factors affecting the distribution of Pd and the specific
distribution position of Pd.

It is found that there are many factors affecting the distribution of Pd, such as Electronic
Flame-Off (EFO) discharge current, EFO discharge time, EFO discharge electrode position,
Pd layer thickness, environmental factors of aging test, PdCu wire type, and so on. After
consulting the literature, it is found that the distribution position of Pd on the FAB has a
great relationship with the EFO discharge current, and scholars have conducted in-depth
research on it. Yauw et al. [35] used 0.8 mil PACu wire and set three EFO discharge currents
(30, 60, and 90 mA) to study the distribution of Pd on FAB. The results showed that under a
low EFO discharge current, there was a thick Pd layer on the surface of FAB, while a small
amount of Pd was distributed at the core of FAB (Figure 8a). At a higher EFO discharge
current, Cu melts rapidly resulting in turbulent effects, and more Pd is mixed into the core
of the FAB (Figure 8b,c).

Tang et al. [36] used two types of PACu wires with a diameter of 0.8 mil, and also set
three EFO discharge currents (30, 60, and 90 mA) to test. FAB was corroded with ferric
chloride (FeCls) solution. It was found that increasing the EFO discharge current can make
Pd symmetrically distributed on the surface of FAB; in this experiment, a Pd layer with a
thickness of 14 nm can be obtained on a FAB with a diameter of 34 pm by using a 90 mA
EFO discharge current. Clauberg et al. [37] studied the distribution of Pd on FAB by setting
three EFO discharge currents (30, 60, and 120 mA) with 20 um PdCu wire. The results show
that at 30 mA current, the heating rate of the tip of PdCu wire is slow, and most of Pd stays
on the surface of the wire. Cu flows out from the Pd shell and forms FAB due to the surface
tension. Therefore, Pd is mainly distributed in the neck of FAB (Figure 9a). At a higher EFO
discharge current, the tip of the PdCu wire is heated very fast, causing a turbulence effect,
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so Pd randomly exists in a general eddy current mode in the FAB (Figure 9b,c). The dark
gray area in Figure 9 is the Pd coverage area.

(a) (b) (c)

Figure 8. The optical images of FAB formed at EFO currents (a) 30 mA, (b) 60 mA, and (c) 90 mA
showing different distributions of Pd [35]. Copyright, 2010, IEEE.

(b) 60mA (c) 120mA

Figure 9. Pd distribution on FAB at 30 (a), 60 (b) and 120 (¢) mA EFO current [37]. Copyright, 2010,
IEEE.

Cheng et al. [38] studied the effect of different EFO discharge currents (50, 70, and
90 mA) on the distribution of Pd on FAB using 18 pm PdCu wire (99.99 wt. % purity
of copper, 0.1 um thickness of Pd layer). The study found that different EFO discharge
current settings lead to full or partial coverage of Pd on FAB and will also directly affect
the distribution of Pd at the bonding interface. Lim et al. [39,40] used 0.6 mil PdCu wires to
conduct experiments under low, medium, and high EFO discharge current settings. Then, a
FEI dual beam focused ion beam (FIB) system was used to analyze the cross-section of FAB
samples. The study found that under low EFO discharge current settings, Pd remained
on the surface of FAB; under the discharge current setting of medium EFO, the rich Pd
phase is mainly concentrated in the neck region of FAB; under the high EFO discharge
current setting, some Pd will be unevenly injected into the FAB due to the turbulence of
Cu, resulting in the formation of Pd-rich trajectories within the FAB. Stephan et al. [20]
used a 15 pm PdCu wire to test under different EFO discharge currents (40, 60, and 80 mA),
and then studied the distribution of Pd on the FAB surface by optical imaging of the FAB
surface through the bright field imaging technique. From Figure 10, it can be seen that as
the EFO discharge current increases, the Pd coverage on the FAB projection surface also
increases, and the high EFO current can move the Pd enrichment phase to the top of the
FAB. When bonding with the Al pad, a Pd shell is formed.

The discharge time of EFO has an effect on the distribution of Pd on FAB. Du et al. [41]
analyzed that the density of Pd was greater than that of Cu, so Pd would move downward
and solidify with the increase of time during the solidification process of FAB. Therefore, a
longer EFO discharge time will lead to a larger Pd coverage on the FAB surface.
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Figure 10. Optical Image of FAB Surface as a Function of EFO Gap and EFO Current [20]. Copyright,
2011, IEEE.

After analysis, some scholars believe that the distribution of Pd is related to the
position of EFO discharge electrode, and the energy generated by different positions of
EFO discharge electrode is different in the distribution of FAB, which leads to the difference
in Pd distribution. Ly et al. [42] used PdCu wire with a purity of 4 N (99.99 wt. %) and
a diameter of 20 um (the thickness of Pd layer is approximately 70-90 nm) to study the
distribution of Pd by fixed electrode and movable electrode (Figure 11) and set high and low
EFO discharge current. From the Energy Dispersive X-Ray Spectroscopy (EDX) elemental
analysis near the equator of FAB (Figure 12), it can be seen that the Pd content on the
surface of the fixed electrode FAB is significantly less than that on the surface of the moving
electrode FAB. They also analyzed a possible reason for the difference in Pd distribution
between the fixed electrode and the movable electrode: the different positions of the EFO
electrode lead to different directions of the spark plasma approaching the wire end. For the
fixed electrode, the plasma heats the end of the wire from the side, as shown in Figure 13a,b,
which results in a lower surface temperature on the opposite side, resulting in less melting
and diffusion of the Pd layer on that side; for the movable electrode, its spark produces a
more axisymmetric temperature distribution (Figure 13d), so the Pd concentration on the
FAB surface is relatively high.

