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Preface

Copper has lower resistivity than aluminum and can be electrodeposited easily.
Hence, copper can be used for chip wiring. In 1998, the copper damascene on-chip
interconnect process was introduced commercially and became the first industrial
nanofabrication process. This nanofabrication technology relies on electrodepos-
ition of copper to fill cavities or vias of diameters less than 0.1 lm. This process
has now been adopted worldwide for advanced semiconductor manufacturing and
has branched into several industrial applications: Damascene metallization,
through-silicon via metallization, interstitial via hole build-up in printed wiring
boards, and both sides smooth Cu foils for collectors in Li-ion batteries.

However, no comprehensive books have been published on Copper Electro-
deposition for Nanofabrication. The Part I of present book introduces the reader to
fundamental aspects of copper electrodeposition. This is followed by details of
additive chemistry, suppression effects (due to PEG additive), and acceleration
effects (due to SPS additive), leading to filling mechanisms. Mathematical models
for superfilling, continuum models for nucleation and growth, Kinetic Monte Carlo
simulations, and shape evolution are then reviewed.

The Part II of the book covers two specific challenges facing nano-interconnect
fabrication in the coming decade, i.e., direct electrodeposition on noble metal
barriers and liners and microstructure evolution in electrodeposited Cu nanowires
and its impact on Cu resistivity. The part starts with a critical overview of the
specific scaling challenges foreseen in damascene interconnect fabrication. It also
outlines the current challenges to the two technologies, such as direct plating,
electroless deposition, and theory-guided molecular design of additives in elec-
trochemical systems. This introductory chapter is followed by a comprehensive
study that discusses the evolution of microstructure in electrodeposited Cu nano-
interconnects. A hallmark of this study is the development of metrology tech-
niques (SIMS) to probe patterned metal lines. Finally, the part ends with a con-
tribution documenting mechanisms involved in direct plating of Cu on noble
metals such as ruthenium (Ru).

In Part III of this book, emerging applications of electrodeposition are outlined:
through-silicon vias (TSVs), printed wiring boards, copper foils for Li-ion battery
current collectors, and through-hole filling. TSVs are used for fast conduction of
digital signals from one chip to another chip in advanced packaging solutions in
smart phones, high speed image processing, and capsule endoscopes. In interstitial

v



via hole build-up printed wiring boards, the interstitial via holes are filled by
copper electrodeposition. Then, the individual board layers are piled up so that the
via holes interstitially connect the wiring in the vertical direction. The primary
application of this technology recently has been in smart phones. Smooth copper
foils serve as electric collectors for the anode of Li-ion batteries. In order to coat
the carbon on both sides of the copper foil, the foil must be smooth and thus coated
with electrodeposited copper. Through-hole plating is an emerging technology in
printed wiring board manufacturing.

Kazuo Kondo was very much astonished when he visited the IBM Watson
Research Center in 1999 and Drs. M. Datta and J. Dukovic kindly showed him
their lab and red copper wafer electrodeposited by copper. Drs. Datta and Dukovic
are team members for the development of the damascene on-chip semiconductor
wiring process. This experience gave Kazuo Kondo the initial motivation to start
research in copper electrodeposition.

We hope that this book benefits scientists, engineers, and academicians working
in the field of copper electrodeposition. We are grateful to all the contributors for
their time, commitment, patience, and feedback. Through our interactions with the
contributors, we have learned a great deal. We sincerely hope the readers enjoy the
chapters. Finally, we would like to acknowledge the opportunity given to us by K.
Howell of Springer to edit this book.

Kazuo Kondo
Rohan N. Akolkar

Dale P. Barkey
Masayuki Yokoi

vi Preface



Contents

Part I Copper Electrodepositon and Additive Chemistry

1 Copper Electrodepositon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Masayuki Yokoi

2 Supression Effect and Additive Chemistry . . . . . . . . . . . . . . . . . . 27
Masayuki Yokoi

3 Acceleration Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Dale P. Barkey

4 Modeling and Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Yutaka Kaneko

Part II Copper on Chip Metallization

5 Frontiers of Cu Electrodeposition and Electroless Plating
for On-chip Interconnects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
James F. Rohan and Damien Thompson

6 Microstructure Evolution of Copper in Nanoscale
Interconnect Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
James Kelly, Christopher Parks, James Demarest,
Juntao Li and Christopher Penny

7 Direct Copper Plating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Aleksandar Radisic and Philippe M. Vereecken

Part III Through Silicon Via and Other Methods

8 Through Silicon Via . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Kazuo Kondo

vii

http://dx.doi.org/10.1007/978-1-4614-9176-7_1
http://dx.doi.org/10.1007/978-1-4614-9176-7_2
http://dx.doi.org/10.1007/978-1-4614-9176-7_3
http://dx.doi.org/10.1007/978-1-4614-9176-7_4
http://dx.doi.org/10.1007/978-1-4614-9176-7_5
http://dx.doi.org/10.1007/978-1-4614-9176-7_5
http://dx.doi.org/10.1007/978-1-4614-9176-7_6
http://dx.doi.org/10.1007/978-1-4614-9176-7_6
http://dx.doi.org/10.1007/978-1-4614-9176-7_7
http://dx.doi.org/10.1007/978-1-4614-9176-7_8


9 Build-up Printed Wiring Boards (Build-up PWBs). . . . . . . . . . . . 193
Kiyoshi Takagi and Toshikazu Okubo

10 Copper Foil Smooth on Both Sides for Lithium-Ion Battery. . . . . 229
Akitoshi Suzuki and Jun Shinozaki

11 Through Hole Plating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
Wei-Ping Dow

Eratum to: Acceleration Effect . . . . . . . . . . . . . . . . . . . . . . . . . E1
Dale P. Barkey

viii Contents

http://dx.doi.org/10.1007/978-1-4614-9176-7_9
http://dx.doi.org/10.1007/978-1-4614-9176-7_10
http://dx.doi.org/10.1007/978-1-4614-9176-7_11


Part I
Copper Electrodepositon and Additive

Chemistry



Chapter 1
Copper Electrodepositon

Masayuki Yokoi

1.1 Functions of Primary Constituents

Copper sulfate (CuSO4�5H2O) and sulfuric acid (H2SO4) are the primary
constituents of the acid copper sulfate bath [1]. The formulation of the bath is
adjusted depending on the intended use, as given in Table 1.1.

For conventional copper deposition such as decorative plating, electroforming,
copper refining, high copper sulfate concentration, and low sulfuric acid concen-
tration baths have long been adopted. Their formulations are determined on the
basis of whether the bath voltage is low and the current efficiency of copper
deposition is high, in terms of energy cost, important in large-scale copper
deposition manufacturing such as electroforming, refining, decorative plating for
automobiles, and so on. For printed wiring board and through-hole plating, a low
copper-high sulfuric acid baths were developed for high macro-throwing power
bath in the 1980s, and were used widely for achieving uniform copper deposition
on large area circuit boards and inside the through-holes sub-mm order in size. In
recent years, since the Copper damascene process was created in 1997, both
constituent concentrations are adjusted to relatively low copper sulfate-high sul-
furic acid bath for the purpose of bottom-up filling of via/trench of nanometer size
in semiconductor interconnect technology.

In printed wiring board and through-hole plating, macro-throwing power, the
most important property to be expected, is drastically improved by decreasing
copper concentration and increasing sulfuric acid concentration. As is well known,
macro-throwing power was defined as the product of specific conductivity of the
solution (j) and the derivative of surface overpotential with respect to current
density dg=dið Þ by Carl Wagner [2].

M. Yokoi (&)
Osaka Prefecture University, Osaka, Japan
e-mail: masayuki_yokoi@hotmail.com

K. Kondo et al. (eds.), Copper Electrodeposition for Nanofabrication of Electronics Devices,
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Macro - throwing power a kð Þ � dg=dið Þ

High sulfuric acid concentration increases j, and low copper concentration
increases surface resistance dg=di, resulting in a high-throwing power plating bath.
Figure 1.1 shows how specific conductivity depends on copper sulfate and sulfuric
acid concentration [3]. Specific conductivity increases in almost direct proportion to
the sulfuric acid concentration, while, changing little with increase in copper sulfate
concentration. The proportional increase in conductivity with increase in sulfuric
acid is achieved by a particular kind of H+ ionic transport in the solution, named
Grotthuss mechanism as shown at the bottom of Fig. 1.1. Ionic conduction in acidic
solution is caused by the consecutive H+ ion movement between hydronium ions, in
which H+ ion on a water molecule transfers to the next molecule, and H+ ion on the
second molecule moves to a neighbor. For via/trench filling plating in tens of
micrometer scale depth, it is important to furnish enough copper ions continuously
into the concave region, rather than to the convex region of the surface. In con-
cavities of such size, copper ions are supplied to the surface almost entirely by
diffusion alone and not by convection. Further, the diffusion coefficient of Cu2+ is as
low as about 5.0 9 10-10 [m2/s]. So, it may be a preferred condition that the copper
concentration in the bath is high. However, high Cu2+ concentration alone is not
enough to fill the via/trench. Organic additive constituents added in small amounts
play special roles to accelerate copper deposition in the concave region and suppress
it on the convex region. The PEG-SPS-JGB additive system developed for deco-
rative bright copper plating in the 1960s is applied to the via/trench filling accord-
ingly. Even now, development of new additive system having the same characters
and also the investigation of action mechanism is still an active research area. The
details will be described in the following Sect. 1.2 additive chemistry. While, for the
via/trench filling copper for on-chip wiring on the sub-lm scale, known as copper
damascene interconnect, high concentration of copper ions has no point because
of the smaller size scale. On the contrary, high Cu2+ concentration causes non-
negligible dissolution of copper seed layer in nanometer thickness. So, relatively
low copper concentration baths are used typically.

In every acid copper plating bath, small amounts of Cl- ions are added as
indispensable components in addition to the principal components of CuSO4 and

Table 1.1 Formulations of acid copper sulfate baths

Baths Primary constituents (g/L) Applications

Conventional bath CuSO4 � 5H2O 180–250 Decorative plating
H2SO4 60–40 Copper refining

Electroforming, etc
High-through bath CuSO4 � 5H2O 60–100 Printed wiring board plating

H2SO4 250–200 Through-hole plating
Via filling bath CuSO4 � 5H2O 150–230 Build-up PWB plating

H2SO4 15–50
Nano-plating bath CuSO4 � 5H2O 60–100 LSI trench/via filling

H2SO4 200–10

4 M. Yokoi
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H2SO4. The Cl- concentration is strictly controlled in a narrow range from about
1–2 mM. The presence of Cl- ions at conentrations higher than the upper limit of
about 2 mM raises copper anode passivation by precipitation of CuCl on the
surface. On the other hand, below the lower limit of 1 mM, copper deposits with
excellent properties cannot be obtained because of unequal action of organic
additives on the copper deposition reaction. With the development of surface
analysis/observation methods like as STM, AFM, and etc., the roles of the addition
agents in copper plating are becoming clear.

1.2 Electrochemical Kinetics of Copper Deposition
and Dissolution

(1) Consecutive reaction mechanism of copper deposition and dissolution

The overall reaction of copper deposition and dissolution is described simply as
follows: a cupric ion is reduced with two electrons to form copper, and vice versa.

Cu2þ þ 2e , Cu

0.2M CuSO4+XM H2SO4 

XM CuSO4+0.2M H2SO4

Fig. 1.1 Conductivity of acid copper sulfate bath changing with sulfuric acid and copper sulfate
concentration. ł Electric conduction mechanism of acidic solution; Grotthuss mechanism
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However, the real aspect of the reaction was unclear for a long time. From the end
of the 1950s, an abundance of information on the Cu2+/Cu system in sulfuric acid
bath started to be found by electrochemical methods Mattson et al. [4–6]. Suggested
the two-step reduction/oxidation reaction and crystallization/decrystallization pro-
cess for the Cu2+/Cu system by means of galvanostatic measurements, as shown
below. Similar reaction kinetics were proposed by Fisher et al. [4].

Cu2þ þ e ioA ! Cuþ Að Þ

Cuþ þ e ioB ! Cuad Bð Þ

Cuad  ! Culattice Cð Þ

Bockris et al. showed that the redox process between Cu2+ and Cu+ (A) is rate-
controlling, while Cu+ exists in a reversible equilibrium with Cu at the electrode
surface. And in the case of a copper surface prepared by melting in Helium (with
low dislocation density of the surface), surface diffusion of Cuad to Culattice,
reaction (C) is rate-determining. And further, by observing the extremely low
increase in the potential at the early stage of potential-time transients they found
that the reaction (B) was a very fast reaction and the exchange current density (i0B)
of the reaction was larger than 30 mA/cm2. For the reaction (A), an i0A of around
3 mA/cm2 was estimated by extrapolation of Tafel lines on potential-current
curves with 0.1 M CuSO4 ? 0.5 M H2SO4 bath at 30 �C. Figure 1.2 shows the
schematic view of the consecutive reaction stages involved in the copper depo-
sition and dissolution reactions.

Cuad

Cu+ 

Brake away into bulk 

Cu2+

e 

Supply to surface 

Fig. 1.2 Consecutive reaction stages involved in the copper deposition and dissolution reaction.
The reaction, Cu+ + e , Cuad, is fast to be in quasi equilibrium state over wide cathodic and
anodic polarization region

6 M. Yokoi



Later in the 1970s, Molodov and co-workers [7, 8] investigated the theoretical
relationship between the electrode potential and intermediate concentration for the
consecutive electrochemical reaction system involving low valence intermediate
on the basis of Butler-Volmer equations for each elementary reaction.

For copper deposition and dissolution reactions, they indicated that the Cu+ ion
concentration at the surface changes depending on the electrode potential (E). In
detail, in the low polarization region where the reaction (B) is so fast compared
with reaction (A) as to be in a reversible state, the Cu+ concentration changes with
E in accordance with the Nernst equation.

E ¼ Eo þ RF=Fð Þ In Cuþ=Cuð Þ½ � ð1:1Þ

While, in the highly polarized region where both reactions are in irreversible
states, the relationship between E and Cu+ concentration obeys the following
equations.

For anodic polarization,

E ¼ K1 þ RT= F aBffiaAð Þð Þ � In Cuþð Þ= Cuð Þ½ � ð1:2Þ

For cathodic polarization,

E = K2þRT=F bBffi bAð Þ � ln Cuþð Þ
�

Cu2þ� �� �
ð1:3Þ

aA, bA, aB, bB are transfer coefficients of the elementary reactions (A) and (B),
respectively. K1 and K2 are constants determined with transfer coefficients and
reaction constants of the elementary reactions.

Equation (1.2) indicates that E changes depending on Cu+ concentration and
electrode activity, Eq. (1.3) depending on Cu+ concentration as well as Cu2+

concentration. The relationship between E and Cu+ expressed by Eqs. (1.1), (1.2),
and (1.3) is shown schematically in Fig. 1.3. When the relationship between
reaction intermediate Cu+ concentration and E is possibly obtained as well as the
exchange current and transfer coefficients of reaction (A), the exchange current
density and also the transfer coefficients of reaction (B) can be obtained.

Molodov et al. [8] confirmed experimentally the relationship between Cu+

concentration and electrode potential during copper deposition and dissolution,
expected by Eq. (1.1). They found that Cu+ ions diffuse away from the copper
electrode electrolyzed in a perchlorate bath of 14 mM Cu2+ + 5 NHClO4 by using
a platinum indicator and that the Cu+ concentration change with the electrode
potential obeys Nernst’s equation. Also, they confirmed the clear potential shift of
ca. 30 mV in the relationship around at the equilibrium potential, which was
caused by the change in electrode activity (Cuad), indicating an accumulation of
adatoms on the electrode surface in the cathodic polarization region.

It is important to note that the results clearly show the reversible reaction (B) in
the deposition or dissolution potential, even though they did not get to observe the
relationships of Eqs. (2) and (3) because of the still very small polarization
potential.

1 Copper Electrodepositon 7



Other authors [9–14] also confirmed the two-step reduction mechanism in the
Cu2+/Cu system. Peter and Cruser [9] confirmed the two-step reduction mechanism
in the kinetics of Cu2+/Cu in a chloride solution using a chrono-potentiometric
method. Applying a mathematical model based on the two-step reaction mecha-
nism coupled with the disproportionation reaction of cuprous ions in a Cu/CuSO4

system under pulse current conditions, Wan [10] evaluated the exchange current
densities of the consecutive two charge transfer steps of copper reduction. By
using a potentiostatic pulse, rotating disk electrodes, and EIS techniques in the
analysis of copper deposition on a real surface, Harrison and co-workers [11–13]
confirmed the two-step reduction mechanism for the electron transfer reaction and
suggested that adatoms need not be invoked to explain the experiments. Glarum
and Marshall [14] analyzed the admittance of rotating disk copper electrodes in
CuSO4-H2SO4 system as a function of frequency, potential, and concentration on
the basis of the two-step reduction model. Although the basic electrode model
provided an adequate explanation for the results at the equilibrium potential,
substantial deviations occur at anodic potentials due to disproportionation.

+Er-

E ErB
0+(RT/F) ln(Cu+)

E K1+RT/F(αB-αA) ln(Cu+)

E K2+ RT/F(βB-βA) ln[(Cu+) (Cu2+)]

=

=

=ln
(C

u+
)

Fig. 1.3 Schematic relationship between reaction intermediate and electrode potential for
consecutive copper deposition and dissolution reaction model, assuming i0A � i0B and
(Cuad) = constant, by Molodov et al. [7]. The intermediate concentration changes with the
potential obeying Nernst’s equation in the low overpotential region

8 M. Yokoi



(2) Kinetic analysis by the rotating ring-disk electrode system, RRDE

In an acid copper sulfate bath, the intermediate Cu+ ions of the copper depo-
sition and dissolution reactions are stable enough in the solution to be detected by
the rotating ring disk electrode system [15–17]. As indicated in the paper by
Moldov et al. [7], if a concentration change of an intermediate such as Cu+ and
Cuad on a copper surface are measurable over the wide potential range of copper
electrode, details of the deposition and dissolution mechanism including exchange
current densities of the elementary reactions can be cleared up.