/

ESEC 3100 ESEC 3088

@ p—q (b)

§/ Capillary tip ~

> —PCCwire — =

Electrode
Wire 1‘

Distance 4
|

I

EFO spark
(EWD) h
|

> 0.5d EFO electrode

Figure 11. (a) fixed electrode; (b) moving electrode [42]. Copyright, 2015, Elsevier.

mPd distribution
35| mo 100 % homogeneous

Pd [at. %)
o
[% 1]l O

3100-High 3100-Low 3088-High 3088-Low

Figure 12. Pd and O content (at. %) on FAB surface at 3100 (fixed electrode) and 3088 (removable
electrode) [42]. Copyright, 2015, Elsevier.
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3088

surface

Figure 13. Convection patterns and resulting Pd distributions at fixed (a—c) and movable (d—f)
electrodes in the early (a,d), middle (b,e), and final (c,f) stages of FAB formation [42]. Copyright,
2015, Elsevier.

The distribution of Pd on FAB is related to the solid solution (Cu, Pd). Pd and Cu
have the same crystal structure (Face Center Cubic, FCC) and similar crystal constants [43].
According to the Cu-Pd phase diagram [44], FCC continuous solid solution (Cu, Pd) exists
above 598 °C. Because the melting point of Cu is 1083 °C, when the ball is burned, the
copper bonding wire melts, and Pd is likely to dissolve in the Cu matrix to form a solid
solution. Lim et al. [40] found that the heat energy generated by EFO sparks is mostly used
to provide the melting of Cu wire, Pd will not completely melt, Pd and Cu will form a
solid solution, but will not form a uniform solid solution. Yeung et al. [45] found that in
the actual melting process of PdCu wire, the heating duration is too short, and Pd cannot
be completely dissolved into the Cu matrix before FAB cooling. According to the solid
solubility of the two metals, Pd and Cu can form a solid solution, but will not form a total
solid solution.

The distribution of Pd on FAB is related to the thickness of Pd layer. Cao et al. [46]
used PdCu wires with a diameter of 20 pm and different Pd layer thicknesses (PdCul:
Pd layer thickness 35-50 nm and PdCu2: Pd layer thickness 85-100 nm) to conduct ball
burning experiments to observe the morphology of FAB, and analyzed the Pd distribution
on FAB using EDS. The results are shown in Figures 14 and 15: PdCu wires with a Pd
layer thickness that is too small can cause FAB spheroidization and uneven Pd distribution
during EFO discharge; it is also concluded that for a 20 um PdCu wire, the thickness of
the Pd layer should not be less than 95 nm, which means that the thickness of the Pd layer
should not be less than 0.475% of the wire diameter.

20 pm 20 pm

(a) PdCul Copper ball morphology (b) PdCu2 Copper ball morphology

Figure 14. Morphology of PdCul wire and PdCu2 wire copper balls [46].
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10 pm

(a) PdCul Copper Ball EDS Analysis (b) PACu2 Copper Ball EDS Analysis

Figure 15. EDS analysis of PdCul wire and PdCu2 wire copper balls [46].

Under the same EFO discharge current, the distribution of Pd on FAB is related to the
type of PdCu wire. Tang et al. [47] studied the distribution of Pd on three different types
of PdCu wires (Figure 16) under the conditions of EFO discharge current of 60 mA and
EFO discharge time of 150 us. The results show that the distribution of Pd on different
types of PdCu wires is different. Compared with type 1 PdCu wire, Pd is more completely
distributed on the FAB of type 2 and type 3 PdCu wires. For these three PdCu wires, the
Pd content in the neck was the highest after the formation of FAB, and then gradually
decreased until the maximum diameter of FAB.

12

10 |
g |
6 F
a4 }
2}
0

Wire Dia(mil) Average EL (%) Average BL (g) Ductility Index

B lypel mType?2 mTyped

Figure 16. Properties of different types of PdCu [47].