Figure 1.4 shows the concentration change of the Cu+ ions (given in iR) and the
polarization current iD of the disk electrode over the wide potential range for the
copper deposition and dissolution in baths of various Cu2+ concentration, mea-
sured using the rotating ring-disk electrode system (RRDE) [18]. In the anodic
dissolution of copper, iR increased linearly and reached a limiting value inde-
pendent of Cu2+ concentration with an increase in anodic over-potential up to
100 mV. In the cathodic deposition of copper, an increase in iR was observed with
small polarization up to about 10 mV, followed by a linear decrease with increase
in the cathodic polarization potential. The slight iR increase corresponds to the Cu+

ion’s increase caused by the accumulation of Cuad in the surface diffusion reaction
(C). In both polarization regions, the slope of the linear part of the log iR-E curves
was about 60 mV/decade, obeying the Nernst equation, indicating that reaction (B)
is in a quasi equilibrium state in the polarization regions. Further, the log iR-E
relation deviates from the linear line around a cathodic over-potential of about
150 mV, and reaches minimum values that depend on Cu2+ concentration with
increasing over-potential, as expected from Eq. (3). In the potential region more
negative than about 0.1 V versus SHE, the reaction (B) becomes a rate-deter-
mining step and is no longer in a quasi reversible state. That is, the copper
deposition reaction is under the mixed control of reaction (A) and (B). Tindall
et al. [16] pointed out that the potential region where no Cu+ ions were detected in
copper deposition is more negative than 0.09 V versus SHE. The region corre-
sponds to the mixed controlled reaction region.

In Table 1.2, the characteristics of the log iR-E and log iD-E relations in Fig. 1.4
are summarized. The exchange current densities and transfer coefficients are
estimated from the Tafel lines observed under cathodic polarization. In this table,
data obtained with log iR-E and log iD-E curves for copper deposition and dis-
solution reactions at various bath temperatures are also listed.

The limiting value of iR observed in the anodic polarization region is attrib-
utable to the disproportionation reaction of the Cu+ ions. When the Cu+ ion
concentration reached a certain concentration level, the Cu+ ions broke down to
Cu2+ ions and Cu particles according to the following reaction, called the dis-
proportionation reaction.

2Cu + ! Cu2þ þ Cu #

The Cu particles precipitated in the vicinity of the copper anode are sometimes
so large so as to be visible in practical plating line. Once small metallic particles

1 Copper Electrodepositon 9



produced from some kind of cause in the solution, Cu+ reduction and Cu+ oxi-
dation reaction may proceed concurrently in equal rate on the particles to grow
them larger and larger.

Cu ! Cu2þ þ e A’ð Þ

Cuþ þ e ! Cu Bð Þ

On the other hand, copper particles dipped into the Cu2+ solution dissolve to
Cu+ ions accompanying reduction of Cu2+ to Cu+ ions, and copper dissolution
reaches the equilibrium state [19]. Continuous O2 provided to the solution oxy-
dizes the Cu+ ions to Cu2+ ions, therefore, converting the copper metal into Cu2+

ions. The reaction is known and described as a comproportionation reaction, rel-
ative to disproportionation reaction. It is reported that copper dissolves in the same
manner in the presence of chloride ions [20].

(c) Indirect proof for consecutive reactions of copper deposition by pulse
plating

In order to improve the physical properties of copper deposits, pulsed current
electrolysis has been studied. It has been found that the current efficiency of copper
deposition and the surface morphology of the copper deposits are remarkably
affected by the pulse parameters [21–23]. These phenomena are closely related to
the deposition mechanism and the behavior of intermediate, Cu+, in the electro-
deposition of copper.

Figure 1.5 shows a schematic illustration of square-wave pulsed current and
resulting electrode potential of the pulsed current electrolysis in the millisecond
range. The duty factor of the pulse plating is defined as the ratio of Pulse-on time
to 1 cycle of Pulse-on and off time. In this pulsed plating, even if the average
current density is not changed, the current efficiency of copper deposition
decreased with decrease in the duty factor, and also epitaxial growth of copper
deposits is observed at relatively high average current density.

Table 1.2 Electrochemical characteristics of iR –E and iD–E curves measured by RRDE system
in acid copper sulfate baths of various bath temperature and CuSO4 concentration

CuSO4 XM E eq (mV)
versus SHE

iR.eq (lA) iR.min
(lA)

Exchange
current density
(mA cm-2) ioc

Transfer
coefficient bH2SO4 0.5 M

30 �C

X = 1.0 M 300 88 0.55 3.6 0.6
X = 1.4 M 288 58 0.34 2.3 0.6
X = 1.2 M 279 42 0.26 1.7 0.6
X = 1.1 M 270 33 0.21 1.2 0.6
CuSO4 xM

H2SO4 0.5 M
t = 20 �C 302 32 0.4 1.7 0.59
t = 30 �C 300 88 0.55 3.6 0.6
t = 40 �C 296 140 0.94 7.3 0.6
t = 50 �C 294 280 2.6 12.1 0.61

10 M. Yokoi
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Cu + +e ⇔ Cu ad
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Fig. 1.4 Changes in reaction intermediate (Cu+) concentration and copper deposition and
dissolution currents depending on copper electrode potential, measured by Rotating Ring Disk
Electrode system in acid copper sulfate baths (CuSO4 (x) M ? H2SO4 0.5 M). CuSO4; d; 1 M,
4; 0.4 M, s; 0.1 M
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Figure 1.6 shows the changes in current efficiency of copper deposition with
average current densities as a function of pulsed current density in copper sulfate
bath. The larger the pulsed current density is, id est, the longer the pulse-off time
is, the lower the current efficiency is.

Figure 1.7 shows surface morphology of copper deposits 2 lm in thickness
obtained on the (111) plane of a copper single crystal at an average current density
of 75 mA/cm2 under direct current electrolysis and pulsed current electrolysis. The
current efficiencies of copper deposition at the average current density are almost
100 %. Whereas a large amount of small pyramidal growth caused by nucleation is
observed with direct current electrolysis, distinct layer growth and also sharply
defined spiral growth, characteristic of epitaxial growth, are observed with pulsed
current electrolysis.

Both phenomena reflect the step-wise copper deposition mechanism, in which
the elementary reaction (B) is so fast as to be in quasi equilibrium. Figure 1.8
shows the changes in Cu+ concentration (iR) with average pulsed current as a
function of pulsed current density in acid copper sulfate bath, measured with a
RRDE. For comparison, Cu+ concentration changed with direct current electrolysis
is plotted together. When the pulsed current electrolysis is applied, clearly seen

Fig. 1.5 Schematic diagram
of square-wave pulsed
current and resulting
electrode potential.: Pulsed
current,: Electrode potential
T: Pulse repetition time, T1:
Pulse-on time, T2: Pulse-off
time, Ip: Pulsed current, Pulse
duty factor = T1/T, Average
current = Ip 9 T1/T

pulse-on time; 2msec 

Direct current

Pulse-on current(mA/cm2)
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Fig. 1.6 Changes in current
efficiency of copper
deposition with average
current densities as a function
of pulsed current density in
copper sulfate bath (CuSO4

0.8 M ? H2SO4 0.5 M) at
30 �C
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Cu+ concentration is kept high, and further, the higher the pulsed current density
is, the higher the Cu+ concentration is.

It would appear that the current efficiency decrease is due to ‘‘diffusion away’’
of the reaction intermediate, Cu+, from the copper surface and the epitaxial growth
is caused by hindering of nucleation with the buffering action of the reaction (B)
and also by the dissolution and reconfiguration of unstable copper atoms on the
copper surface during the pulse off-time. Tantavichet et al. [24] investigated a
model for galvanostatic pulse plating via pulse current and pulse reverse modes
and compared with experimentally obtained electrode responses during copper
deposition, indicating the appropriate model incorporates capacitance effects due
to double-layer charging and adsorption of an intermediate, in which arises a series
connection between the adsorption pseudocapacitance and faradaic reaction (B).

Fig. 1.7 Surface morphology of copper deposits on (111) plane of copper single crystal under
the direct current electrolysis and pulsed current electrolysis. a direct current 75 mA/cm2,
b pulsed current 750 mA/cm2, pulse-on time 1 ms, duty factor 10 %

Fig. 1.8 Changes in Cu+

concentration (iR) with
average pulsed current under
the pulsed current electrolysis
of copper deposition in acid
copper sulfate bath (CuSO4

0.8 M ? H2SO4 0.5 M) at
30 �C. Collection efficiency;
0.32, Surface area of disk
electrode; 0.785 cm2, Pulse-
on time; 1.0 ms, Rotation
speed; 1000 RPM, Ring
potential = ? 0.64 V versus
SHE, Pulsed current density:
A; D.C., B; 130 mA/cm2, C;
380 mA/cm2
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1.3 Role of Chloride Ions in Copper Deposition
and Dissolution

As an indispensable component for copper plating, a small amount of Cl- ions is
added to the acid copper sulfate bath at 1-2 mM concentration. The acceleration
of copper deposition and dissolution, synergetic effects on copper deposition with
organic additives, copper anode passivation are well-known actions.

(a) Cl- adsorption and copper deposition/dissolution reaction depending on copper
electrode potential

In acid copper sulfate bath, zero charge potential (pzc) of the copper is -0.26 to
-0.61 V versus SHE [25], and Cl- ions are adsorbed on the copper surface to
different extents depending on the electrode potential. Since the beginning of
1990s, the adsorption state of Cl- was investigated using Advanced surface
analysis method such as Auger spectroscopy, low-energy electron diffraction
(LEED) , scanning tunneling microscopy (STM) , atomic force microscope (AFM)
[26–29], and found information on Cl- adsorption behavior on copper surfaces.

Figure 1.9 shows Cl- adsorption states and the changes of copper deposition/
dissolution reaction states depending on copper electrode potentials. The cyclic
voltamogram was obtained in 0.01 M HClO4 ? 1 m MKCl at 0.1 V/S, showing
Cl- desorption and adsorption in the potential region of -0.1 to -0.5 V versus
SHE. The Cl- on the copper surface in the potential region moves too fast to be
observed with STM, and is considered to be in a disordered adsorption state. While

Disordered Cl adlayer Ordered Cl adlayer
C(2 × 2)Cl

Cu deposition Cu dissolution

0 V vs.SHE-0.4 -0.2 0.2

C
ur

re
nt

0
+

-

Quaisi Reversibleregion
Cu++e⇔Cuad

Mixed controlled reaction region
Practical plating Cu2++e Cu+

Cu++e Cuad

Fig. 1.9 Adsorption behavior of Cl- on copper surface depending on electrode potential. Cyclic
voltamogram inserted inside was obtained with 0.01 MHClO4 ? 1 m MKCl at 0.1 V/s by T.P.
Moffat et al. showing Cl- desorption and adsorption

14 M. Yokoi



in the potential region more positive than - 0.1 V, for example on the Cu (100)
plane, an ordered adsorbed layer of c (2 9 2) Cl and distinct steps of [101] and
[001] directions were formed on the copper surface [27]. The c (2 9 2) Cl is an
adlayer with a Cl coverage of 1/2, formed by allocating one Cl- atom to a hole site
formed with four nearest neighbor copper atoms on a copper surface. The Cl atoms
of the c (2 9 2) Cl adlayer have a high degree of freedom to be exchanged with
Cl- in the solution. Thus, if there exists no Cl- in the solution, the adlayer would
disappear in a moment. Even in the potential region more positive than + 0.1 V
versus SHE where copper dissolves, the c (2 9 2) Cl adlayer is found to be
maintained in the Cl- containing solution.

Figure 1.10 shows in situ STM images of a c (2 9 2) Cl- adlayer formed on Cu
(100) in a 1 mM HCl ? 0.01 M HClO4 electrolyte. In the left image, straight steps
of [100] orientation are observed, in the top-right image appears the phase shift of
the c(2 9 2)Cl- lattice associated with surface steps, while a screw dislocation is
evident in the bottom-right image 28.

In Figure 1.9 is indicated the potential regions where copper deposition and
dissolution occurs in the presence of Cu2+ ions in the solution. As described in the
previous section, the equilibrium potential of copper deposition and dissolution in
0.5 M CuSO4 sulfate bath is about 0.30 V versus SHE, and the reaction (B), the
second discharge reaction between Cuad and Cu+, is in quasi equilibrium state in the

Fig. 1.10 In situ STM images of c (2 9 2) Cl- adlayer formed on Cu (100) in a 1 mM
HCl ? 0.01 M HClO4 electrolyte by Moffat et al. [28]
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potential region more positive than 0.15 V. It is noteworthy that in practical plating
such as decorative bright copper plating, through-hole plating is conducted in the
potential range more negative than 0.15 V versus SHE, where no Cu+ ions exist in
reversible state. The negative potential shift of the practical copper plating is a result
of suppression of the copper deposition reaction, achieved by the synergetic effect of
Cl- adlayers and polymeric additives such as PEG, PPG, and so on.

(b) Effect of Cl- on the copper deposition and dissolution reaction
Figure 1.11 shows the effect of Cl- addition on log iR-E and log iD-E curves in an
acid copper sulfate bath measured on a RRDE. On the disk electrode, copper
deposition and dissolution was performed potentiostatically to obtain log iD-E
curves. Cu+ ions produced on the disk electrode were oxidized concurrently on the
ring electrode, being measured as ring current iR. By addition of 3 mM Cl-, both
deposition and dissolution currents increase, and iR (Cu+) increases correspond-
ingly. The ring current increases linearly with a slope of about 60 mV/decade
depending on the copper disk electrode in the low polarization region. The graphical
form of the log iR-E and log iD-E curves are similar to the ones obtained with no Cl-

bath. With 9 mM Cl- addition, the deposition current and corresponding iR increase
with increasing potential in the positive direction. However, near the equilibrium
potential both iR and iD slow down to steady values, the former to 2 mA, the latter to
100 lA, respectively. The phenomena of reaching the plateau in iD and iR are caused
by precipitation of CuCl on the copper disk electrode.

It is well known that Cl- ions adsorb specifically on copper surfaces to
accelerate the copper deposition and dissolution reaction via an electron-bridge
mechanism [30]. That is, Cu2+ ions coordinate to Cl- ions adsorbed on the copper
surface, and are then reduced to Cu+ ions at a higher rate than ions without Cl-

coordination. For example, Fig. 1.12 shows changes in copper deposition current
on a rotating disk electrode at various polarization potentials versus Cl- con-
centration in acid copper sulfate baths of 0.2, and 1.0 M CuSO4. The set potentials
are within the Tafel region of log iD-E curves in Fig. 1.13, in which reaction (B) is
in a quasi equilibrium state. The acceleration rate is normalized with reference to
the current with no Cl- addition, iCl-= 0 at each set potential. The currents are
inside the figure. In the early stage of Cl- addition, every rate increases drastically,
and then moderately increases to reach a constant rate depending on the set
potential and Cu2+ concentration. The Langmuir plots of the acceleration curves
provide straight lines for each curve as shown in Fig. 1.13, and confirm Langmuir
adsorption of Cl- ions on copper surface. The saturation currents from the slopes
of the straight lines plotted against the reference currents (at set potentials) in
Fig. 1.14 indicate that the saturation currents are almost twice the reference cur-
rent in the low current region. The decrease in the saturation current, deviating
lower from the dotted line in the high current region would be due to the effect of
the diffusion retardation of Cu2+ ions. The adsorbed Cl- is envisaged as the Cl-

adlayer described in the former section, and the coverage rate of Cl- on copper
surface at the Cl- concentration range of from 1-2 mM can be seen to be 70-

80 % from the acceleration curves in Fig. 1.12 with the plating condition.
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Fig. 1.11 Effect of Cl- concentration on logiR-V and log iD-V curves in an acid copper sulfate
bath of CuSO4 1.0 M ? H2SO4 0.5 M HCl: d; 0 mM, 3 ; 3 mM; 9 mM
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Fig. 1.12 Changes in acceleration rate of copper deposition reaction on rotating disk electrode at
various polarization potential with changing Cl- concentration in acid copper sulfate baths. The
acceleration rate is normalized with reference to the current with no Cl- addition, iCl- = 0 at each
set potential

Fig. 1.13 Langmuir’s plot of Copper deposition current change with Cl- concentration at
various polarization potential in acid copper sulfate baths. A; 0.2 M CuSO4 ? 0.5 M H2SO4, B;
1.0 M CuSO4 ? 0.5 M H2SO4 Inside figures are reference currents at no Cl- in each set potential

Fig. 1.14 Saturation current
from the Langmuir’s plot of
Copper deposition current
change with Cl-

concentration at various
reference currents in acid
copper sulfate baths of 0.2 M
CuSO4 ? 0.5 M H2SO4 and
1.0 M CuSO4 ? 0.5 M
H2SO4
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(c) Reaction intermediate increase with Cl- addition
The increase in reaction intermediates on copper surface with Cl- addition shown
in Fig. 1.11 will be discussed in more detail. Figure 1.15 shows changes in
intermediate concentration (Ring current iR) with Cl- concentration at the rest
potential (Er) of copper in acid copper sulfate baths of various Cu2+ concentra-
tions. For all solutions, iR increases linearly with Cl- concentration up to a specific
concentration that depends on the Cu2+ concentration. These specific values are
2.0, 3.0, and 4.0 mM for the 1.0, 0.4, and 0.2 M Cu2+, respectively. Above the
specific Cl- concentration, iR decrease slowly down to each unique value, and then
increased again with increasing Cl- concentration. While, the rest potential of the
copper disk electrode, Er remained constant until the Cl- concentration increased
to a specific value, beyond which the Er temporarily shifts about 10 mV in the
cathodic direction. In the concentration region where the second increase of iR is
observed, the Er tends to be the initial potential. The iR decreases and Er cathodic
shifts are attributable to the formation of insoluble CuCl on copper surfaces. The
copper disk is apparently covered with a white semi-transparent product at these
Cl- concentrations.