The distribution of Pd on FAB largely determines the position of Pd at the bonding
interface. With the vertex of FAB as the center, approximately 44.5% of the spherical surface
area around it will participate in the formation of the bonding interface [48], so Pd in this
area will exist at the bonding interface. However, the position of Pd at the bonding interface
is not immutable. In the aging test, with the increase of aging time, Pd will re-aggregate and
re-locate. Xu et al. [19] used a 0.7 mil PdCu wire to test. The selected samples were aged in
air at 175 °C for 168 h. The distribution of Pd in the central and peripheral regions of the
bonding interface was studied by transmission electron microscopy (TEM) combined with
energy dispersive X-ray spectroscopy (EDX). The distribution of Pd in the central region: In
the bonding state, EDX line scanning from the Al pad to the ball shows that there is no Pd
concentration at the central interface (Figure 17a’) and the Cu-Al diffusion zone is less than
50 nm. The EDX line scan of the center interface after aging at 175 °C for 24 h shows that
there are two layers of IMCs (Cu9Al4 is adjacent to Cu and CuAl2 is adjacent to Al) and no
Pd (Figures 17b,b” and 18); after 48 h of aging, the Al layer is completely consumed, and
three layers of IMCs are formed (Figure 17c). EDX results show that the Pd content in the
central interface region is less than 3 at. % (Figure 17¢’). After 168 h of aging, EDX results
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showed that a limited amount of Pd (less than 5 at. %) was detected in the CugAly layer and
the Cu ball, but not in the CuAl or CuAl, layers (Figures 17d,d” and 18). The distribution
of Pd in the peripheral region: A small amount of Pd (2 at. %) can be identified at the
peripheral interface of the bonding state (Figure 19a,a’); after 24 h of aging, the amount of
Pd increased to 10 at. % and was located in the CugAly layer and Cu ball, but not in the
CuAl, layer (Figures 19b,b” and 20). The Pd atom in CugAly partially replaced the Cu atom,
so it can be rewritten as (Cu, Pd)9Aly; after 48 h of aging, the EDX line scan showed that the
Pd concentration in the (Cu, Pd)9Aly layer was the highest, followed by the (Cu, Pd) ball,
but the CuAl; layer did not contain any Pd (Figure 19¢,c’). After 168h of aging, a Pd-rich
(Cu, Pd)9Aly layer (42 at. % Pd) with a thickness of less than 100nm, close to that of Cu,
appeared (Figure 19d,d"). With aging, the Pd concentration in (Cu, Pd)9Aly increases, the
Cu concentration decreases, and the sum of Pd and Cu concentrations is almost constant.
It is worth noting that Pd does not appear in all IMCs layers. It can only replace Cu in
CugAly, but not Cu in CuAl or CuAl, so it can be concluded that Pd accumulates and
relocates during aging, especially in the peripheral region of the bonding interface. Qin
et al. [43] also used a 0.7 mil PdCu wire to test. The selected sample was aged at 175 °C
for 168 h, and then the high-resolution transmission electron microscope (HRTEM) with
Energy Dispersive X-Ray Spectroscopy (EDX) was used to observe the behavior of Pd
during the aging process. It was also found that the behavior of Pd at the central interface
and the peripheral interface was different. After aging at 175 °C for 168 h, a small amount
of Pd (2.5-3.0 at. %) was detected in the central region; however, a Pd-rich layer with a
thickness of less than 100 nm is formed in the peripheral region.
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Figure 17. Evolution of Pd at the central interface of PACu wire bonds during aging at 175 °C: (a,a")
as-bonded; (b,b") 24 h; (c,c’) 48 h; (d,d’) 168 h. EDX line scans from Al pad to Cu ball [19]. Copyright,

2013, Elsevier.
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Figure 18. STEM-EDX results for regions 1-4 in Figure 17b, regions 5-8 in Figure 17c, and regions
9-12 in Figure 17d [19].
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Copyright, 2013, Elsevier.
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Figure 20. STEM-EDX results for regions 14 in Figure 19b, and regions 5-9 in Figure 19d [19].

In summary, there are many factors that affect the distribution of Pd on the FAB, the
most significant of which is the EFO discharge current. The distribution of Pd on FAB has a
great influence on the distribution of Pd at the bonding interface, and Pd will re-aggregate
and locate at the bonding interface with the increase of aging time. According to the
literature, Pd acts as a barrier layer at the bonding interface, blocking the diffusion of Cu
and Al atoms, slowing down the growth of Cu-Al IMC, and thus improving the reliability
of PdCu wire.

4. The Effect of Pd on Intermetallic Compounds (IMCs) and Reliability Analysis

An appropriate amount of interfacial IMCs formation in ultrasonic or thermal ultra-
sonic wire bonding of dissimilar metals will increase the bonding strength, but too much or
too little IMCs formation may lead to a decrease in bonding performance [49,50].

The reliability in electronic packaging refers to the ability of the product to complete
the specified functions under the specified conditions and within the specified time. The
reliability test refers to the acceleration of the product by simulating the temperature change,
humidity change, and force change in the real environment. The service status in the actual
use environment verifies and obtains the quality status of the product [48].

The mechanical reliability of wire bonding in microelectronic packaging depends
largely on the formation and growth of intermetallic compounds (IMCs) between the
bonding ball and the pad, so intermetallic compounds are necessary for successful bond-
ing [51,52].