Itagaki et al. [20, 31] reported that the disproportional reaction of copper in Cl-

containing acid Cu2+ solution is composed of the following anodic and cathodic
reactions involving the intermediate CuCl using the channel flow double elec-
trodes. Cu metal is oxidized by Cu2+ ions reduction on copper surface to form Cu+

species in the solution.
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Fig. 1.15 Changes in intermediate concentration (Ring current iR) with Cl- concentration at the
rest potential (Er) of copper in acid copper sulfate baths. Straight section; iR � 7.9 9 10-4

H[Cu2+] (1 ? 7 9 102 [Cl-])
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Cathodic Reactions

Cu2þ þ C1ffi þ e ! CuC1ads rdsð Þ ð1:4Þ

CuC1ads þ C1ffi , CuC12 fastð Þ ð1:5Þ

Anodic Reactions

Cu þ C1ffi , CuC1ads þ e fastð Þ ð1:6Þ

CuC1ads þ C1ffi ! CuC1ffi2 rdsð Þ ð1:7Þ

They proposed the reaction by observing the behavior of intermediate pro-
duction and polarization current with the wide concentration range of Cl- and
Cu2+. The anodic reaction was proposed by Lee et al. [32] for the anodic copper
dissolution in acid copper chloride solution to explain the production behavior of
CuCl2

-.
According to the reaction scheme for the disproportionation reaction, the first

step reaction (1) of the cathodic reaction is rate-determining (rds) and the reaction
order of Cl- and Cu2+ are 1. The linear increase in Cu+ species with Cl- con-
centration observed in Fig. 1.17 is understandable from the scheme.

Figure 1.16 shows changes in intermediate concentration (ring current iR) at
various copper deposition potentials with changing Cl- concentrations in acid
copper sulfate bath of 0.2 M CuSO4 ? 0.5 M H2SO4. Even under copper deposition
conditions, every iR increases in proportion to Cl- concentration. As described in
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Fig. 1.16 Changes in
intermediate concentration
(Ring current iR) at various
copper deposition potentials
with changing Cl-

concentrations in acid copper
sulfate bath of 0.2 M
CuSO4 ? 0.5 M H2SO4
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Fig. 1.11, the reaction (3) is maintained still in a quasi equilibrium state under the
deposition potential. Envisaging the disproportionation reaction during copper
deposition, the linear increase in Cu+ species is understood (Fig. 1.18).

(d) Epitaxial growth of copper deposits by Cl-.
As the copper deposition and dissolution reaction in acid copper sulfate bath is

accelerated and the reaction intermediate increased by Cl- addition in small
amounts, the structure of copper deposit is also affected strongly. By the addition
of Cl- ions, if the copper crystal nucleation in the course of copper deposition is
suppressed, epitaxial growth of deposits should be accelerated.

As is well known, the activation overpotential of copper deposition on various
crystal facets increases in the following order.

g 110ð Þ\ g 311ð Þ\ g 100ð Þ\ g 111ð Þ

Fig. 1.17 Effect of current
density and Cl- ions on the
orientation indexes of various
Cu crystal facets of the
copper deposits (40 lm).
Substrate copper has (100)
preferred orientation
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On the other hand, nucleation overpotential for two-dimensional crystallite
increase in the following order [33–36].

g 111ð Þ\ g 100ð Þ g 311ð Þ\\ g 110ð Þ

In the case of copper deposition on polycrystalline copper surfaces, if the
nucleation reactions are suppressed, crystal facets with high growth rates (110) are
expected to appear as a predominating facets, while other crystal facets with
slower growth rates would disappear. Figure 1.17 shows the effect of current
density and Cl- ions on the orientation indexes of various Cu crystal facets of the
copper deposits (40 lm thickness). Substrate copper is polycrystalline having
(100) preferred orientation. The orientation indexes are defined following Wilson’s
method [37, 38].

In the absence of Cl- ions, the preferred orientation of (110) characteristic of
the deposit at low current density decreases with increase in deposition current
density. While, in the presence of 1 mM Cl- crystal facets except (110) almost
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Fig. 1.18 Dependence of critical Cl- concentration for CuCl formation on the copper electrode
potential as a function of Cu2+ concentration—; 1.0 M Cu2+, ———; 0.2 M Cu2+
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completely disappear, and strong (110) preferred orientation dominated even at
high current density region. These results demonstrate the nucleation reaction is
strongly suppressed and epitaxial growth is accelerated by Cl-.

(e) CuCl precipitation on copper surfaces
As a large amount of Cu+ ions produced on copper surface during anodic

copper dissolution and Cl- ions are indispensable constituent in the copper plating
bath, copper anodes are sometimes passivated by CuCl precipitation on the copper
surface. Also in cathodes there may be some inclusion of CuCl in the copper
deposit when the copper deposition is conducted at a low current density, or on
passivated substrates such as Ti, stainless steel, and so on. That is to say, the Cl-

concentration has a permissible upper limit, and so it is important to know the true
Cu+ concentration on copper surface.

The Cu+ concentration can be calculated from the equilibrium constant for the
disproportination reaction of Cu+ in an acid copper sulfate solution. Bruckenstein
et al. [17] determined the constant K to be 5.6 9 10-7 using the rotating ring-disk
electrode system.

Cu þ Cu2þ , 2Cuþ a2
cuþ
�

acu2þ ¼ 5:6 � 10ffi7

For example, the activity of Cu2+, aCu2
+ in acid copper sulfate bath of 0.4 M

CuSO4 ? 0.5 M H2SO4 is determined to be 0.022 from the rest potential of copper
electrode, Er listed in Tabel 1.2, and aCu

+ to be 1.5 9 10-4. While the solubility
product of CuCl (Ksp = aCu

+ 9 aCl
- ) is 1.72 9 10-7 [39]. Using these values the

critical Cl- concentration to begin CuCl precipitation on a copper surface, that is
the upper limit of Cl- concentration of the plating bath, is obtained to be
1.55 9 10-3.

Soares et al. [40] investigated the mass change of copper electrodes by
changing the Cl- concentration from 1 to 8 mM in the acid copper sulfate bath of
CuSO4 0.3 M ? H2SO4 2.2 M using Electrochemical quartz crystal microbalance
(EQCM) and cyclic voltamometry (CV), and found that CuCl precipitation occurs
with Cl- addition above 1 mM concentration and at low cathodic polarization
region even under the copper deposition. As already described above in Fig. 1.15,
the authors confirmed CuCl precipitation on copper surface by detecting the
change in reaction intermediates concentration, Cu+ or CuCl2

-, with changing Cl-

concentration in the plating bath of various Cu2+ concentrations using RRDE. The
critical Cl- concentrations for CuCl precipitations are found to be 2, 3, and 4 mM
for the baths of 1.0, 0.4, and 0.2 M Cu2+ concentrations, respectively. Considering
the high concentration of the plating bath, those critical Cl- concentrations would
be reasonable.

As shown in Fig. 1.4 of the preceding section, Cu+ concentration on copper
surface changes depending on the electrode potential obeying the Nernst equation
in the Cu plating bath. Therefore, the critical Cl- concentration to begin CuCl
precipitation in the copper plating bath should change with electrode potential
[41]. Figure 1.17 illustrated the CuCl precipitation area expected on Cl- con-
centration-potential diagram. This figure shows the Cl- critical concentration
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increase with the electrode potential decrease, resulting in no inclusion in the
copper deposits under the usual plating conditions. On the contrary, the more noble
the electrode potential, the smaller the critical concentration is. In the conventional
copper plating bath, phosphorized copper anode is used to suppress the Cu+

increase in the anodic copper dissolution. Recently, a new plating process using
dimensionally stable anode (DSA) was developed to avoid the problems caused by
Cu+ accumulation, and was widely used.
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Chapter 2
Supression Effect and Additive Chemistry

Masayuki Yokoi

2.1 Additive Chemistry

The excellent additive systems for acid copper sulfate bath developed in the 1960s
successfully produce bright copper deposits with smooth surfaces and high duc-
tility. Since then, many applications of copper plating were developed for electronic
device and through-hole plating for PCBs as well as conventional decorative plating
on steel, electroforming, etc. In 1997, the Copper Damascene Process was devel-
oped in improved interconnect material fabrication of ULSIs by IBM. With this
turning point, the role of addition agents came under further study using advanced
analytical techniques such as Enhanced Raman Spectrometry, QCM, AFM, TEM,
EIS, in addition to conventional electrochemical plating research methods.

Addition agents in acid copper sulfate bath consist of suppressors, levelers, and
accelerators. The former suppress copper deposition on convex regions, and the
latter catalyze copper deposition on concave regions in the presence of a small
amount of Cl- ions [1–4], resulting in via/trench copper. In the following sections,
the roles of the addition agents will be described on the basis of knowledge
accumulated by many researchers.

2.2 Role of Suppressors

PEG or PEG/PPG copolymers of nonionic surfactants and cationic dyes such as
JGB containing nitrogen atoms are widely used as representative suppressors and
levelers, respectively. Both of them exert a strong suppression effect on copper
deposition reactions in the presence of Cl- ions. The suppressor acts in a relatively
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wide copper deposition current region, the leveler plays the role of a surface leveling
agent in the low deposition current region, less than a few mA/cm2 [5]. For the
suppression mechanism by surfactants of the PEG family, many researchers have
studied it in detail since the mid-1980s, and it has basically become clear [6–29].
The action of levelers on copper deposition is under fundamental study for
application to via/trench or through-hole copper filling [30–36].

2.2.1 The Role of Peg in Bright Copper Plating
by the Hull-Cell Test

The Polyoxyethylene family of surface active agents, used as indispensable
additives in various metal plating baths, play a decisive role in bright copper
plating, through-hole plating, and on-chip wiring copper plating. Kardos [1]
indicated in his patent drawing that the appropriate combination of three com-
ponents, S containing compound, N containing compound, and ethylene oxide
polymer give good bright copper plating in the presence of Cl- ions. Mirkova et al. [4]
reported that PEG or PPG have a central function in leveling during bright copper
plating. In addition, the authors [5] presented evidence that the suppression action
of PEG on the copper deposition reaction emerges only in the presence of Cl-.
Both PEG and Cl- are basic components of plating baths for bright copper plating
as confirmed by Hull-Cell patterns and potential-current curve measurements. That
is, bright copper plating can be obtained over the entire region of deposition
current density by addition of appropriate amounts of sulfur compounds and N
containing compounds only in the presence of both PEG and Cl-.

A Hull-Cell test is the practical method for control of plating baths, by which
the surface appearance of plating over the wide current density region can be
observed in a single plating operation with suitable cell current and plating time
[37, 38]. A Hull-Cell is a trapezoidal cell in which a diagonal cathode substrate is
placed opposite the anode as shown in Fig. 2.1. Plating conditions and addition
agents used in the Hull-Cell experiments are noted in this figure.

Fig. 2.1 Hull Cell for visual evaluation of copper plating over the wide range of deposition
current. Cell volume; 267 mL, Temp; 30 �C, Electric quantity; 2A 9 8 min. Bath composition;
0.4MCuSO4 ? 0.5MH2SO4 Brightener components; PEG (M.W.: 3,300 suppressor);
1.6 lM * 1.0 mM 2-Mercaptobenzothiazole-S-Propanesulfonic acid (accelerator); *2.0 mM
Janus Green B (a derivative of safronic dye) (leveler); *80 lM Cl- ; *16 mM
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Figure 2.2 shows the changes in Hull Cell patterns of copper plating with POE/
POP (P) and JGB (J), in the presence of S and Cl- with constant concentrations.
These patterns are found to have a tendency to widen the nodule (patchy) area with
increasing J component, while having the tendency to narrow the nodule area into
the high current density region with increasing P concentration. Finally, when P is
0.026 mM, and J is 0.004 mM, the total area of the Hull Cell panel came to have a
bright copper surface. It is interesting to know that nodule formation behavior is
controlled by the concentration ratio of P–J.

Figure 2.3 shows the changes in Hull Cell patterns with Changing Cl-

concentration in baths which contain either P alone or P ? S ? J as additives in,
respectively. In both baths, the nodule area in the current density region of
10–40 mA/cm2 at low Cl- concentration is narrowed into a high current density
region with increasing Cl-. Although the patterns from the plating bath with only
P are not brightened, the fundamental characteristics of changes in nodule
formation patterns with Cl- concentration are very similar to the ones with three
components, P ? S ? J. By observing the Hull Cell pattern changes carefully, it is
found that P and Cl- are required to obtain bright copper plating, and S and J seem
to contribute to brightening of the surface in the presence of P and Cl-.

Figure 2.4 shows SEM images of the surface morphology obtained at 20 mA/cm2

with varying Cl- concentration. Nodules as large as sub-mm meter size are observed
at 0.5 mM Cl-. It is important to note that such nodules deposited at high current
density can exist together with a relatively smooth surface at low current density on
the same substrate. Similar surface morphologies were observed for the solution with
PEG and nonionic surfactants of the PEG family such as PEG-PPG (polyoxyeth-
ylene-polyoxypropylene glycol), PNPE (Polyoxyethylen-nonylphenilether), POE
(polyoxyethylene-oreilether), and so on [8]. In recent years, it has been reported that
copper filling of via/trench in nanometer to micrometer size can be achieved by
copper plating with a single PEG or Diallylamine-Type polymer Additive [30–35].

Fig. 2.2 Changes in Hull Cell patterns with P and J concentrations in the presence of S and Cl-
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The filling is considered to be caused by the emergence of ‘‘two stable states’’ for
copper deposition on the same surface [36]. It would be a closely linked phenomenon
to nodule formation in Hull-Cells as described above.

2.2.2 Suppression Behavior of Copper Deposition
and Dissolution by PEG

Many researchers have confirmed the suppression behavior of PEG in copper
deposition and dissolution reactions by electrochemical methods [6–15]. To
determine the effect of PEG on the cupper deposition and dissolution reactions in
an acid copper sulfate bath, potential-current curves were measured for various

(1) (2)

Fig. 2.3 Changes in Hull Cell patterns with Cl- concentration in the presence of P ? S ? J (left
column) or P (right column) in acid copper sulfate bath
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PEG of different molecular weights in the absence or presence of Cl- ions [7].
Figure 2.5 shows a typical result for PEG of Mn = 20,000. For the solution
without Cl-, shown as a dotted line, an abrupt increase in deposition current is
observed at a potential of about 0.15 V versus SHE in the sweep direction from
anodic to cathodic potential. The sudden decrease in the current was also found at ca.
+0.17 V versus SHE in a reverse direction sweep. In the anodic polarization region
no abrupt change appeared with a potential sweep, although the anodic current was
suppressed.

While, for the Cl- containing solution, the reaction currents were suppressed
over the entire potential range measured in this experiment. Even in a potential
range more negative than ca. 0.15 V versus SHE, the suppression of copper
deposition was maintained, and the Tafel relationship is observed in the polari-
zation-current curves. The potential region where the reaction (B) Cu ? ,Cuad is
kept in a quasi reversible state, is also demonstrated in Fig. 2.5. Interestingly, it
coincides nearly with the potential region where deposition current is suppressed
considerably.

The characteristics of potential-current curves for the other PEGs were almost the
same as the ones observed in Fig. 2.5 with the exception that lower molecular-weight
PEG gave rise to weaker suppression. Also, similar polarization behavior was
observed with solutions containing PPG or triblock copolymers of PEG-PPG [29].

The rest of the potentials (Er) of the copper electrode, obtained immediately after
cut-off of the potentiostatic electrolysis, were plotted against the set potentials as in
Fig. 2.6. For the plating bath without Cl-, Er shifted gradually in the cathodic
direction to give the most negative value of ca. +0.23 V versus SHE (-65 mV versus
Cu2+/Cu) with variation of the set potentials in the cathodic direction from 0.36 V to
0.15 V versus SHE (+60 to -150 mV versus Cu2+/Cu), and abruptly shifted back to
the potential of about 0.29 V, nearly equilibrium potential of Cu2+/Cu, at set

Fig. 2.4 Changes in surface appearance of copper deposits with Cl- in the presence of P
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potentials more negative than +0.15 V versus SHE. In the opposite direction,
cathodic to anodic, a sudden change in Er was observed at ca. +0.18 V versus SHE.
For the copper plating bath containing Cl-, no abrupt change in Er was observed.

Comparing the curves in Figs. 2.5 and 2.6, the change in currents representing
copper deposition and dissolution suppression corresponds to the changes in Er
with the electrode potential change. The larger the suppression rate, the more
negative the Er was. The Er observed after cutoff of electrolysis reflects the
situation of copper surface adsorbed by PEG under electrolysis.
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Fig. 2.5 Effect of Polyoxyethylene glycol on potential-current curves for the copper deposition
and dissolution reaction in acid copper sulfate baths in the presence or absence of Cl- ions. PEG
(MW = 20,000); 0.02 g/l-, A Cl- free, B Cl- 2 mM, O: no addition
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To determine the PEG adsorption behavior on copper surface depending on
electrode potential, double-step electrolysis was conducted with two consecutive
plating baths. Figure 2.7 shows the current–time curves measured with the copper
electrode at various set potentials of 0.14, 0.2, and 0.35 V versus SHE in the
second CuSO4 ? H2SO4 bath free of PEG, which had been electrolyzed in the first
CuSO4 ? H2SO4 bath containing PEG and Cl-. With the second bath containing
Cl-, the reaction current at +0.14 V versus SCE increased slowly in the early stage
of the electrolysis, reaching the value with a PEG free bath. At +0.2 V versus SHE,
the current remained constant at a small value specific to the PEG containing bath.
The current at +0.35 V was also maintained at the suppressed value, even though
the current increased gradually with time.

With the Cl- free second bath, PEG has no suppression effect on the reaction
current at +0.14 V versus SHE, while the current at +0.2 V and +0.35 V versus
SHE increased drastically in the early stage of electrolysis and the suppression
effect disappeared.