Scholars have conducted in-depth research on the growth rate of Cu-Al IMCs and
the effect of Pd on its growth rate. Through the analysis of atomic properties, it is found
that compared with Au the atomic radius difference between Cu and Al is larger, and
the electronegativity of Cu is smaller. Therefore, the formation rate of Cu-Al IMCs is
much slower than that of Au-Al, approximately 1/10 of Au-Al, and the thickness is very
thin [53-55]. Early studies have shown that the Cu-Al IMCs of bare Cu wire is hard and
brittle [56-58], but in the Cu-Al IMCs of PdCu wire, because the electronegativity difference
between Pd and Cu is very small (Pd is 2.2, Cu is 1.9) [59,60], it is easy to form a solid
solution with a face-centered cubic structure, so the Cu-Al IMCs of PACu wire has better
ductility and a slower growth rate [61]. It has been reported that Cu-Al IMCs in PdCu wire
bonding is thinner than that in bare Cu wire bonding [62], because Pd can slow down the
growth rate of IMCs in PdCu wire bonding [43,63-66]. Xu et al. [19] compared the IMCs
thickness between the bonding of bare Cu wire and PdCu wire at the aging temperature
of 175 °C. The results are shown in Figure 21. Because during the aging process, Pd will
re-diffuse and gather in the peripheral region of the bonding interface, the Pd in the central
region is very limited. Therefore, as the aging time increases, the IMC'’s thickness in the
peripheral region of PdCu wire becomes thinner, and the IMC’s thickness in the central
region is similar to that of bare Cu wire. Some scholars have found that the reason why
Pd can slow down the growth rate of Cu-Al IMCs is that the Pd-rich layer at the bonding
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interface acts as a diffusion barrier between Cu atoms and Al atoms [64,67-69]. In addition,
studies have shown that Pd at the bonding interface helps to maintain bonding strength
after aging tests [64,70].
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Figure 21. Comparison of IMC thickness between PdCu wire and bare Cu wire after aging at
175 °C [19]. Copyright, 2013, Elsevier.

The formation of stable IMC is one of the main factors indicating reliability [54]. In
the process of metal interdiffusion, the growth rate of the intermediate phase follows
the parabolic rate law, which can be described by the empirical equation [55,71-74]:
5 = (Kt)"(12), where 5 is the thickness of the IMC’s layer, K is the reaction rate of IMC
formation, t is the aging time, and Lim et al. [64] also confirmed the accuracy of this equa-
tion through experiments. Hang et al. [49] used a Cu wire with a diameter of 50.4 um and a
purity of 99.99 wt. % to study the growth of Cu-Al IMCs in a high-temperature aging test
at 250 °C for 196 h. The formation rate of IMCs is approximately 6.2 & 1.7 x 1014 cm?/s.

During the growth of IMC, Kirkendall voids are undesirable because it is generally
believed that Kirkendall voids weaken the strength of wire bonding [51,53,75] and eventu-
ally lead to bonding failure. The occurrence of Kirkendall voids is closely related to Pd [76].
Lim et al. [64] found Kirkendall voids where there was Pd at the bonding interface of the
PdCu wire, and no Kirkendall voids were found where there was no Pd. Lim et al. [40]
studied the relationship between the formation of Kirkendall voids and the presence of Pd
by setting low, medium, and high EFO discharge currents for bonding experiments, and
then storing them in air at 175 °C for 168 h. As shown in Figure 22, for low EFO discharge
current, no visible Pd-rich layer is found at the bonding interface, and a visible Pd-rich
layer is found at the bonding interface with optimized low EFO discharge current; for the
medium EFO discharge current, the presence of Pd was found at the bonding interface;
for high EFO discharge current, some Pd injection was observed in the bonding ball. The
high-temperature storage bonding interface of the test sample under the optimized low
EFO discharge current setting is shown in Figure 23. Kirkendall voids were found in the
central and peripheral areas of the bonding interface, so the formation of Kirkendall voids
was closely related to the presence of Pd, and they believed that Kirkendall voids were
formed by the volume shrinkage of FAB during the curing process due to the different cool-
ing rates of Cu and Pd. Lim et al. [64] used 0.6 mil Cu wire and PdCu wire for comparative
study. The bonding interface image is shown in Figure 24. The study found that there are
no Kirkendall voids at the bonding interface of the Cu wire. There are many Kirkendall
voids at the bonding interface of PACu wire, and EDX shows that Pd exists in these areas.
Therefore, Kirkendall voids are closely related to the presence of Pd.
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Figure 22. EDX elemental diagram shows the Pd distribution of the bonding ball under various EFO
current settings [40]. Copyright, 2014, Elsevier.

Figure 23. Kirkendall voids at the bonding interface at different annealing times (a,d,g) left peripheral
region, (b,e h) central region, (c,f,i) right peripheral region [40]. Copyright, 2014, Elsevier.
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Figure 24. HAADF STEM images of (a) the Pd-Cu bond containing Pd showing nano-voids in the Cu
(dark spots) and (b) the Pd-Cu bond with no Pd [64]. Copyright, 2016, Elsevier.

Scholars have found through research that the formation of Kirkendall voids is also
related to the growth of IMCs, as the volume of IMCs decreases due to phase transition,
resulting in the formation of Kirkendall voids [77,78]. Lee et al. [66] stored the bonded
samples of PdCu wires with a diameter of 20 pm at high temperature for 14,098 h and
found that cracks appeared at the periphery of the bonding interface when the Cu Al IMCs
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phase transformed from Cu rich to Al rich. They believed that the cracks were caused by
volume changes during the IMCs phase transition.

According to the binary phase diagram of the Cu-Al system, it can be observed that
five types of IMCs can be formed at 150-300 °C, namely CugAly, CuzAly, CugAls, CuAl,
and CuAl, [79-81], among which CugAly, CuAl, and CuAl, compounds are relatively
stable [82]. Stephan et al. [20] found that in the Cu-Al system, the formation of IMCs starts
from the most Al-rich IMCs (CuAl), followed by CuAl, and finally forms Cu-rich IMCs
(CugAly). Several scholars have also found that in bare Cu wires, the Cu-Al IMC phases
are usually CugAly and CuAly, with a relatively small amount of CuAl present [49,83-86].
It has been found that discontinuous island-like CuAl, IMC particles have been formed
in the Cu-Al bonding state [87-90]. After 24 h and 168 h of annealing time, two layers of
IMCs are formed, one near the Cu bond (CugAly) and the other adjacent to the Al pad
(CuAly) [91]. Kim et al. [54] analyzed the IMCs’ composition of the Cu wire and Al pad
bonding interface. The IMCs’ composition can be divided into five types (Figure 25), but
only CugAly and CuAl; are usually observed. Some scholars have confirmed that CugAly
and CuAl, are indeed the main IMC products through experiments [49,92]. The main
distribution positions of CugAly and CuAl, in the bonding interface are shown in Figure 26.
In Figure 26a, the IMCs are formed between the Cu wire and the Al pad [54], and region
(1) is considered to be a CugAly layer with higher Cu and lower Al IMC; region (2) is
considered to be a CuAl, layer with lower Cu and higher Al IMC. Figure 26b is the EDS
scan results of regions (1) and (2).

¥, phase

CusAls (Cu-30.8%Al)
5 phase CwAL (Cu-40.0%Al)

¢, phase CwiAL (Cu-42.9%Al)

1, phase CuAl (Cu-50.0%Al)

6 phase CuAL (Cu-66.7%Al)

Figure 25. IMCs type of Cu-Al bonding interface [54]. Copyright, 2010, IEEE.
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Figure 26. Formation of IMC at Cu-Al bonding interface [54]. Copyright, 2010, IEEE.

Early studies have found that in the Cu-Al IMCs system, the phase most prone to
failure is the Cu-rich phase (mainly CugAly) near the bottom of the Cu bonding ball [93-96].
Kim et al. [55] used a bare Cu wire with a diameter of 2.0 mil to test, and then performed
microscopic XRD analysis on the bonding interface. It was found that the main IMC phase
on the broken bond was CugAly. In aging tests, in general, the formation of IMCs depends
not only on time and temperature, but also on the size of the available material volume at
the bonding interface. In the case of Cu wire bonding, the IMC’s volume is provided by
the Cu bonding ball and Al pad metallization. Therefore, it is very important to determine
the initial thickness of the Al pad and the residual thickness of the Al pad after bonding.
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This amount will determine the formation of Cu-Al IMCs during the aging process. The
more Al is available, the later the Al is completely consumed, and the more Cu-Al IMC
is formed [20]. Chen et al. [77] conducted high-temperature storage (HTS) on samples
with good bare Cu wire bonding and found that CuAl, and CugAly were present in the
good samples, while CuAl, and CuAl were present in the damaged samples. The Al layer
was depleted in the damaged samples, and the layer with CugAls on the Cu side passed
through HTST without consuming all of the Al. Therefore, they believe that the thickness
of the Al was too small, resulting in failure to form a large amount of IMCs when Al was
completely consumed, resulting in sample damage.

Compared to bare Cu wire, PdCu wire has a high reliability. Uno et al. [10,13,97] used
bare Cu wire and EX1 wire (PdCu wire, Pd layer thickness < 0.2 um) to test and compare
their bonding reliability. The results show that the life of EX1 wire in air is more than
90 days, and the life of bare Cu wire is 7 days. In the Pressure Cook Test (PCT) and unbias
Highly Accelerated Stress Test (WHAST), EX1 wire has a better performance in bonding
strength, tensile strain, and life extension, and the life of EX1 in uHAST is longer than that
in PCT, and the shear strength after uHAST is more stable. Cheng et al. [16,38] observed
the distribution of Pd on FAB by setting high, medium, and low EFO discharge currents,
and then studied the effect of Pd distribution on bonding reliability. The results show
that under low EFO discharge current, Pd was unevenly distributed in FAB (Figure 27).
In addition, the “apple bite mark” indicating partial Pd coating on FAB also appeared
(Figure 27a-1). Under the medium EFO discharge current, good Pd coverage is achieved on
the FAB. (Figure 27b); under the high EFO discharge current setting, the “ vortex tunnel ”
appears in the FAB (Figure 27c), and Pd is mainly concentrated in the neck area of the FAB
(Figure 27c-1). Then, through the bonding test, the bonded sample was stored at a high
temperature for 500 h, and its corrosion was observed (Figure 28). Under the high EFO
discharge current and low EFO discharge current settings, the distribution of Pd on the
bonding ball was incomplete, so the bonding ball was corroded seriously (Figure 28a,c).
Under the medium EFO discharge current setting, the distribution of Pd was relatively
uniform, and the corrosion was relatively slight (Figure 28b). It can be concluded that the
uniform distribution of Pd on FAB can slow down the corrosion of the bonding ball, thereby
improving the bonding reliability. Lin et al. [69] used bare Cu wires with a diameter of 20
pum and PdCu wires (with a Pd layer thickness of 100 nm), and conducted a comparative
study of aging under PCT conditions for 336 h. They found that only a small amount of
voids were formed at the bonding interface of PdCu wires (Figure 29a), and no cracks
were observed; at the bonding interface of the Cu wires, obvious cracks were observed
(Figure 29b).