The changes in curves suggest that PEG molecules adsorb strongly on the
copper surface in the potential range more positive than +0.15 V in the presence of
Cl-, where the reaction (B) Cu ? ,Cuad is kept in a quasi-reversible state. Cu+

ions of the reaction (B) are expected to play an important role in PEG adsorption
on the copper surface.
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Fig. 2.6 Variation of the rest potentials of copper electrode with changing the set potentials in
acid copper sulfate baths containing 0.02 g/l PEG (MW = 20,000) in the presence or absence of
Cl- ions. O no addition, A PEG, B PEG ? Cl- 2 mM
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Similar experiments were conducted in more detail by Kelly et al. [14],
Willey et al. [27], Huerta et al. [28]. Strong suppression of copper deposition was
observed in the presence of Cl- and Cu2+ together and they pointed out that adsorbed
Cl- ions on copper surfaces have high freedom of desorption and adsorption.

2.2.3 Effect of PEG Concentration and Molecular Weight
on Copper Deposition and Dissolution

Figure 2.8 shows the effect of PEG concentration on the copper deposition
and dissolution currents at an electrode potential of ca 0.13 V versus SHE
(g = -160 mV) and 0.35 V versus SHE (g = +60 mV) as a function of PEG
molecular weight, which changed from 200 to 20,000. Regardless of the direction
of the reaction current, currents were suppressed gradually by increasing the
concentration, the higher the molecular weight, the greater the suppression.

Deposition and dissolution currents at a PEG concentration of 0.02 g/l were
plotted against the PEG molecular weight, i.e., polymerization degree, as in
Fig. 2.9. In both cases, the reaction currents measured at g = -160 mV, and
g = +60 mV decreased drastically at the polymerization degree of 7–10, and to
reach the critical minimum values with increasing polymerization degree.

Figure 2.10 shows the rest potentials (Er) of the copper electrode immediately
after cutoff of electrolysis plotted against the polarization current, which were
obtained with copper plating baths containing PEG of various molecular weight

Fig. 2.7 Changes in deposition and dissolution current with time at fixed overpotential in the
second electrolysis for the copper electrolyzed in the first baths in advance
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and in different concentrations. In the case of copper deposition at g = -160 mV,
a linear relationship with a slope of 30 mV/decade between the Er and deposition
current was obtained independent of the molecular weight of PEG. The results
indicate that the polymerization degree and the concentration of PEG do not affect
the copper deposition mechanism, but reduces the Cu2+ activity in the vicinity of
the copper surface. From the most negative value of Er, the Cu2+ activity is
expected to become as small as a hundredth part. In the case of copper dissolution,

Fig. 2.8 Effect of PEG concentration on copper deposition and dissolution current at -160 mV
and +60 mV versus Cu2+/Cu as a function of PEG molecular weight. Mn: 200 (d), 400 (s),
600 (9), 1,000 (4), 2,000 (m), 6,000 (h), 20,000 (j)

Fig. 2.9 Effect of
polymerization degree of
PEG on copper deposition
and dissolution current at
-160 and +60 mV versus
Cu2+/Cu in acid copper
sulfate bath at a given PEG
concentration of 0.02 g/l
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the changes in Er are very small comparing with those observed in copper
deposition. This would be caused by the one-sided flow of reaction species and the
loosely adsorbed PEG film on the copper surface.

Based on the experimental results, the authors developed a hypothesis for current
suppression by PEG in terms of cation seizing by the PEG molecule [7]. That is,
PEG having enough ether oxygen to form a pseudo crown would grasp the copper ions
inside and adsorb on the copper surface electrostatically as a poly-cation, resulting in
suppression of copper deposition and dissolution. Papke et al. [39] had reported that
linear polyether has a helical conformation with a 0.26 nm inside diameter to react
with alkali metals. The molecular model is one where the tunnel is lined with
oxygen atoms with the proper orientation for coordination to cations inside the
helix. Crown ethers had also been found to complex with alkaline cations [40].

2.2.4 Adsorption and Suppression Mechanism

Figure 2.11 shows a PEG adsorption model depending on electrode potential in the
absence and presence of Cl- proposed by the authors. The PEG grasping Cu2+ or
Cu+ ions with the formation of pseudo-crown moieties, positively charged, are
attracted to the copper surface and/or coordinated to the negatively charged
chloride ions adsorbed on the copper surface. In the potential region more positive
than +150 mV versus SHE, where reaction (B) Cu ? ,Cuad is in a reversible
state, Cu+ ions existing in a large amount keep the PEG positively charged by
being wrapped in it. While, in the potential region more negative than the definite
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potential values, the Cu+ in PEG is reduced to Cu in one direction to liberate the
PEG into the electrolyte. In the presence of Cl-, Cu+ ions grasped in PEG moieties
coordinate to Cl- ions on the copper surface, and keep the PEG in the adsorbed
state. Cu2+ ions wrapped in PEG would be reduced to Cu+ by chloride bridging to
the copper surface.

In this model, when the Cl- concentration is less than about 1 mM, too low to
form a Cl- adsorbed monolayer, c (2 9 2) Cl, uneven suppression of copper
deposition is expected [25] resulting in nodule formation [8].

Since then, many researchers have studied PEG adsorption on copper by var-
ious research methods, and presented experimental evidence for the chemical
identity of the adsorbed species and for the PEG adsorption model.

Kang et al. [23] reported no inclusion of C and Cl- in deposits from PEG and
Cl- bath by SIMS analysis. They also observed formation of big pyramidal fea-
tures in deposits by AFM, and stated that deposition occurs under the organic layer
which must float above the growing substrate.

Kelly et al. [14, 15], who studied the adsorption behavior of PEGs in the
presence of Cl- by LSV, QCM, and EIS measurements, reported that adsorbed
PEG forms nearly a monolayer in the presence of chloride ions, and competes for
adsorption sites with Cu2+ ions on the copper surface. Further the introduction of
PEG and C1- does not necessitate modifying kinetic parameters from values
observed in the presence of Cl- alone.

For the hypothesis of ‘‘pseudo-crown ether complex’’ grasping Cu+ ions inside
the ring, Stoychev et al. [9] studied the interaction of poly (ethylene glycol)

-0.3 -0.2 -0.1 0

η V vs. Cu2+/Cu

Cl- present

Cl- free

-0.15

Fig. 2.11 Mechanism of PEG adsorption on copper surface changing with the electrode potential
in the absence and presence of Cl- in acid copper sulfate bath
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Mn = 3000 with Cu+ and Cu2+ ions in aqueous-acidic media by measuring
specific electrical conductivity, optical density, and the cyclic voltammetric
curves in Cu+ and Cu2+ solutions, and suggested the formation of complexes of
the {Cu ? (–EO–)3�(x - 1)H2O} and {Cu2+(–EO–)4�(y - 1)(H2O)2} types. In
view of the considerable differences in the conformation interactions of PEG units
in water and nonwater media, they considered another scheme suggested by
Suryanarayana et al. [40] According to which, the copper ion coordinates just a
single oxygen atom of the PEG unit, while the remaining coordinations are
occupied by already situated water molecules. The stoichiometry –EO–/Cu+ = 3
and –EO–/Cu2+ = 4 indicates the –EO– segment length including both the
EO-unit coordinated with Cu ions, and its neighbors.

The form and the structure of the ethylene oxide units are strongly influenced
by the nature of the solvent [39], and the pseudo-crown helix structures formed
between PEG and alkaline metals are established in nonaqueous media and in the
solid phase [41]. However, high coordination numbers are not typically found in
aqueous Cu(I) chemistry. So, the complete pseudo-crown grasping Cu ions inside
the ring proposed by the authors might be unlikely to exist in the plating solution.

Noma et al. [42] detected Cu+-PEG complexes with different chain lengths
of n PEG segments from n = 4 to 43 in a copper plating solution in factory operation
using Matrix-Assisted Laser Desorption/Ionization-Mass Spectroscopy (MALDI-MS)
and showed that Cu+ ions exist in the solution as small complexes and large complexes
with PEG. And the latter ones are more stable than the former ones to prevent
chelating reactions of Cu+ with BCS (Bathocuroinedisulfonic acid disodium salt).

Further, Feng et al. [22] examined PEG complexes on copper surfaces in an
acidic solution containing PEG and Cl- by Surface enhanced Raman spectroscopy
(SERS) measurements, and confirmed the formation of a PEG–Cu–Cl species
at the surface. On the basis of the spectroscopic data, two models of a three-
coordinated Cu center associated with two oxygen atoms one chloride ligand are
constructed with the help of calculations as shown in Fig. 2.12.
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Fig. 2.12 Structural Model
of PEG-Cu+–Cl- complex
with reference to the model
by Feng et al. [22]. Cu+ ion is
associated with two ether
oxygen atoms and one Cl-

ion adsorbed on copper
surface
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As stated above, the existence of PEG-Cu+ complexes in the solution and
adsorbed PEG–Cu+–Cl- on copper surfaces are deduced from the electrochemical
behavior of copper deposition and dissolution reactions, changes in electric con-
ductivity and optical density of the solution, SERS, QCM measurements, and etc.
Kondo et al. [18, 19] directly observed PEG adsorbed on copper electrodeposit by
scanning electron microscopy (SEM) as shown in Fig. 2.13. The SEM images
show the PEG molecules of about 30 nm in diameter absorbed preferentially at the
edges of copper macrosteps and inhibiting the lateral growth of copper electro-
deposits [16, 42]. The direct observation is a significant result, even though those
images were not obtained in situ observation in the plating solution. Jin et al. [17]
further investigated the dissolution/deposition of the intermediate complex of
copper (PEG–Cu+) by detecting the simultaneous mass change of the electrode
during cyclic voltammetric (CV) measurement by using EQCM. They observed
two current peaks in the CV curves corresponding to the mass changes, illustrating
the generation and consumption of intermediate complex PEG–Cu+–Cl- on the
copper electrode. Mass changes depending on the electrode potential are shown in
Fig. 2.14.

Fig. 2.13 Field-emission
SEM micrograph of the
deposited copper surface.
Additives are Cl- and PEG.
(by Kondo et al. [18])

Fig. 2.14 Measured and
calculated (n = 2, reaction
Cu/Cu2+) voltmassogram
obtained at sweep rate
10 mV/s. in CuSO4

+H2SO4 ? PEG ? HCl
electrolyte. (by Jin et al. [20])
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2.2.5 PEG Adsorption on Coinage Metals

PEG form PEG-Cu+ complex and adsorb on copper surface in the presence of Cl-.
However, PEG can adsorb on copper surfaces without Cu+ ions as long as Cl- ions
are present in the solution.

Walker et al. [24] examined the adsorption of PEG and Cl- on polycrystalline
Cu, Ag, and Au electrodes in the solution of 1.8 M H2SO4 ? 88 lM
PEG3400 ? 1 mM Cl- by in-situ Ellipsometry. They found that PEG adsorption
is clearly evident at potentials near or positive of the pzc for all metals only in the
presence of Cl-. The thicknesses of the adsorbed PEGs are reported to be 1.30 nm
at 0.35 V and 1.21 nm at 0.5 V for Au, 1.6 nm at 0.5 V for Ag, and 0.98 nm at
0 V and 0.85 nm at -0.2 V for Cu. The potential of zero charge (pzc) of Au, Ag,
and Cu is 0.25 V, -0.68 V, and -0.35 V, respectively. All the potentials are
referred to SHE. They concluded that the presence of Cl- is a necessary and
sufficient condition for PEG adsorption, and univalent ions such as Cu+ and Ag+

are unnecessary.
Kelly et al. [14] also confirmed PEG adsorption on Au and Cu in 0.24 M Cu2+

+1.8 M H2SO4 solution by QCM measurement. Doblhofer et al. [21] further
demonstrated CuCl formation and dissolution in acid copper sulfate solution with a
Cl- concentration of more than 2 mM by EQCM measurement, and showed that
the inhibiting layer forms by reaction between the adsorbate-covered copper
electrode and PEG. Neither Cu+ nor Cu2+ from the electrolyte are required.
Jin et al. [20], by using AFM, confirmed PEG adsorbed in a flat-cone shape with a
bottom radius of 15–25 nm and a height of 2–4 nm on polished Cu surfaces after
being dipped into the solution of H2SO4 ? PEG ? HCl at -0.01 V versus SHE
for 2000s, as shown in Fig. 2.15.

It has been shown that univalent metal ions, Cu+, are not necessary for PEG
adsorption on copper surface, by QCM measurement, Ellipsometric study, and
etc., as stated above. However, Huerta et al. [28] obtained interesting results about

Fig. 2.15 AFM top view image and section analysis of polished Cu surface after being dipped
into H2SO4 ? PEG ? HCl at -0.01 V versus SHE for 2000s. (by Jin et al. [20])
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the character of the adsorption films formed on copper surfaces by conducting
systematic double-step electrolysis with two consecutive plating baths. They found
that PEG can adsorb in the presence of Cl- in a Cu2+-free solution, but does not
strongly inhibit deposition when subsequently immersed in a CuSO4 solution.
Only when Cl- and PEGs are present in the solution where Cu2+ is being reduced
is strong inhibition observed.

The film adsorbed on copper surfaces in the solution without Cu2+ would be
evidently different in structure from the film formed during copper deposition.
PEG is expected to be positively charged by H+ ions in acid solution, and adsorbed
on negatively charged copper surface by Cl- adsorption.
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Chapter 3
Acceleration Effect

Dale P. Barkey

3.1 Introduction

Fabrication of microscale and nanoscale structures can be implemented by electro-
deposition of copper onto conductive templates that contain recesses in form of the
desired structure. The current distribution that results from deposition from a simple
acid copper solution is concentrated near the upper corners of recesses and results in
incomplete filling, formation of voids, and a substantial overburden of nonfunctional
material. In industrial practice, effective filling of features such as trenches and vias
by copper electrodeposition relies on additive ensembles that promote bottom-up
filling, uniform current macrodistribution and minimal overburden.

The components of these additive systems include suppressors, accelerants, and
levelers. Suppressors and levelers both inhibit electrodeposition. For our purposes,
a suppressor is an inhibitor that can be deactivated by an accelerant. Suppressors
include polyalkyl glycols (PAG) such as polyethylene glycol (PEG). They are
weakly adsorbed on the surface in combination with chloride and are not con-
sumed or chemically transformed on the metal surface. Levelers, such as Janus
Green B, are inhibitors that are not deactivated by accelerants. They are strongly
adsorbed and are consumed on the metal surface. Filling of microscale and
nanoscale features is achieved through one of two broad categories of mechanism
[1]. One of these is the diffusion-limited consumption of leveler. This mechanism
has been understood for decades and is the basis for leveling on many different
physical scales. Since it does not involve an accelerant, it will not be considered
further. The other mechanism relies on the combination of suppressor and accel-
erant. In this latter type of mechanism, the accelerant is concentrated at the bottom
of features and deactivates or excludes the suppressor there. Accelerants have been
postulated to lift or displace adsorbed suppressors from the surface and restore the
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higher rate of deposition observed on the suppressor-free surface. While the
application considered here is the filling of trenches, vias, or other substrate fea-
tures that act as templates for fabrication of microscale and nanoscale structures,
the principle is the same as that which produces bright deposits in more con-
ventional plating, and the accelerant is sometimes referred to as a brightener.

While many suppressors and levelers can be found in the literature, few
effective accelerants are known. In the open literature, most reports concern
bis(3-sulfopropyl) disulfide (SPS) or its reduced monomer, 3-mercaptopropyl-
sulfonate (MPS) (see, Fig. 3.1). The solution and surface chemistries of this
compound in acid-sulfate copper-plating solutions are more complicated than
those of either suppressors or levelers. Both the sulfate functional group and the
sulfur–sulfur bond (in SPS) or thiolate (formed by MPS) appear to play critical
roles in the accelerant mechanism. In contrast to suppressors, these molecules are
consumed at a high rate in plating operations, and the rate of consumption is
sensitive to the cell configuration and applied current waveform.

What follows is a review of chemical and electrochemical studies of these
accelerant compounds as well as mechanistic models of their role in filling pro-
cesses. We begin with a consideration of the homogeneous solution chemistry of
SPS and MPS and their interactions with other components of the bath. These
interactions include transformations of the molecules into the effective accelerant
as well as their degradation and deactivation. We then turn to their adsorption on
copper and to the effect of applied potential on their surface chemistry. Finally, we
consider the models that have been proposed to describe the role played by ac-
celerants in the filling of features on various spatial and temporal scales.

Fig. 3.1 The SPS and MPS molecules, shown here as sodium salts. Reproduced with permission
from Garcia-Cardona et al. [9], their Fig. 3.1
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3.2 Solution Chemistry

SPS and MPS are added in parts per million (ppm) concentrations to acid-sulfate
copper plating baths. These baths also contain chloride in concentrations in the
tens of ppm range. Chloride is known to play a role in both copper deposition and
in the function of the accelerant. There is considerable evidence that Cu(I)
interacts with SPS and MPS as well. An important feature of acid-sulfate copper
plating baths is the fact that the reduction potential of Cu(I) is substantially
positive of the reduction potential of Cu(II), the main form of copper in solution.
In equilibrium with the metal, the concentration of Cu(I) is therefore much lower
than the concentration of Cu(II). Moreover, in practical plating operations, the
metal and solution are not in equilibrium at open circuit. Dissolved oxygen oxi-
dizes Cu(I) to Cu(II), so that the bulk aerated solution contains a concentration of
Cu(I) that is lower than the equilibrium value. Under this condition, the metal
corrodes by proportionation,

CuðIIÞ þ Cu ¼ 2CuðIÞ ð3:1Þ

and Cu(I) is generated at the metal-solution interface. Chloride, on the other hand,
stabilizes Cu(I) through formation of CuCl and CuCl2

-. For these reasons, the
interactions in solution among SPS, MPS, Cu(I), chloride, and oxygen are of
interest.