Figure 27. Pd distribution seen at the FAB cross-section with EPMA. (a—c) show the results for the
FABs at low, medium, and high EFO current settings, respectively [38]. Copyright, 2018, Elsevier.



Micromachines 2023, 14, 1538

19 of 29

Figure 28. External corrosion of bonded balls after 500 h of HTST at 200 °C, as observed using SEM.
(a—c) correspond to the low, medium, and high EFO current settings, respectively [38]. Copyright,
2018, Elsevier.

Pd- Cu ball

AR
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Figure 29. FIB study shows the cross-sectional microstructure of the interface between the ball bond
and the Al pad after 336 h of PCT test. (a) Pd-coated Cu ball bond and (b) 4 N Cu ball bond [69].
Copyright, 2013, Elsevier.

Some scholars have studied the stitch bond of PdCu wire and found that the rupture
of the Pd layer is the main reason for the decrease of stitch bond strength. Qin et al. [44]
studied the second bond using 18 pym PdCu wire and bare Cu wire, and they believe that
the second bond consists of a sting bond and a tail bond. The tail bond strength is very
important for the stable second bond process and is an indicator of the second bond assist
rate (short tail rate). If the tail bond strength is too low, there will be a short tail. The
experimental results show that the main difference between the PdACu wire and the bare
Cu wire is the tail pull force. The tail pull force of the PdCu wire is much higher than that
of the Cu wire, even more than 50%. Therefore, the PACu wire has a lower short tail rate,
which is one of the key reasons why the PdCu wire can be applied in the production of
fine pitch. Eto et al. [98,99] studied the effect of adding new elements to the Cu core on the
long-term reliability of PdCu wire under high-temperature conditions, and used traditional
PdCu wire, PdCu-0.45 at. % Pd (PdCu-PD) wire, PACu-0.27 at. % Pt (PdCu-PT) wire to
test. The experimental results show that the bonding strength of the three bonding wires
decreases gradually, and the stitch pull strength of PACu-PD and PdCu-PT wires decreases
faster than that of traditional PdCu wire (Figure 30). According to their analysis, the reason
for the decrease of the stitch pull strength of the traditional PdCu wire is that the Pd layer
is broken during bonding, so that the Cu matrix is exposed to the molding compound
(Figure 31a,d), and the molding compound will decompose at high temperatures. Impurity
(S, etc.) corrodes Cu; the decrease of stitch pull strength of PACu-PD and PdCu-PT wires
is due to intergranular corrosion, and there are network cracks on the stitch bond surface
(Figure 31b,c,e,f). The added Pd and Pt are enriched near the grain boundary and the
crack part, thereby preventing the corrosion from progressing to the grain, but at the same
time accelerating the corrosion along the grain boundary. Krinke et al. [100] conducted a
high-temperature storage life (HTSL) test using a 30 pm PdCu wire and found that the
stitch pull strength decreased faster as the storage time increased (Figure 32). The reason is
that the Pd layer is broken at the time of the stitch bond, which opens the diffusion path of
Cu to the surface of Pd, and then forms a gap, and a hillock is formed above the gap (CuO,
shown by the white arrow in Figure 33).
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Figure 30. Change of stitch pull strength under HTSL test at 175 °C [98]. Copyright, 2021, Elsevier.
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Figure 31. Cross-sectional SEM images (a—c) and corresponding Pd EDS mappings at the stitch bond
area, and enlarged SEM images (d-f) for area indicated by area in (a-c) under HTSL test at 175 °C for
3000 h. [98]. Copyright, 2021, Elsevier.
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Figure 32. Box plot of bond pull values with the mode “broken stitch” [100]. Copyright, 2014,
Elsevier.
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Figure 33. Cross sectional SEM micrograph of the molded PdCu wire stitch bonded on a pre-plated
lead frame after 2200 h@175 °C HTSL. The arrow marks the location of the hillock on top of a void in
the Cu core [100]. Copyright, 2014, Elsevier.

In summary, the appropriate amount of IMCs at the bonding interface is the key to
improve the bonding strength. The Pd at the bonding interface can slow down the growth
of Cu-Al IMCs, thereby improving the reliability of PACu wires. The Pd on the surface
of the bonding ball can prevent the bonding ball from being corroded by some halogen
ions and improve the reliability of the PdCu wire in a humid environment. The stitch bond
strength and bonding process window of the PdCu wire are better than those of bare Cu
wire. The rupture of the Pd layer during stitch bond is the main reason for the decrease of
bonding strength. Therefore, in the application process, we should optimize the test steps
or improve the tool structure to avoid the rupture of the Pd layer.