The role of chloride in accelerant function was demonstrated by Tan et al. [2].
They conducted galvanostatic copper deposition experiments and showed that, in
the absence of chloride ion, either SPS or MPS added to the plating solution
inhibited copper deposition. Upon the addition of Cl-, a transition from inhibition
to acceleration was observed for both additives. They also found that the effec-
tiveness of SPS is more dependent on potential than that of MPS, an observation
that would suggest a role for faradaic reduction of SPS to MPS.

In the presence of cuprous chloride, both SPS and MPS appear to form com-
plexes with Cu(I), and it has been proposed by a number of investigators that one
of these complexes is the effective accelerant. Reduction of SPS to MPS is
probably a key initial step in the process, and Vereecken et al. presented rotating
ring-disk data indicating that this reduction takes place by homogeneous reaction
of SPS with Cu(I) rather than by an interfacial faradaic process [1].

2CuðIÞ þ SPSþ 2Hþ ¼ 2CuðIIÞ þ 2MPS ð3:2Þ

They point out that in a aerated solution, significant amounts of Cu(I) appear
only near the copper metal. As a result, the effective accelerant is formed there and
not elsewhere in the plating cell.

The reduction of SPS to MPS can also be driven by the deliberate inclusion of
another reducing agent in place of Cu(I). So, for example, Volov and West showed
that the ferrous/ferric couple can reduce SPS to MPS and hence increase accelerant
efficiency [2].
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2FeðIIÞ þ SPSþ 2Hþ ¼ 2FeðIIIÞ þ 2MPS ð3:3Þ

A number of investigators have presented evidence for formation of Cu(I)
thiolates by reaction of copper ions with SPS or MPS. Healy et al. found that SPS
forms a Cu(I) thiolate and that Cu(II) and MPS react to form a Cu(I) thiolate [3].
They suggested the mechanism

4CuðIÞ þ SPS ¼ 2CuðIIÞ þ 2CuðIÞthiolate ð3:4Þ

Survila et al. proposed the mechanism,

2CuðIIÞ þ 4MPS ¼ 2CuðIÞthiolateþ SPSþ 4Hþ ð3:5Þ

and they determined an equilibrium K1 of 103.3 for this reaction [4]. Frank and
Bard observed a Cu(I)-MPS thiolate by UV–visible spectroscopy and electron
paramagnetic resonance spectroscopy [5]. Pasquale et al. reported reaction of
Cu(II) with MPS to produce a Cu(I) thiolate product that they confirmed by UV–
visible spectroscopy [6]. Okubo, Watanabe, and Kondo, based on rotating ring-
disk electrode experiments, suggested formation of two distinct Cu(I)-additive
complexes, one from MPS (CuCl-thiolate), the other from SPS [7]. Chen et al.,
based on electrochemical impedance spectroscopy and linear sweep voltammetry
experiments, proposed the formation of a CuCl-MPS complex [8]. Garcia-Cardona
et al. used NMR to study reactions of SPS and MPS with Cu(I) and Cu(II)
chlorides [9]. In addition to Reaction (3.5), they considered two additional
reactions.

4Cu Ið Þ þ SPS ¼ 2Cu IIð Þ þ 2CuðIÞthiolate ð3:6Þ

Cu Ið Þ þ nMPS ¼ Cu(I)thiolaten½ � n�1ð ÞþnHþ ð3:7Þ

They found that SPS reacts directly with CuCl to give a Cu(I) thiolate product
and Cu(II) with an equilibrium constant K2 of 5.2 9 10-3 M-1. No evidence for
formation of a Cu(I)-SPS or CuCl-SPS complex was found.

Thiolates are not the only products reported in interactions of SPS and copper
species. Frank and Bard reported a SPS-Cu(I) complex which retained the disulfide
bond, suggesting a sulfonate complex [5]. Schultz and coworkers also proposed
formation of a CuCl-SPS complex with sulfonate coordination based on vibra-
tional spectroscopic as well as mass spectral data and density functional theory
calculations (see Fig. 3.2) [10]. Tan et al. hypothesized that a MPS thiol acts as an
inhibitor while the accelerant effect is due to the MPS sulfonate group [11].

The accelerant function of SPS is known to be affected by aging of the plating
solution. Aging may have both positive and negative effects on the accelerant. In
commercial plating of interconnects onto wafers, for instance, plating baths may
be preconditioned by deposition onto dummy wafers. Depletion of accelerant in
plating operations is often a significant factor and may be particularly rapid in
pulse-reverse deposition or in the presence of partially submerged anodes. Pulse-
reverse plating may completely exhaust the plating bath after just one wafer. At the
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same time, some transformation of the accelerant additive is essential. Hence, the
consumption of accelerant may be integral to its operation or it may result from
extraneous processes that could be eliminated through careful design.

A possible pathway for decomposition of SPS to propane disulfonic acid (PDS)
is oxidation at the disulfide S–S bond by molecular oxygen or reactive oxygen
species.

HO3S--C3H6--S--S--C3H6--SO3Hþ 0:5 O2

¼ [ HO3S--C3H6--SO--S--C3H6--SO3H ð3:8Þ

HO3S--C3H6--SO--S--C3H6--SO3Hþ 0:5 O2

¼ [ HO3S--C3H6--SO2--S--C3H6--SO3H ð3:9Þ

HO3S--C3H6--SO2--S--C3H6--SO3H + O2

¼ [ H--C3H6--SO2--SO2--C3H6--SO3H ð3:10Þ

HO3S--C3H6--SO2--SO2--C3H6--SO3Hþ 0:5 O2 þ H2O
¼ [ 4HO3S--C3H6--SO3H ð3:11Þ

Fig. 3.2 Sulfonate-CuCl
complex structure proposed
by Schulz et al. Reproduced
with permission from Schulz
et al. [10]
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A heterogeneous faradaic process can also be considered.

HO3S--C3H6--S--S--C3H6--SO3Hþ 2H2O
¼ [ HO3S--C3H6--SO2--S--C3H6--SO3Hþ 4Hþ þ 4e� ð3:12Þ

HO3S--C3H6--SO2--S--C3H6--SO3Hþ 4H2O
¼ [ 2HO3S--C3H6--SO3H + 6Hþ þ 6e� ð3:13Þ

Hung et al. investigated the products of SPS oxidation in plating solutions by
mass spectroscopy [12]. They observed that PDS was the main product of SPS
decomposition. Using ion chromatography and electrospray ionization mass
spectroscopy, Brennan et al. found that PDS is the most prevalent impurity in
commercial SPS and that it is a product of the oxidation of SPS [13]. However,
they observed that SPS is stable in air-saturated solution except in the presence of
Cu(I). This result is consistent with the fact that Cu(I) is a good catalyst for
generation of reactive oxygen species in solution. Gabrielli et al. investigated the
influence of soluble and insoluble anodes on accelerant performance. They found
that degradation of SPS is more rapid at insoluble anodes due to their higher
surface overpotential [14]. Lee et al. also examined the effects of current density
and anodic processes of the decomposition of SPS to PDS in plating solutions [15].

3.3 Surface Processes

The presumed mechanism by which the accelerant reactivates a surface that has
been inhibited by a suppressor is through removal of the suppressor from the
surface either by displacement (competitive adsorption) or by disruption of the
suppressor-surface bond. Hence, the affinity of SPS, MPS, or their complexes for
adsorption onto the copper surface is central to an understanding of the accelerant
mechanism. Tan et al. studied the PEG/Cl-/SPS system by transient electro-
chemical methods including voltammetry and accelerant injection [11, 16]. They
concluded that the filling effect depends on both a competitive adsorption mech-
anism as well as consumption of accelerant on the surface. They also found that
the presence of chloride is required for strong adsorption of the accelerant. Basol
and West used a plating cell equipped with sweeping pad to demonstrate inhibition
by adsorbed inhibitor followed by reactivation by the accelerant [17]. Each sweep
disproportionately removed the accelerant while leaving a relatively large amount
of suppressor on the surface. Within a characteristic time, the accelerant re-
adsorbed and restored a higher deposition rate. Bozzini et al. found evidence by
Raman spectroscopy for adsorption of SPS in the presence of chloride [18].
Walker et al. found evidence of MPS and SPS adsorption by spectroscopic el-
lipsometry [19]. Both Taubert et al. [20] and Tu et al. [21] observed similar
adsorption by STM. Pasquale reported an adsorbed SPS-Cu species by Raman and
IR spectroscopy [6]. Kinetics of suppressor displacement were measured for
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several suppressors by Willey and West with a microfluidic cell [22]. By contrast
Bae and Gewirth, using cyclic voltammetry, capacitance, and electrochemical
scanning tunneling microscopy, concluded that neither SPS nor MPS was strongly
adsorbed even in the presence of chloride [23].Walker et al. found that at lower
negative overpotential, adsorption of MPS is slower and less potential-dependent
than is adsorption of SPS [24]. At higher overpotential the adsorption rate of SPS
is more comparable to that of MPS and this is reflected in the potential dependence
of the SPS accelerant effect.

Broekmann’s group has proposed a detailed mechanism of accelerant action
that entails adsorption and dissociation of SPS to MPS followed by deactivation of
the suppressor. [25–27] Their data indicate that suppression is due to formation of
a branched polymeric complex with Cu(I) on top of a halide adlayer (see Fig. 3.3).
This complex is broken up and dissolved by MPS which competes with the
complex for Cu(I). Under this hypothesis, the accelerant is generated on the sur-
face, and its generation is promoted by the copper deposition reaction. MPS
accumulates on the surface and prevents the formation of the suppressor complex
through rupture of the surface-suppressor coordination bond. At the same time,
free MPS in the near surface solution may dissolve the suppressor complex
through competition for Cu(I). This latter mechanism involves a free MPS ac-
celerant that is not adsorbed.

3.4 Filling Mechanism

The literature presents two types of models to account for filling by suppressor-
accelerant additive ensembles. The first is based on concentration of surface-
confined accelerant by elimination of surface area during growth in recesses (see
Fig. 3.4) [28, 29]. This model was developed to simulate filling of submicron
features on short time scales. The second type of model is based on a favorable
distribution of suppressor and accelerant within a feature that is a result of both
mass transfer and competitive adsorption. It was developed to account for filling of
larger features, such as through-silicon vias (TSV) over much longer periods of
time (see Fig. 3.5) [30–33]. This latter type may incorporate features of both
mechanisms [33]. However, bottom-up filling in features of this scale has been
demonstrated in the absence of curvature [34, 35]. In addition, some attention has
been given to the effect of a transport-limited oxidizer [36, 37].

Moffat et al. introduced a model based on local accumulation of accelerant on
the surface [28]. The increase in local surface concentration is due to the decrease
in surface area during growth on a concave surface. This model provides a
mechanism for bottom-up fill in submicrometer trenches (see Fig. 3.6). In an
initially square trench, the points of highest curvature, and hence most rapid
acceleration in growth rate, are the bottom corners. As these fill in, the maximum
curvature shifts toward the bottom of the trench. Hence, after a short time, the
highest deposition rate prevails at the bottom, resulting in bottom-up fill.

3 Acceleration Effect 51



The mechanism also accounts for the lag between the beginning of deposition and
the onset of bottom-up fill, since the accelerant is only concentrated at points of
high curvature after some shape change has occurred. Finally, it accounts for the
overburden or bump above the filled trench. Bump formation is driven by the fact
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that the high concentration of accelerant at the bottom of the feature carries over to
the wafer plane after the feature is filled.

West, Mayer, and Reid independently formulated a similar model at the same
time [29]. They also emphasized that the model provides a mechanism for bottom-
up fill and accounts for bump formation after feature filling. Their discussion
addresses the fact that this type of model introduces dynamic surface phenomena
into leveling models that had previously considered only bulk transport. Both
groups showed that hysteretic cyclic voltammetry curves, in which the current on a
return sweep is higher than current on a cathodic sweep, is a characteristic of super
filling plating baths (see Fig. 3.7). This hysteresis is the result of reactivation of the
suppressed surface by adsorbed accelerant.

Akolkar and Landau presented a suppressor-accelerant model that emphasizes
time-dependent transport of additives coupled with adsorption in filling of larger

Fig. 3.5 Schematic of superfilling based on the transport model. Reproduced with permission
from Adolf and Landau [33] (their Fig. 3.1)
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scale features such as through-silicon vias (see Fig. 3.5) [31, 32]. This model
includes the instantaneous initial depletion of suppressor within the via by
kinetically fast adsorption on the side walls and bottom, followed by diffusion of
suppressor from the via exterior to the via bottom. The slow transport of sup-
pressor is due to both its relative low diffusivity compared with the accelerant and
to the fact that its transport down the via is hindered by adsorption on the via
sidewalls. Adsorption of the accelerant by contrast is not transport limited. Rather
its rate is controlled by adsorption kinetics. Bottom-up filling is thus promoted by
two distinct competitions between suppressor and accelerant. The first is adsorp-
tion of accelerant near the via bottom where the suppressor concentration is low,
preventing suppressor adsorption. The second is adsorptive displacement of sup-
pressor by accelerant further up the via at longer times. Each of these steps is
characterized by a time constant. The mechanism is effective in high aspect ratio
vias where the initial depletion of suppressor is rapid.

Transient bulk-diffusion phenomena are most important in filling of large
features because the dimensions of these features produce sufficiently long diffu-
sion times. In filling of submicrometer features, bulk diffusion reaches a steady
state before the onset of bottom-up filling. The transport-diffusion model on larger
scales does not require curvature to predict bottom-up fill. This fact has been
demonstrated experimentally by Kondo and coworkers deposition into holes in

Fig. 3.6 Simulations of trench filling by the surface-contraction model. a Reproduced with
permission from Moffat et al. [28], their Fig. 3.2 and b Reproduced with permission from West
et al. [29], their Fig. 3.1
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insulating masks on copper foil [34, 35]. In this configuration, the problem is
nearly one dimensional, and the growing surface remains flat throughout. Yet,
thicker masks result in more rapid growth. The result can be understood by
application of the transport-adsorption mechanism, although it differs in some
detail due to the absence of side walls, and the more rapid diffusion of accelerant
compared with that of suppressor is consistent with the experimental observation
in these experiments. (see Fig. 3.8). As in TSV filling, the suppressor is adsorbed
at a rate controlled by diffusion to the via bottom. The accelerant wins the race to
the via bottom because of its higher diffusion constant and eventually displaces the
suppressor altogether.

The effects of competitive diffusion phenomena, where the accelerant arrives
more rapidly at a feature bottom than does the suppressor, can be amplified by
addition of oxidizers to the bulk solution (see Fig. 3.8). Examples include ozone
[36] and oxygen [37]. Because formation of the effective accelerant proceeds
through reduction of SPS to MPS by Cu(I), an oxidizing environment can inhibit
accelerant production either by oxidation of MPS or oxidation of Cu(I). In this
instance, it is the diffusion limitation on the oxidizer that promotes filling. The
oxidizer deactivates the accelerant near the tops of features. Because it is con-
sumed in the process, it does not penetrate deeply into the via and cannot deac-
tivate the accelerant near the bottom of features. This effect appears to connect the
various filling models with the accelerant chemistry because the oxidizers act by
destruction of the Cu(I)thiolate.

Fig. 3.7 Hysteresis loop a Reproduced with permission from Moffat et al. [28], their Fig. 3.2
and b Reproduced with permission from West et al. [29], their Fig. 3.1
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The formation of cuprous is a crucial intermediate and the cuprous intermediate
is always produced during the electrodepositon process.

Cu2þ þ e��
k1

k�1

Cuþ ð3:14Þ

Cu2þ þ e��
k2

k�1

Cuþ ð3:15Þ

These reactions are reversible processes. The reaction constant k1 for the cupric
ions to cuprous ions is 2x10-4 mol�m-2s-1and k-1 for the cuprous to cupric ions is
8910-3 mol�m-2s-1. k2 for the cuprous ions to metallic copper is 130 mol�m-2s-1

and k-2 for the metallic copper to cuprous ions is 3.9x10-7 mol�m-2s-1. Large
value of k2 for 130 mol.m-2s-1 means that once the cuprous ions is formed, the
reaction to reduce it to metallic copper is extremely rapid [38]. Furthermore, the
cuprous ions are transparent and odorless. Hence it is extremely difficult to detect
the cuprous ions and accordingly few studies exist which are related to the
acceleration effect of cuprous ions.

On the other hand, a rotating ring disk electrode (RRDE) has been used to
detect the cuprous ions. The cuprous ions detected at the ring of the RRDE is 1,000
times higher for the copper dissolution, if it is compared to the cuprous ions for the
electrodeposition [39]. Hence, we formed a large amount of cuprous ions within
the confined area of the trench in the trench bottom electrodes and experimentally
verify the relation between the cuprous ions and acceleration. The trench bottom
electrodes have been photo-lithographed on the copper foil with OFPR-800-
(Tokyo-oka) photoresist. The trench widths are 3, 5, and 10 lm.

This work is from Kondo and coworker’s recent researches [40, 41]. The effect
of the O2 bubbling and N2 bubbling has been initially tested in the nonstirred bath.
The bath consists of the basic bath and 1ppm SPS, 400 ppm PEG and 50 ppm Cl-.
Prior to the LSVs, the cuprous ions were formed by dissolving the copper electrode
at the trench bottom for 12s at 10 mA/cm2. Figure 3.9a shows the LSV result with
N2 bubbling. The potential and current density are illustrated for the trench bottom
electrode widths of 3, 5, and 10 lms. Drastic increases in the current densities due
to the acceleration effect are observed and the current density increased up to

Fig. 3.8 Schematic of super
filling based on the free
accelerant model with
oxidative destruction of
accelerant. Reproduced with
permission from Kondo
et al. [35]
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-40 mA/cm2 for the 3 lm trench bottom electrode width at -0.05V vs. SCE.
Furthermore, the current densities increase with the narrower trench bottom elec-
trode width. On the contrary, the currents show a very low value of -1.0mA/cm2 for
the LSV result with O2 bubbling Fig. 3.9b. The current densities are same with the
trench bottom electrode widths of 3, 5, and 10 lms. The drastic difference in the
current densities with the O2 gas concentration in the electrolyte must be caused by
the cuprous complex formed in the trench of the trench bottom electrode. The
increase in the current densities for the narrower trench of the trench bottom elec-
trode must be caused by the accumulation of a cuprous complex in the trench.