5. Reliability of PACu Wires

The reliability of metal bonding wires largely determines whether they can be widely
used, and also determines the service life of electronic products. Therefore, it is necessary
to evaluate the reliability of metal bonding wires by simulating the changes of temperature,
humidity, and other factors in the actual environment through experiments. Pd belongs to
the platinum group in the periodic table of elements. It is a noble metal with high chemical
stability and has good adhesion to Cu. Therefore, the reliability of PACu wire is considered
to be derived from the anti-corrosion characteristics of Pd, and many scholars have also
studied it.

From the development history of metal bonding wires, Cu wire replaces Au wire, and
PdCu wire replaces Cu wire, so some scholars have compared the reliability of these three
wires. Chen [101] used 0.8 mil PdCu wire and bare Cu wire, selected silver-plated substrate
as a bonding material, and carried out a bonding-strength test and a high-temperature
storage reliability test (HTS) on the second bonding point of the bonding sample. In the
bonding strength test, the tensile strength of the bare Cu wire is between 4.5-5.6, and
the PdCu wire is between 7.2-7.9; in HTS, the bonding force of PdCu wire is gradually
increasing, while that of bare Cu wire is decreasing in the initial stage, and then maintains
a constant strength. Therefore, it can be fully demonstrated that the bonding strength of
PdCu wire at the second bonding point is better than that of bare Cu wire, which reflects the
high reliability of PACu wire. Zhao [102] compared the reliability of PdCu wire and bare
Cu wire by PCT test and pull force test. In PCT, due to the infiltration of water molecules
into the epoxy resin of the plastic-encapsulated chip and ionization into H* and HO,
coupled with the presence of halogen elements Br* or C1~, the entire environment exhibits
weak acidity. In this environment, due to electrochemical corrosion, the IMCs at the edge
of the bare Cu wire bonding point are first corroded, and the halogen elements gradually
diffuse to the central area, then form craters, reduce the bonding strength, and finally the
bonding fails, while no crater is found in the IMCs of the PdCu wire. The pull force test at
different times of PCT showed that the pull force of the bare Cu wire was getting smaller
and smaller (Figure 34), while the pull force of the PACu wire did not decrease significantly
(Figure 35). Lee et al. [68] found in the extended high-temperature storage life test that
the interface crack line diffusion and IMC growth of PdCu wire were slower than those of
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bare Cu wire, and the reliability and second bonding strength of PdCu wire were higher
than those of bare Cu wire. Gan et al. [103] used 0.8 mil PdCu wire and Au wire to cycle
2000 times in the temperature cycling test (TC, —40 °C-150 °C), stored in uHAST (130 °C,
85% RH) for 288 h and 1056 h, respectively, and then evaluated its reliability by measuring
the pull force and shear strength of the bonded samples. The experimental results show
that the pull force and shear strength of the two bonding wires decrease compared with
the zero moment. However, compared with Au wire, the decrease of PACu wire is smaller,
which can also reflect that PdCu wire has higher reliability.
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Figure 34. Pull force testing of bare Cu wire [102]. Reproduced with permission from ref. [102];
published by Electronics & Packaging, 2012.
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Figure 35. Pull force testing of PdCu wire [102]. Reproduced with permission from ref. [102];
published by Electronics & Packaging, 2012.

Reliability testing on molded units is probably the closest test to real-world application,
because the pH value and chlorine content in the molding compound are the most impor-
tant factors affecting the reliability of the Cu wire [104]. Stephan et al. [105] used green
compounds (without halogen elements such as Br* or Cl1~) and non-green compounds to
encapsulate the bonded samples, and studied the reliability of 20 um PdCu wire in HTS,
HAST, and PCT reliability tests. In HTS and HAST, for green compounds, PdCu wire
performed well and no bonding failure occurred. For non-green compounds, PdCu wire
can withstand up to 1000 h and 380 h tests, respectively. In the PCT, for the ball pull test,
the initial bonding force of the PACu wire was 9.2 g, and then remained at approximately 8
g on average until the end of the 384 h test; for the stitch pull test there was no degradation
observed from 0 h up to the test’s end at 384 h. Uno et al. [106] used conventional resin
(containing Br*) and green resin (without Br*) to encapsulate the bonded samples, and then
studied the reliability of 25 um PdCu wire and bare Cu wire in PCT and uHAST. The exper-
imental data show that in PCT, for green resin, the shear strength of bare Cu wire begins
to decrease from 40 mN to approximately 35 mN at 250 h, and reaches less than 20 mN at
400 h. The shear strength of PdCu wire remains stable above 600 h, and decreases slightly
from 800 h to 1000 h. For traditional resins, the results are similar to those in green resins.
In uHAST, for green resin, the shear strength of bare Cu wire decreased sharply within
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100 h, while the shear strength of PACu wire did not decrease within 1800 h. Therefore,
regardless of the molding resin and the aging conditions of humidity and temperature, the
humidity reliability of the PdCu wire is significantly higher than that of the bare Cu wire.

In IMCs, the corrosion of Cu-rich phase is often the main reason for the decrease
of reliability. Qin et al. [16] found that the most Cu-rich IMCs under bare Cu wire is
CusAl, (Figure 36) and the most Cu-rich IMCs under PdCu wire is (CuPdx)Al (Figure 37)
after uHAST using 20 pum bare Cu wire and PdCu wire. After analysis, it was found that
the Pd layer promotes the formation of (CuPdx)Al and inhibits the formation of Cu-rich
(CuPdx)3Aly, and the cathode/anode area ratio of (CuPdx)Al is lower than that of CugAl,
so the corrosion rate of (CuPdx)Al becomes slower, and the reliability of PdCu wire is
higher than that of bare Cu wire.

Figure 36. TEM images of the bonding interface under the bare Cu wire [17]. Copyright, 2019,
Elsevier.

CuPd,
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Figure 37. HAADF image of the bonding interface under the PdCu wire [17]. Copyright, 2019,
Elsevier.

The Pd-doped Cu wire may have higher reliability than the Pd-coated Cu (PdCu)
wire, because the Pd-doped Cu wire allows Pd to be better uniformly distributed in the
FAB during the ball burning stage. Leong et al. [107] used 0.8 mil Pd-coated Cu (PdCu)
wire, Pd-doped Cu wire and 4 N (purity 99.99%) Au wire to evaluate their reliability by
measuring the pull force and shear strength of bonded samples in TC, UHAST, and HAST.
The test results show that the three bonding wires far exceed the industry minimum pass
standard (pull value: 3 g and ball shear value: 15 g). However, compared with Au wire
and PdCu wire, the pull strength of Pd-doped Cu wire decreases slightly (Figure 38), and
its shear strength value changes little and the degree of degradation is low (Figure 39).
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Figure 38. Post stresses wire pull strengths (g) of Au, PdCu, and Pd-doped Cu wires [107].
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Figure 39. Post stresses ball shear strengths (g) of Au, PdCu, and Pd-doped Cu wires [107].

In summary, PdCu wire has a high level of reliability, especially in high-temperature
and high-humidity environments, which is the main reason why it can be widely used.
However, PdCu wire is not a panacea for all problems. With the high integration and
miniaturization of electronic devices, we may need better performance and higher reliability
metal bonding wires (such as Pd-doped Cu wire), especially in some ultra-narrow spacing
bonding.

6. Summaries

In this paper, the preparation and application of PdCu wire are reviewed. In the aspect
of preparation, three kinds of Pd plating technologies, electroplating, electroless plating,
and direct plating, are introduced. Electroplating and electroless plating will produce waste
liquid and harmful substances in the production process, which will bring pressure to
the ecological environment. The production process of direct plating is environmentally
friendly and has no harmful substances, which can be called ‘green palladium plating’. In
terms of the surface quality of the coating, direct plating is superior to electroplating and
electroless plating, and the cost of direct plating is only approximately 11% of electroplating
and electroless plating. In terms of application, the factors affecting the distribution of Pd
on FAB and the behavior of Pd at the bonding interface, the effect of Pd on the growth rate
and reliability of IMCs, stitch bond and reliability of PACu wire are analyzed. There are
many factors affecting the distribution of Pd on FAB, such as EFO discharge current, EFO
discharge time, EFO discharge electrode position, Pd layer thickness, environmental factors
of aging test, type of PACu wire, etc. Among them, EFO discharge current has a significant
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effect. The low EFO discharge current causes Pd to be concentrated in the neck of the FAB,
and the high EFO discharge current causes some Pd to be injected into the FAB due to the
turbulence of Cu. Under the medium EFO discharge current, Pd can be relatively evenly
distributed on the surface of the FAB. Therefore, in the test, the appropriate EFO current
should be selected according to the wire diameter. With the vertex of FAB as the center,
approximately 44.5% of the spherical surface area will participate in the formation of the
bonding interface, so Pd in this area will exist at the bonding interface, but the position of
Pd at the bonding interface will move to the periphery of the bonding interface with the
increase of aging time, and form a Pd-rich layer. Pd slows down the growth rate of Cu-Al
IMCs at the bonding interface thus making the thickness of IMCs thinner. The rupture of
the Pd layer can cause the Cu substrate to be exposed under the molded plastic, causing
it to corrode. Therefore, the rupture of the Pd layer is the main reason for the decrease in
stitch bond strength. The reliability of PACu wire is higher than that of bare Cu wire and
Au wire, especially in high-temperature and high-humidity environments.

7. Future Prospects

With the progress of science and technology, our lives consist of more and more digital
and information technology, and these are inseparable from the development of electronic
products. Nowadays, many electronic products are developing towards high integration
and miniaturization, which requires us to develop a bonding wire with ultra-fine, ultra-
long, ultra-precision, high conductivity, high-thermal conductivity, and high elongation,
and PdCu wire basically meets the above requirements. In addition, the new infrastructure
construction mentioned in the 2020 State Council Work Report mainly includes 5 G, new
energy vehicle charging piles, artificial intelligence, industrial Internet, and other fields.
The development of these fields will bring opportunities and challenges regarding the
application of PdCu wires. Therefore, we should study the performance of PdCu wires
more deeply on the basis of previous studies and explore newer preparation processes
and palladium-plating technologies as much as possible to improve the reliability of PdCu
wires.
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