In order to prove that this cuprous complex is free, floating in the electrolyte,
and not adsorbing on the electrode, forced convection has been applied by the
stirrer at 600 rpm. The current densities have been then measured by LSV by
initially dissolving the copper electrode at the trench bottom. The LSV mea-
surements are shown in Fig. 3.10a. The current densities decrease to a few mA/cm2

and almost no difference in the current densities for the trench widths of 3, 5, and
10 lm. The acceleration effect has deceased. This is because the free cuprous
complex flows out of the trenches due to the stirring at 600 rpm.

Fig. 3.9 a Result of LSV measurements with N2 bubbling. b Result of LSV measurements with
O2 bubbling. SPS:1 ppm, Cl-:50 ppm, PEG:400 ppm

Fig. 3.10 a Result of LSV measurements with N2.Stirring rate of stirrer is 600 rpm. SPS:1 ppm,
Cl-:50 ppm, PEG:400 ppm.b Result of LSV measurements with N2 bubbling. Cl-:50 ppm
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Next, in order to investigate the cuprous ions and the additives, we have
eliminated the additives and the LSVs have been measured. We then have elim-
inated PEG and SPS and only the Cl- has added. The current shows a marked
increase for -70mA/cm2 for 3 lm at -0.05V vs. SCE Fig. 3.10b. The narrower
the trench is the current densities increase. Cl- is an important additive for the
acceleration, and the acceleration must be related to the free cuprous complex and
electron bridge formation of Cl- [42], which may be enlarging reaction constant of
k1 in eq. (1) through the electron bridge formation.

Without dissolving copper at the trench bottom electrodes, the current densities
have been measured at the constant potential of -0.15V vs. SCE. This is because
we want to prove that the cuprous forming through the electrodeposition process
is an accelerator. With O2 bubbling, the current densities are low values of about
1.0 mA/cm2. However, the current densities markedly increase with the N2 bub-
bling. With the narrower trenches, the current densities increase and -23mA/cm2

has been measured for the 3 lm trench width. These constant potential mea-
surements without dissolving the copper electrode also show that the free cuprous
complex formed through electrodeposition is the accelerant.

3.5 Summary

Investigations over the last two decades have produced considerable insight into
the nature and mechanism of copper-plating accelerants. Nevertheless, there
remain disagreements and uncertainties over the configuration of the accelerant
and its mechanism of action. It appears that there are substantial constraints on the
molecular structure of accelerants, and as a result suitable molecules are few. This
review has focused on SPS/MPS. The mechanism of action of the accelerant SPS/
MPS is complicated in comparison to that of suppressors and levelers. It involves
reversible transformations of the additive through interactions with at least two
other species in solution and with the metal. Chloride is essential to formation of
the accelerant complex. In addition, Cu(I) must be present or be formed at the
metal-solution interface as well. The transformations among SPS, MPS, and ac-
celerant complex are probably reversible and may run through a cycle. In addition,
there are irreversible transformations that may take place in the presence of oxi-
dizers or at the anode, and these can result in rapid consumption of the accelerant
in practical operations.

The most widely held view is that SPS/MPS forms a Cu(I) thiolate that deac-
tivates suppressors such as PEG, although it is not settled whether the complex is
formed in solution or on the metal surface. Deactivation of the suppressor may
proceed by competitive adsorption and displacement or by disruption of the
suppressor-surface bond either by a free accelerant or an adsorbed accelerant. It is
possible that either mechanism may be important depending on the character of the
suppressor, and the literature demonstrates that the interaction between suppressor
and accelerant is complicated, involving complexes of both components with
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Cu(I) and Cl-. The mechanism by which suppressor-accelerant combinations
produce filling is complicated as well. The role of accelerants in filling may be
controlled by surface processes or by bulk-diffusion processes depending on the
feature scale and filling time. Their effectiveness may also be enhanced by the use
of reducing agents.

This review has highlighted a relatively small part of the literature. The number
of publications on the topic is large. More attention has been paid to solution
chemistry and to accelerant-suppressor interactions and less to the very large
literature on super filling. These topics are addressed in detail elsewhere in this
volume.
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Chapter 4
Modeling and Simulation

Yutaka Kaneko

This chapter is devoted to recent developments in mathematical modeling and
computer simulation of copper electrodeposition. We focus our attention on
continuum models and kinetic Monte Carlo simulations for shape evolution and
the effects of additives on copper deposition, especially the filling of small features
in microelectronics. The modeling, mathematical treatments, and simulation
results are reviewed with brief summaries of efficient numerical algorithms. Fast
computing and prospects of simulation research are also discussed.

4.1 Introduction

Copper electrodeposition has attracted a great deal of attention since IBM
announced the replacement of conventional vapor deposition of aluminum with
copper electrodeposition for the production of LSI interconnects [1]. The dual
damascene process is now a central technique for the fabrication of three-
dimensional (3D) LSI circuits. An important requirement for the success of this
process is the capacity to fill submicron features such as via holes and trenches
completely without voids or seams. This process is called ‘‘superfilling’’ or ‘‘su-
perconformal filling.’’ It has been found experimentally that superfilling is
achieved by the synergistic effects of different kinds of additives, and the optimal
deposition conditions have been explored.

Mathematical modeling and numerical simulations are indispensable means of
research to understand the underlying chemistry from a microscopic point of view
and to determine the optimal conditions for practical applications. There are two
types of modeling for copper electrodeposition. The first type is based on
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‘‘continuum models’’ in which the physical quantities are expressed in terms of
continuous variables. The basic equations are partial differential equations. The
second type is ‘‘molecular simulation’’ such as Monte Carlo (MC) and molecular
dynamics (MD) computations in which ions and molecules are treated as particles.
In this chapter, we overview the recent developments of these two types of sim-
ulation for copper electrodeposition to understand the present status of
sophistication.

This chapter is organized as follows. The next section is the brief review of the
numerical simulations based on continuum models. Section 4.2.1 is devoted to the
mathematical models for superfilling. The basic ideas and mathematical formulas
of the diffusion-consumption theory [1–5], the recent theory of curvature enhanced
accelerator coverage [6–14], and the theory based on time-dependent transport [15,
16] are described. We then review the nucleation theory in terms of the continuum
equations in Sect. 4.2.2. Diffusion-limited [17–22] and kinetically limited [23, 24]
nucleation and growth are discussed. The fluid mechanical approach to copper
electrodeposition is presented in Sect. 4.2.3 for the example of copper bump
formation in microelectronics [25–32].

Since the size of recent LSI chips is as small as nanoscale, molecular simula-
tions are important tools for microscopic analyses. The kinetic Monte Carlo
(KMC) simulation is a promising technique with a wide range of applications. We
discuss the KMC simulation and multiscale modeling in Sects. 4.3 and 4.4. The
basic concept of the KMC method, the combination of the KMC method and
continuum models, the multiscale modeling, and application to 3D device fabri-
cation are presented [33–50]. Further developments of fast computing are dis-
cussed in Sect. 4.5 [51–56]. A summary and a brief comment on MD simulation
[57, 58] are given in Sect. 4.6.

Since the purpose of the present article is to describe the mathematical
frameworks and numerical methods, the parameter-setting in individual models is
not stated although it is an important step in performing the simulations. We refer
to the literature for setting parameters. Some details of the numerical algorithms
which are important for simulation are summarized in Appendices.

Since this chapter is a review of more than 50 articles, some of the nomen-
clatures of variables and formulas are different from those in the original articles.

4.2 Mathematical Models for Copper Electrodeposition

The conventional mathematical models of electrodeposition are essentially
boundary problems of the Laplace equation for current distribution and the dif-
fusion equation for mass transport in solution. The deposition reactions and
additive effects are incorporated in the boundary conditions. Since the electrode
surface moves toward the solution as a result of electrodeposition, the technique to
track the moving boundary is required for numerical calculations. In this section,
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we overview the mathematical models for copper electrodeposition based on
continuum models.

4.2.1 Mathematical Models for Superfilling

The success of the damascene process has accelerated the theoretical approach to
copper electrodeposition. It has been shown experimentally that void-free filling of
high-aspect ratio via holes and trenches can be obtained by the combination of
suppressors (polyethylene glycol, PEG), halide ions (Cl�), accelerators (bis
3-sulfopropyl disulfide, SPS), and levelers (Janus Green B, etc.). This section is
concerned with an overview of recent theories to explain the additive effects,
which are essential for superfilling within the framework of continuum models.

4.2.1.1 Diffusion-Consumption Model

The diffusion-consumption model is a traditional theory for leveling by suppres-
sors [2, 3]. In this theory, the distribution of suppressors is assumed to be transport-
limited, adsorbed on the surface where it inhibits metal deposition, and then
consumed (annihilated from the surface). Figure 4.1a shows a schematic picture of
the theory. Since the flux of suppressor comes from the solution far from the
electrode, more suppressors are deposited around the opening of the hole than at
the bottom. As a result, the metal deposition rate becomes higher at the bottom
than at the top, resulting in bottom-up filling. Superfilling in the damascene pro-
cess was first explained by this type of model [1, 4, 5]. The mathematical formulas
used in the original paper of Andricacos et al. [1] are as follows:

The mass transport of metal ions and additives (suppressors) in the concen-
tration boundary layer is assumed to occur only by diffusion. Assuming a sta-
tionary state, the concentrations of metal ions C; additives Cad and the potential U
obey the Laplace equations,

r2C ¼ 0;r2Cad ¼ 0;r2U ¼ 0; ð4:1Þ

C, Cad and U are assumed to be independent in solution and are coupled only at
the electrode surface. The boundary conditions at the electrode surface are

2FDrC � n ¼ jcrU � n; ð4:2Þ

Cad ¼ 0; ð4:3Þ

where F is Faraday’s constant and jC is the electrical conductivity. n is the unit
vector normal to the surface. Equation (4.2) arises from the balance of the current
density and the flux of metal ions on the surface, where D is the diffusion constant
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of metal ions. The condition (4.3) represents consumption of the additives on the
surface. The current density at the electrode surface is given by the Tafel equation

i ¼ i10 w
C

C1

� �cþa=n

eaFU=RT : ð4:4Þ

Here i10 is the exchange current density of the additive-free bulk solution, w
includes the suppressing effect of additives depending upon the spatial distribution
of additive flux. a is a transfer coefficient and c, n are constants. At the upper
boundary in solution (the edge of the boundary layer), C and Cad take the constant
bulk values, C1, C1ad , andrU is calculated from the bulk current density. Equation
(4.1) with the conditions Eqs.(4.2)–(4.4) has been solved using the moving
boundary method [2]. The numerical simulations of this type of model showed that
the diffusion-consumption theory can realize the bottom-up filling [1, 4, 5].

4.2.1.2 Curvature Enhanced Accelerator Coverage

The important characteristics of superfilling are (1) incubation period (conformal
filling in the early stage), (2) bottom-up, and (3) overfilling and bump formation in
the late stage. The diffusion-consumption theory can realize (2) bottom-up filling.
However, it cannot explain the conditions (1) and (3). Also, in most of the
experiments on superfilling, multiple additives (suppressor, accelerator, leveler)
are required, while the diffusion-consumption model considers only suppressors.
This means that an additional mechanism must be identified to explain the overall
feature of superfilling.

A new theory has been proposed in terms of accelerators, which is known as the
curvature enhanced accelerator coverage (CEAC) mechanism [6–8]. The key
factor of this theory is the coverage of the accelerators on the electrode and the
change in the surface area during the deposition process. Figure 4.1b is a

Fig. 4.1 a Image of the diffusion-consumption model. Suppressors (solid circles) diffuse from
bulk solution to the electrode and annihilated. The concentration of suppressors is higher around
the via top than at the bottom. b Image of the area change. Accelerators (open circles) are
condensed as the bottom area is reduced
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schematic picture of the idea of the CEAC mechanism. Assume that the accel-
erators are uniformly distributed on the feature surface. When the surface grows as
a result of copper deposition, the surface of the bottom moves upward and the area
becomes smaller. If the consumption of the accelerators is negligible, the surface
coverage (concentration per unit area) of accelerators at the bottom increases. As a
result, the deposition rate at the bottom becomes larger than that around the
opening of the hole, which leads to bottom-up filling. A lot of papers have been
published about the mathematical modeling and numerical simulations of the
CEAC model. In the following, the basic formulas of the CEAC are summarized
following the papers of Moffat et al. [6, 7, 9–14].

The system considered is copper electrodeposition with suppressors and
accelerators. Assume that suppressors are quickly adsorbed on the surface and are
soon replaced by the accelerators. Therefore, only the effect of accelerators is
considered on the feature surface. The current density is assumed to be a function
of the coverage hA of the accelerators and the overpotential g;

i ¼ i hA; gð Þ: ð4:5Þ

Adsorbed accelerators float upon the growing metal surface, and their rate of
consumption is assumed to be small. The time evolution of the coverage hA is
represented by:

ohA

ot
¼ vjhA þ R hAð Þ þ kAhq

A: ð4:6Þ

The local surface velocity v is given by v ¼ iX=zF, where X is the atomic
volume and z is the valence of copper ions (z ¼ 2 for Cu2þ). The reaction term
R hAð Þ corresponds to the production rate of accelerants on the surface. The first
term on the right-hand side of Eq. (4.6) represents the influence of the area change,
where j is the local curvature of the surface. This term means that the coverage hA

depends on the sign of j, i.e., hA will increase for the concave surface and decrease
for the convex surface. Therefore, the growth rate of a concave surface becomes
larger than that of flat or convex surfaces. The last term on the right-hand side of
Eq. (4.6) shows the power law consumption of accelerants due to the incorpora-
tion. Equation (4.6) is solved with the equations representing the shape evolution
of the electrode surface.

In the early works of Josell et al. [6], kA ¼ 0 and the following expressions were
assumed,

i hA;gð Þ ¼ i0 hAð Þ 1� i

iL

� �
exp � a hAð ÞF

RT
g

� �
; ð4:7Þ

R hAð Þ ¼ k�Ci
A 1� hAð Þ; ð4:8Þ

where iL is the transport-limited current density, Ci
A is the concentration of

accelerators at the interface and k� is the reaction rate. The exchange current
density i0 hAð Þ and the transfer coefficient a hAð Þ are obtained from independent
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experiments on copper electrodeposition on a flat surface as a function of the
accelerator coveragehA. The depletion of copper ions in solution was accounted for
by the diffusion equation for copper ion density. The moving boundary has been
treated by the level set method (LSM) [9].1 Numerical calculations showed that the
initial conformal deposition and bottom-up fill can be realized by this model
depending upon the parameters. If the accelerators remain until the end of the
filling, the accelerator concentration is large around the middle of the via, which
leads to bump formation after filling is completed. Therefore, the CEAC is a model
which reproduces the superfilling conditions.

The CEAC mechanism is regarded as a leveling theory in terms of the accel-
erators to control the roughness evolution of the surface [10]. The model has been
modified to include the mass transport of accelerators in solution [9] and the
surface diffusion of adsorbed accelerators [11]. It has also been extended to the
multiple-additive system; PEG-SPS [12], PEG-SPS-Leveler [13, 14] to include the
deactivation of accelerators by levelers. A summary of these works is found in
Refs. [12, 14]. The idea of area change is quite general and has been incorporated
in other mathematical forms as described in the following sections.

4.2.1.3 Time-dependent transport kinetics of additives

In the diffusion–consumption models in Refs. [1–5], a stationary state is assumed
for the diffusion of suppressors. In the CEAC models cited in this section, time-
dependent mass transport is taken into account for copper ions and accelerators,
but not for suppressors. Akolkar and Landau pointed out that different mechanisms
appear in the early stage and the late stage of the filling process due to the time-
dependent transport and interactions between additives [15, 16]. They observed in
their experiments [15] that PEG adsorbs on the copper surface almost instanta-
neously, while the diffusion of the PEG in solution is slow. SPS, on the other hand,
diffuses rapidly in solution and adsorbs on copper surface moderately fast. The
replacement of the adsorbed PEG by SPS is rather slow compared to the
adsorption of PEG and SPS on the additive-free surface.

Taking into account these differences in the time scales, Akolkar and Landau
developed a one-dimensional transport–adsorption model [16]. For a high-aspect
ratio via (the radius RV and the depth LV ), the radial variation of concentration is
negligible and the time and space variation of the PEG concentration CI in the
axial direction (z-direction) parallel to the via sidewall is considered. The mass
balance in the via hole leads to the following diffusion–reaction equation for CI .

oCI

ot
¼ DI

o2CI

oz2
� 2

RV
kICI 1� hI � hAð Þ � kCb

AhA

� �
ð4:9Þ

1 LSM is a feasible method to track the moving boundary. The formulas are given in Appendix A.
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The first term on the right-hand side is the diffusion term, where DI is the PEG
diffusion constant. The second term represents the reactions on the surface, where
kI is the adsorption rate constant, and hI and hA are the surface coverages of PEG
and SPS, respectively. The second term in the square brackets represents the
displacement of PEG by SPS, where k is the reaction rate. The concentration of
SPS in the via is assumed to be the same as the bulk value Cb

A due to the rapid
diffusion.

The time variations of the coverages hI and hA are represented by the balance of
the reactions as

ohI

ot
¼ 1

CI
kICI 1� hI � hAð Þ � kCb

AhA

� �
ð4:10Þ

ohA

ot
¼ 1

CA
kCb

A 1� hI � hAð Þ þ 1
CI

kCb
AhI ð4:11Þ

The difference in the molecular size of PEG and SPS is taken into account by CI

and CA, where CA/CI ffi 13:33. Equation (4.10) indicates that the coverage of PEG
increases rapidly (first term) and is slowly replaced by SPS (second term). At the
via bottom, however, PEG deposition is hindered by slow diffusion. The first and
second terms on the right-hand side of Eq. (4.11) show the rapid adsorption of
PEG on additive-free surface and the slow displacement of PEG, respectively. The
total current density arises from the sum of the current densities of PEG-covered
area, SPS-covered area, and additive-free copper surface, which are represented by

itot ¼ i0;IhI exp
aIFg
RT

� �
þ i0;AhA exp

aAFg
RT

� �

þi0;Cu 1� hI � hAð Þ exp
aFg
RT

� �
;

ð4:12Þ

where i0;I ; i0;A; i0;Cu are exchange current densities and aI ; aA; a are transfer coef-
ficients corresponding to the three areas mentioned above. Equations (4.9–4.12)
constitute the coupled equations for the transport–deposition process of PEG-SPS
system.

The area reduction in the late stage, especially at the via bottom, is incorporated
in the model in the form

hnew
A tð Þ ¼ Ainit

A tð Þ

� �
hTA

A tð Þ; ð4:13Þ

where hTA
A tð Þ is the time and area dependent surface coverage of SPS, and Ainit and

A tð Þ are the initial area and the area at time t, respectively. The above equations
are solved numerically using the moving boundary method.

Figures 4.2 and 4.3 show the time variations of surface coverage hI and hA at
the via bottom (z ¼ LV ) and via top (z ¼ 0) produced by the simulation of the
filling process (LV /RV = 5). Two distinct time regions are clearly observed.

4 Modeling and Simulation 69



At t ¼ 0� 5 [s] the transport of additives is important, i.e., PEG adsorbs around
the via top rapidly, while the via bottom is not covered with PEG due to the slow
diffusion. The via bottom is covered with SPS which is expected to initiate the
initial bottom-up fill. At tJ5 [s], the interaction between additives becomes
dominant and SPS displaces the PEG on the sidewall. The growth of the via
bottom is even more accelerated by the effect of area reduction Eq. (4.13), which
results in the bottom-up filling as shown in Fig. 4.4. The details of the simulation
are described in Ref. [16].

Fig. 4.2 The time-dependent
PEG surface coverage at the
via top and at the via bottom.
The cross-hatched region
(t\5 [s]) is the transport-
adsorption regime and
unmarked (t [ 5 [s]) is the
interaction regime. The upper
line shows the via top and the
lower line via bottom. The
kinetics parameters are listed
in Table 4.1 in Ref. [16].
(Reproduced from Fig. 4.5 of
Ref. [16] by the permission of
The Electrochemical Society)

Fig. 4.3 The time-dependent
SPS surface coverage at the
via top and at the via bottom.
The cross-hatched region
(t\5 [s]) is the transport-
adsorption regime and
unmarked (t [ 5 [s]) is the
interaction regime. The upper
line shows the via bottom and
the lower line via top. The
kinetics parameters are listed
in Table 4.1 in Ref. [16].
(Reproduced from Fig. 4.6 of
Ref. [16] by the permission of
The Electrochemical Society)
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4.2.2 Continuum Models for Nucleation and Growth

Continuum models have been applied not only to macroscopic shape evolution but
also to microscopic nucleation process. In dual damascene technology, direct
electrodeposition of copper on barrier layers other than copper (e.g., ruthenium or
titanium) has attracted attention to circumvent the limitations of plating copper
seed layer on submicron vias and trenches. The key issue is to control the
nucleation density in the early stage of electrodeposition to plate a continuous
copper film which will lead to void-free filling. There has been a lot of work on
nucleation and growth in copper electrodeposition on foreign substrates. Following
is an overview of two models for nucleation and growth in different regimes.

4.2.2.1 Diffusion-Limited Growth

A simulation model for nucleation and growth under diffusion control has been
developed by West et al. [17–19]. They considered the growth of hemispherical
nuclei on a foreign substrate. The main focus is on mass transport in solution. The
time dependence of the number of nuclei on the surface, N tð Þ, is

dN

dt
¼ kn

C

C1

� �n

N0 � Nð Þ ð4:14Þ

where kn is the nucleation rate constant, C and C1 are the concentration of metal
ions and that of the bulk, respectively. For instantaneous nucleation N tð Þ is equal
to the number of nucleation sites N0. Once the number of nuclei is determined,
nuclei are added to the surface stochastically by the MC method.

Fig. 4.4 Deposit growth
simulation during bottom-up
fill in a via with R ¼ 0:1 lm½ �
and L ¼ 1 lm½ � at an
overpotential of 120 [mV] in
the presence of 20 [ppm] SPS
and 100 [ppm] PEG. The
kinetics parameters are listed
in Table 4.1 in Ref. [16].
(Reproduced from Fig. 4.8 of
Ref. [16] by the permission of
The Electrochemical Society)
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Nucleation is followed by the growth of nuclei. The concentration is governed
by the diffusion equation

oC

ot
¼ Dr2C ð4:15Þ

with the initial and boundary conditions

C ¼ C1 at t ¼ 0 ð4:16Þ

C ¼ C1 far from the electrode ð4:17Þ

On the electrode surface, copper deposition occurs on the surface of the copper
nuclei, but not on the foreign substrate. The flux normal to the surface is:

f ¼ �D
dC

dn
¼ 0 at non-nucleated site ð4:18Þ

f ¼ �D
dC

dn
¼ kGC; r ¼ rm tð Þ at a nucleus ð4:19Þ

where kG is the deposition rate constant. The growth is diffusion-limited when
C ! 0 and kG !1. rm tð Þ is the radius of the nucleated hemispherical particle
evaluated from the mass balance equation

drm

dt
¼ VMf ð4:20Þ

VM is the molar volume of deposited species. These equations are coupled with
the current density

i tð Þ ¼ nFN tð Þ f tð Þ2pr2 tð Þ
� �

avg
ð4:21Þ

½ �avg is the average over the existing nuclei. West et al. studied diffusion-limited
growth (kG ¼ 0) [17], deviation from the diffusion control due to kG [ 0 [18] and
the dependence of N tð Þ on the concentration C [19]. Emekli and West [20–22]
extended the theory to include additives and studied the influence of suppressors
on nucleation using the same model.

4.2.2.2 Kinetically Limited Growth

Under the condition where the concentration of copper ions near the electrode can
be assumed to be constant C ¼ C1ð Þ, nucleation and growth become kinetically
limited. In this regime, the basic processes are the reduction of copper ions, surface
diffusion of adatoms, and crystallization (nucleation and incorporation of adatoms
into nuclei). The crucial point in the modeling is the accurate treatment of surface
diffusion, which is much faster than the other surface processes. Stephens and
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Alkire applied the ‘‘island dynamics’’ method to study the nucleation of copper
with additives onto foreign substrates [23, 24].

The key variable in the theory is the adatom density cad x; yð Þ on the electrode
surface ( x; yð Þ-plane). The nucleation rate is given by the average adatom density

dN

dt
¼ Dsr cad x; yð Þh i; ð4:22Þ

where Ds is the surface diffusion constant of adatoms and r is the reaction rate
constant. The growth of the nuclei occurs when adatoms are incorporated into the
island edge after surface diffusion. The edge velocity of a nucleus is evaluated by:

v x; yð Þ ¼ Ds x; yð ÞAm n � rcad x; yð Þjinside � n � rcad x; yð Þjoutside½ � ð4:23Þ

In Eq. (4.23), ‘‘inside’’ refers to the attachment of an adatom to the edge
boundary from the top of the island (i.e., incorporation of an adatom deposited on
the island) and ‘‘outside’’ refers to the attachment of an adatom from the lateral
plane outside the island. The velocity v x; yð Þ is used to track the moving boundary
of the island by the LSM ((A.1) in Appendix A). When additives are deposited on
the surface, they block the surface diffusion and the available area for adatom
diffusion is less than the total area of the electrode surface. This is taken into
account by defining the effective surface diffusion constant which is proportional
to the fraction of available sites havailable site as

Deffective x; yð Þ ¼ havailablesiteDs x; yð Þ ð4:24Þ

Using this approximation, the concentration field of adatoms cad x; yð Þ is sim-
ulated by the extended diffusion equation

ocad x; yð Þ
ot

� Deffective x; yð Þr2cad x; yð Þ ¼ F ð4:25Þ

where F is the flux of adatoms onto the surface. Stephens et al. [23, 24] studied the
influence of multiple additives (PEG, SPS) on the nucleation and growth process
of copper on Cu and Au using the reaction models, which are the same as those
used in the KMC simulations [38–40].

4.2.3 Fluid Mechanical Approach

In damascene electroplating and the nucleation problem presented in the previous
sections, the effect of convection is not included in the modeling. The main driving
force for mass transport is diffusion. When the feature size becomes 10 � 100lm
or larger, on the other hand, the fluid mechanical flow and vortex formation will
play an important role in the electrodeposition process. The flow patterns around
the electrode with cavities have been widely studied by numerical simulations. The
role of mass transport in etching of rectangular cavities has been studied by many
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authors using the numerical fluid dynamics computations. Alkire et al. developed
two-dimensional numerical fluid dynamics computation to study the etching of
copper [25–27]. Shin and Economou studied electrolytic etching at a moving
boundary for forced and natural convection [28].

The influence of fluid mechanical flow on the shape evolution of electrode-
posited copper bumps has been studied by Kondo et al. using numerical fluid
dynamics computation [29–32]. Electrodeposited bumps are important micro-
connectors for high density interconnection between microprocessors, random
access memories, the connection between liquid crystal display and driver chips,
and so on. The bumps are electrodeposited on a dot-shaped cathode 10� 200lm in
diameter. Kondo et al. showed that the influence of macroscopic flow and vortex
formation is important for the control of electrodeposited bump shape and uni-
formity in height [29, 30].

The key parameter in the theory is the Peclet number Pe which represents the
ratio of the flow speed to that of diffusion. Figure 4.5 illustrates the model system
of two-dimensional cross section of photoresist and cathode with the boundary
conditions. The Peclet number for this system is

Pe ¼
huy¼2h

D
; ð4:26Þ

where h is the height of the resist, u is the flow velocity and D is the diffusion
constant. The basic equations are the equation of continuity, Navier–Stokes
equations and mass transfer equation

ou

ox
þ ou

oy
¼ 0 ð4:27Þ

q u
ou

ox
þ v

ou

oy

� �
¼ � oP

ox
þ l

o2u

ox2
þ o2u

oy2

� �
ð4:28Þ

q u
ov

ox
þ v

ov

oy

� �
¼ � oP

ox
þ l

o2v

ox2
þ o2v

oy2

� �
ð4:29Þ

Fig. 4.5 Illustration of two-
dimensional cross section of
photoresist and cathode.
(Width : L, height : h)
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u
oC

ox
þ v

oC

oy
¼ D

o2C

ox2
þ o2C

oy2

� �
ð4:30Þ

where q, P, l and C are the density, static pressure, viscosity, and the concen-
tration, respectively.

Figure 4.6 shows examples of the normalized stream functions and isocon-
centration contours for Pe ¼ 1:31ða,cÞ and 41.6 (b,d). The solution flow is from
left to right and the streamline labeled 6 is the penetration flow. Vortices are
observed at the corners both at up and downstream sides. In the isoconcentration
contours the difference in the thickness of the concentration boundary layers is
observed for Pe ¼ 1:31 and 41.6. The local copper deposition rate on the cathode
depends on the dimensionless Sherwood number,

Sh ¼ L

DC

dC

dy

� �

y¼0

ð4:31Þ

which shows the ionic transport due to the concentration gradient.(Fig. 4.7) Sh
shows the maximum at x ¼ 0lm for Pe ¼ 1:3, gradually decreases toward the
downstream side and slightly increases at xJ90lm. The maximum height at
around x ¼ 0lm is due to the vortex which captures copper ions and enhances the
local mass transport to the cathode. The vortex at the downstream side also
enhances the local mass transport of copper to the cathode, which leads to a slight
increase in Sh. For Pe ¼ 41:6, on the other hand, mass transport is mainly con-
trolled by convection due to the penetrating flow and vortex rather than diffusion.
The vortex on the upstream side does not provide ions to the cathode and local

Fig. 4.6 Effects of Peclet numbers on streamlines and isoconcentration contours. The cavity
width is100 lm½ �. Streamlines for Pe ¼ 1:31 (a) and 41.6 (c). Isoconcentration contours for Pe ¼
1:31 (b) and 41.6 (d). (Reproduced from Fig. 4.4 of Ref. [29] by the permission of The
Electrochemical Society)
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resistance arises. This leads to a slight shift of the maximum flux to x ffi 10lm.
These flux profiles coincide with the bump shape observed in experiments as
shown in Ref. [29]. Kondo et al. also studied the flow patterns for higher Peclet
numbers [31] and the current distribution on copper bumps with photoresist
sidewall angle by numerical simulation and experiments [32]. These works show
that the interplay between the convection and diffusion is the key factor for control
of bump formation.

4.3 Kinetic Monte Carlo Simulation and Multiscale
Modeling

In the previous section, the recent theories based on continuum models have been
presented. This and the following sections are devoted to molecular simulations of
copper electrodeposition, in which ions and additive molecules are treated as
particles. The KMC simulation is a stochastic method to simulate the time evo-
lution of many-particle systems using rate constants and random numbers [33].
Since the KMC method is based on statistical mechanics and the mathematical
theory of stochastic process, it has a wide range of application. In electrochem-
istry, the KMC method has been used as a feasible tool for simulations taking into
account the microscopic process of nucleation and growth.

One of the characteristics of electrodeposition which makes the molecular
simulation approach difficult is the multiscale aspect in time and space. For
example, the microscopic surface reactions (of the order of nanometer and
nanosecond) are dependent upon the concentrations of ions which are controlled
by the macroscopic mass transport in the diffusion layer (micrometer and milli-
second or larger scales). Since the KMC method is essentially an atomic-scale
method, it has been extended to combination with some tools which deal with
large-scale and long-time quantities in the application to electrochemical systems.
Therefore, a hybridized method of KMC and continuum models have been
developed for the unified simulation from micro to macro scales. In this section,
we first describe the basic concept and modeling of the KMC simulation for crystal

Fig. 4.7 Effects on Peclet
numbers on flux (normalized
Sherwood number). Pe ¼
1:31 (a) and 41.6 (b).
(Reproduced from Fig. 4.5 of
Ref. [29] by the permission of
The Electrochemical Society)
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growth, and then the recent sophistications of the multiscale KMC-continuum
simulation for copper electrodeposition are reviewed referring to the works of
Alkire et al. [34–40].

4.3.1 Solid-on-Solid Model

Solid-on-Solid (SOS) model is a basic model for crystal growth, which is widely
used in theoretical and numerical studies [41, 42]. The system is a square (2D) or a
cubic (3D) lattice as shown in Fig. 4.8. Each lattice site represents a solid atom, a
liquid atom, or a vacancy. (In a coarse-grained system a site represents a group of
atoms.) We first consider the additive-free case and assume three events such as
adsorption, desorption, and surface diffusion to change the state of the sites. The
rate constants are defined for these three events such as adsorption rate kþn ,
desorption rate kn and surface diffusion rate knm. The suffix n represents the
characteristics of the site on which the event occurs. (e.g., the number of nearest
neighbor atoms) In knm, n and m represent the information before and after the
movement, respectively. These rates are the functions of the binding energy,
activation energy for surface diffusion, ionic concentration, and so on. The defi-
nitions of these rate constants characterize the model.

In the SOS model, adsorption occurs only ‘‘on’’ the surface sites, i.e., at the
nearest neighbor vacant sites in the y-direction (Fig. 4.8). As a result, vacancy
formation is inhibited in the SOS model. Also, overhang and shadowing are not
allowed to occur during the growth. Therefore, the SOS model is appropriate for
describing layer-by-layer growth, but is not suitable for rough surface and
dendrites.

Fig. 4.8 Left Schematic picture of the SOS model. Squares denote solid atoms and gray squares
are adatoms. Right Two types of additive modeling. a Multiple-site model and b Action range
model. (R: action range)
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Additives are incorporated in the SOS model as follows. Additives occupy
lattice sites in the same way as metal atoms, and the adsorption and desorption
rates of additives are given as input parameters. The adsorbed additives have
suppressing or accelerating effects on metal deposition at the surrounding sites. In
the case of polymer suppressors (such as PEG in copper electrodeposition), the
molecular volume is much larger than that of metal atoms. There are two methods
to take into account the size difference. One way is to assume that an additive
occupies more than one lattice site and deposition of metal atoms on the sites
covered by the additive is inhibited (multisite model) as illustrated in Fig. 4.8a
[38]. An alternative method is shown in Fig. 4.8b. The additive occupies one
lattice site and an action range R is defined around it. Metal deposition on the sites
within the action range is inhibited. The range R is chosen to reflect the effective
size of the polymer (e.g., Flory radius of a polymer chain). The latter model can be
applied to the accelerators, i.e., the deposition rate of copper within the action
range is assumed to be larger than that on the sites outside the action range.

In the KMC simulation, the state of each site is changed sequentially by using
random numbers. There are two types of algorithm for KMC simulations. The
simple algorithm is the rejection method. The procedure is to choose a site and an
event randomly and decide if the event is realized or not by using random num-
bers. Although the coding of the rejection method is simple, it is not efficient in a
situation where a lot of rejections are selected. The second type of algorithm is a
rejection-free algorithm which was proposed for the simulation of Ising spin
systems by Boltz et al. (BKL method) [43]. The general form for this type of
algorithm is given by Gillespie [44]. The procedure is to tabulate the candidate
atoms (or sites) and the reaction rates, decide the events using the rates and the
random numbers, and renew the table after the event.2 This method is efficient
because rejection does not occur in the sequence. The point for the efficiency of the
rejection method is how to reduce the number of rejections. The efficiency of
the rejection-free method depends on the algorithm used to search and revise the
tables. A comparison of the efficiencies of these methods is given in Ref. [33].

4.3.2 KMC-Continuum Combination

The rate constants kþn , kn and knm depend not only on the physical quantities which
can be assumed to be constant (such as the binding energy) but also on the quan-
tities which change during the deposition (such as the ionic concentration in
solution). Therefore, in most applications, the SOS model is combined with
the continuum models which represent the time dependence of the quantities in the
solution. The program consists of the KMC code and the continuum code [34]. The
continuum code calculates the quantities in solution (concentration, potential, etc.)

2 The BKL algorithm for crystal growth is given in Appendix B.
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by solving the partial differential equations. It gives the information necessary for
determining the rate constants for the KMC code. The KMC code simulates the
crystal growth using the rate constants and gives the renewed surface information
(the change in the concentration and the surface structure) back to the continuum
code. The continuum code simulates the solution quantities using the renewed
information as the boundary conditions. Since the surface moves into the solution
as a result of crystal growth, the numerical treatment of moving boundaries is
required.

The combination of the KMC method and continuum models is a general
framework of the microscopic simulation of electrodeposition. Pricer et al. com-
bined the (2 ? 1)D SOS model with 1D diffusion equation for copper ions to
simulate the surface morphology in copper electrodeposition [35]. Here (2 ? 1)D
means the two-dimensional substrate surface (2) and one layer of deposited atoms
(+1). Drews et al. studied the effect of additives (PEG, Cl�, MPSA) on the surface
morphology [36]. Drews et al. extended the SOS model to represent the fcc (111)
surface and studied the nucleation process by using the KMC simulation [37].

4.3.3 Multiscale KMC-Continuum Hybrid Simulation
for Trench Filling

An extensive multiscale KMC-continuum simulation of trench filling by copper
electrodeposition has been developed by Alkire et al. [38–40]. In their model, four
kinds of additives (PEG, SPS, Cl�, 1-2-hydroxyethyl-2-imidazolidinethione
(HIT)), 14 surface reactions, and three homogeneous reactions in solution are
taken into account. The system consists of three parts; (1) mass transport and
reactions in solution, (2) surface shape evolution, and (3) crystal growth on the
surface. Mass transport in solution is represented by the mass balance equation

oCi

ot
¼ Dir2Ci þ ziFuir � CirUð Þ þ Ai; ð4:32Þ

where Di, Ci, zi and ui are the diffusion constant, the concentration, the valence,
and the mobility of species i, respectively. U is the potential and Ai is the pro-
duction rate of species i due to the homogeneous reaction in solution. Equation
(4.32) represents the overall material conservation in solution. The flux of species i
is given by

Ni ¼ DirCi þ ziFuiCirU: ð4:33Þ

The boundary conditions on the top bulk boundary are the bulk values

Ci ¼ C1i ;U ¼ U1: ð4:34Þ

The boundary conditions on the nonactive boundary and the active boundary
(electrode surface) are:
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Ni � n ¼ 0; ð4:35Þ

Ni � n ¼ Ji; ð4:36Þ

respectively, where Ji is the flux of species i computed by the KMC code. These
equations are solved by the finite volume (FV) method using the data from the
KMC code as the boundary conditions.

The shape evolution of the growing trench surface as a result of the deposition
reactions is tracked by LSM (Appendix A). The FV code and the LSM code are
coupled to form the moving boundary which is also coupled with the KMC code.
The relation between the KMC code and the moving boundary is illustrated in
Fig. 4.9. There are 10 KMC simulation domains along the surface. In these
domains, the crystal growth is simulated by the KMC code of the SOS model. The
result of the KMC simulation in each domain is passed to the computation of the
moving boundary. The results of the LSM code and the FV code are reflected in
turn in the KMC code.

The reactions included in the model are summarized in Table 4.1. The copper
ions are reduced in two steps, Cu2þ þ e� ! Cuþ, Cuþ þ e� ! Cu. Four kinds of
additives are included; PEG, SPS, Cl�, and HIT. Chloride ions are combined with
Cu+ to produce CuCl on the surface (reaction 5). PEG is adsorbed on the surface as

Fig. 4.9 The relation
between the KMC code and
the continuum code. Right
Ten individual KMC domains
along the wall of a trench.
Left The enlarged image is
one of the KMC domains.
(Reproduced from Fig. 4.3 of
Ref. [38] by the permission of
The Electrochemical Society)
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CuClPEG (reaction 8). The suppressing effect of CuClPEG is expressed by the
multiple-site model (Fig. 4.8a). SPS produces two MPS molecules which create
Cu(I)thiolate (reactions 10, 11, and 16). Cu(I)thiolate has a catalytic effect on the
reduction of Cu+ to Cu (reaction 13). The leveler HIT deactivates the Cu(I)thiolate
(reaction 14) and lowers the copper deposition rate.

In the KMC code, one lattice site is assumed to represent a mesoparticle which
contains a group of particles. This is to track a larger scale shape evolution. The
area change is calculated from the local curvature by the LSM code and sent to the
KMC codes at the different trench surface location. The KMC code calculates the
changes of the surface coverage of Cu(I)thiolate at different locations. The con-
centrations of the Cu(I)thiolate are corrected by inserting additional Cu(I)thiolate
so that the total mass of the chemical species is conserved.

Figure 4.10 shows the results of the simulation corresponding to the experi-
mental condition; 0.3 M CuSO4, 125 g/L H2SO4, 0.3 g/L PEG, 50 ppm Cl� and
10 ppm SPS. The trench is 0.2 lm wide and is 1 lm high. The rate constants for
the reactions in Table 4.1 are given in Refs. [38, 39]. Figure 4.10a shows the shape
evolution pattern, b shows the time and space dependences of the surface coverage
of Cu, CuCl, CuClPEG, and Cu(I)thiolate. In each figure, the position ‘‘0’’ cor-
responds to the trench opening and ‘‘0.5’’ is the center of the trench. Figure 4.10c
shows the time and space dependencies of the reaction rates of reactions 2, 7, and
13 evaluated in the simulation. Figure 4.10a clearly shows the characteristics of
superfilling; (i) initial incubation period, (ii) bottom-up, and (iii) overfill after the

Table 4.1 Species and
chemical reactions in copper
electrodeposition used in the
simulations [38–40, 49, 50]

Reaction no. Species and reactions

Surface reactions
1 Cu2þ þ e� ! Cuþ

2 Cuþ þ e� ! Cu
3 Cu! Cuþ þ e�

4 Cu! Cuðsurface diffusionÞ
5 Cuþ þ Cl� ! CuCl
6 CuCl ! Cuþ þ Cl�

7 CuClþ e� ! Cuþ Cl�

8 CuCl þ PEG! CuClPEG
9 CuClPEG ! CuClþ PEG
10 SPSþ 2e� þ 2Hþ ! 2MPS
11 Cuþ þ MPS! Cu Ið Þthiolateþ Hþ

12 Cu Ið Þthiolateþ Hþ ! Cuþ þMPS
13 Cuþ þ Cu Ið Þthiolateþ e� ! Cu Ið Þthiolateþ Cu
14 Cu Ið Þthiolateþ HIT! Cu Ið ÞHITþMPS
15 Cu Ið ÞHITþ Hþ þ Cu Ið Þ ! HITþ Cu2

Homogeneous reactions in solution
16 MPS $ Hþ þ thiolate�

17 H2SO4 $ HSO�4 þ Hþ

18 HSO�4 $ SO2�
4 þ Hþ
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filling. Figures 4.10b, c shows that CuClPEG is distributed in the upper half of the
trench and Cu(I)thiolate in the lower half of the trench. From the spatial distri-
bution of r13 (the rate of reaction 13), the bottom-up fill is mainly due to the
accelerating effect of Cu(I)thiolate. These results show that the combination of the
KMC code, LSM code, and the FV code can perform the overall simulation of
trench filling taking into account the slow mass transport represented by the mass
balance equation (4.9) and the microscopic reactions listed in Table 4.1.

4.4 Solid-by-Solid Model and 3D Shape Evolution

The SOS model represents an ideal situation in which a new atom is deposited on a
surface solid atom only in the vertical direction, and no vacancy is formed in the
deposited films. In real deposition, lattice defects such as vacancies and

Fig. 4.10 Simulation of trench filling. a Two trench cross-sections showing the shape evolution.
Left every 5 s for 0–70 s and right every 1 s for 0–3 s. b The surface coverage versus time and
position for four surface species during the trench infill. c The time-dependent reaction rate
distribution for the three reactions associated with copper electrodeposition (reactions 2, 7, and 13).
The positions 0 and 0.5 correspond to the trench opening and the center of the trench, respectively.
(Reproduced from Fig. 4.1 of Ref. [40] by the permission of The Electrochemical Society)
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dislocations, which are created during electrodeposition, play an important role in
determining the physical properties of the film. The SOS approach has been
extended to a model, which includes void formation by Kaneko et al. [45, 46]. The
new model is called the Solid-by-Solid (SBS) model. This section is concerned
with the basic properties of the SBS model and its application to the 3D shape
evolution of via and trench fillings.

4.4.1 Solid-by-Solid Model

We consider a 2D square lattice each site of which is occupied by either a liquid
atom or a solid atom, otherwise vacant. The schematic picture of the model is
shown in Fig. 4.11. Growth is in the y-direction and a periodic boundary condition
is used in the x-direction. Surface solid atoms are denoted by bright gray squares
which are distinguished from the solid atoms embedded in the film (dark gray
squares). Empty sites surrounded by solid atoms with no contact with the liquid are
defined as vacancies. Three events are assumed to occur to change the state of each
site: adsorption, desorption, and surface diffusion. As for adsorption, the SOS
criterion is removed, that is, a new atom is deposited on any nearest neighbor sites
of the surface solid atom (as indicated by the arrows in Fig. 4.11). In order to allow
this deposition, the surface solid atoms must be defined even when the surface has
a rough structure. An accurate algorithm to search the surface solid atoms is a key
factor for extension of the SOS model to the SBS model. The searching algorithm
is given in Appendix C.

Fig. 4.11 Illustration of the
SBS model. Dark gray
squares are solid atoms and
bright gray squares are
surface solid atoms. White
squares are vacancies. The
adsorption of new atoms
occurs from any directions
indicated by arrows A, B,
C, D
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The rate constants for adsorption kþn , desorption kn and surface diffusion knm are
assumed to have the following relations; [41, 42]

kn

kþn
¼ exp nk � nð Þ u

kBT
� l

kBT

ffi �
; ð4:37Þ

knm ¼
knkþm
kþ1

exp
u� Ed

kBT

ffi �
; ð4:38Þ

where u is the binding energy between solid atoms, l is the electrochemical
potential and Ed is the activation energy for the surface diffusion. nk is the number
of bonds at a kink site. (nk ¼ 2 for 2D lattice and 3 for 3D lattice) kB is Boltzmann
constant and T is the temperature. The relation (4.37) is derived from the
microscopic detailed balance at a kink site [42]. This model is called the SBS basic
model hereafter.

The advantage of the SBS model is that one can perform the simulation of
crystal growth on complex nonflat surfaces which accompanies void formation.
The shape evolution can be simulated without using any additional algorithm to
track the moving boundary. Therefore, it is suitable for the simulation of filling
small features such as damascene electroplating. The effects of suppressors,
accelerators, and levelers have been studied by the KMC simulations of 2D SBS
model and the condition for void-free filling has been discussed. [47, 48]

It is straightforward to extend the SBS model to a 3D system. Figure 4.12
shows the simulation of dual damascene using the 3D SBS basic model without
additives. The initial surface has a trench with a cylindrical via hole at the bottom.
The aspect ratio of the trench and the via is unity. Periodic boundary conditions are
used in the lateral directions. It is observed that the via hole is first filled with
deposited atoms forming voids in the hole. Then the trench is filled forming seams
which are elongated in the growth direction in the middle of the trench. Since ionic
transport is not included in the SBS basic model, the filling is almost conformal.
The surface is clearly defined at every KMC step by the searching algorithm given
in Appendix C.

4.4.2 Multiscale SBS Model for 3D Shape Evolution

The 3D SBS model has been extended to include the solution with diffusion layer
for the simulation of 3D device fabrications [49, 50]. Figure 4.13 illustrates the
extended system which consists of three parts. The lowest part is the electrode with
a small feature on the surface. The adsorption, desorption, surface diffusion, and
the shape evolution are simulated by the KMC method of the SBS model. The
additive reactions occur on the surface.

The solution is located above the electrode, which is also simulated by the
KMC method. The solution is divided into a Cartesian grid which is the same as
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the cubic lattice of the SBS model for the electrode. The particles representing
copper ions or additives are distributed on the grid points. The diffusion of ions
and additives in solution is simulated by the coarse-grained random walk
(CGRW). Ions and additives jump to one of the neighboring grid points with equal
probability (1/6 for cubic lattice). Since the elementary process of ionic migration
(jump diffusion) is the fastest process in the system, coarse-graining is applied, i.e.,
the jump distance per one KMC step is larger than the unit space of the grid.

The upper part of the solution is the diffusion layer which contains ions and
additives. The migration of these particles is simulated by CGRW. Figure 4.13
shows the relation between the simulation system and the corresponding real
system. The simulation system is divided into layers with the thickness d and each
layer has different units of time tj and length lj, where j denotes the layer number.
These units are scaled so that each layer corresponds to the real system which has a

Fig. 4.12 KMC simulation of dual damascene (trench and via) using the 3D SBS basic model.
Gray dots denote vacancies. The via is filled forming voids in the middle and then the trench is
filled forming seams

Fig. 4.13 The illustration of
the multiscale modeling for
electrode-solution interface.
The simulation system and
the corresponding real system
are plotted. The system
consists of the electrode,
solution, and diffusion layer
from the bottom. Multiscale
method is used to simulate
the diffusion layer
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larger volume with the same concentration. For example, layer 2 represents a
portion of the solution with thickness 2d (i.e., the volume is twice as large as that
of layer 1). The units tj and lj are scaled so that each layer has the same diffusion
constant for each species. It is also assumed that each layer in the simulation
system has M particles and a particle in the upper layer jþ 1 represents two
particles in the lower layer j. The rate constants of the random walk of these
particles at the boundary are scaled so that the microscopic detailed balance is
satisfied between the layers. The whole system is simulated by the combined
algorithm of the BKL method and CGRW.

The reactions in Table 4.1 have been incorporated in the 3D SBS model for
copper electrodeposition. The solution contains three kinds of ion (Cu2+, Cu+,
Cl�), PEG and SPS. The reduction of Cu2+ occurs in two steps (reactions 1 and 2).
The additive reactions 5–13 are assumed to occur on the electrode surface. Lev-
elers are not included. The initial concentrations of ions and additives are Cu2+;
2 M, Cl�; 1:5� 10�3 M, PEG; 8:8�5 M and SPS; 2:0�5 M. Surface sites are either
of Cu (adatom), Cu (crystal), CuCl, CuClPEG, or Cu(I)thiolate. The inhibiting
effect of PEG is simulated by the action range model in Fig. 4.8b. The catalytic
effect of Cu(I)thiolate is reaction 13, which enhances copper deposition. The rate
constants are taken from Refs. [38, 39]. In the simulation, the superparticle
assumption is used, i.e., one lattice site represents a group of 10,648 atoms, and the
rate constants are rescaled for superparticles. In this system, since the number of
particles is conserved including incorporation and desorption, the effect of area
change at the bottom of the trench is included. Therefore, no additional assumption
is made to include the effect of area reduction.

Figure 4.14 shows the shape evolution during trench filling. The width of the
trench is 132 [nm] and the aspect ratio is 2. The trench is filled from the bottom
and a typical U-shape is observed during filling. As a result, only point defects
appear in the film. Figure 4.15 shows the distribution of CuClPEG and
Cu(I)thiolate within the trench averaged over the initial 30 % of the total filling
time. z ¼ 0 is the trench bottom and z ¼ 264 [nm] is the initial trench top. It is
clearly observed that CuClPEG is distributed at the upper half of the trench,
preventing copper deposition around the opening of the trench. The accelerant
Cu(I)thiolate is mainly distributed around the trench bottom. Such a heterogenous
distribution of suppressors and accelerants initiates the U-shape of the surface,
which leads to superfilling combined with area reduction at the bottom as observed
in Fig. 4.14. These features agree with the results of the KMC-continuum simu-
lation presented in Sect. 4.3.

4.5 Further Development of Efficient Algorithms

The numerical simulations of the continuum models and the KMC method are
useful means to predict the optimal conditions in electrochemical engineering.
However, accurate computation requires long computing time (more than days),

86 Y. Kaneko



especially for 3D systems, which will be the bottleneck for practical applications.
Fast computing techniques have been developed for the simulations presented in
the previous sections.

In the simulation of the continuum models, the large computing cost is in
solving the mass balance equation (4.32) on irregular domains with moving
boundaries. Buoni and Petzold [51] reported an efficient method to solve
Eq. (4.32), which is an extension of the FV code. It uses FV spatial discretization
including uniform small-cell region (around the feature and the electrode

Fig. 4.14 Results of the simulation of trench filling with three additives (PEG, SPS, Cl�). The
trench is 132 [nm] wide and 264 [nm] deep. Only point defects appear in the film

Fig. 4.15 Spatial
distribution of additives
averaged over the initial
30 % of the filling time
(arbitrary unit). z = 0 is the
trench bottom and z = 264
[nm] corresponds to the
initial trench top. (solid
squares : Cu(I)thiolate, open
squares : CuClPEG)
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boundary) and nonuniform large-cell region for the solution far from the electrode.
The time integration is performed with a splitting technique. The right-hand side of
Eq. (4.32) is split into three sets of terms; reaction terms, diffusion terms (plus
boundary flux terms), and migration terms. The concentration field Ci is integrated
in turn. It has been shown that the new algorithm is stable, scalable, and easy to
parallelize. By using this method, Buoni and Petzold extended the combined
system of the mass balance equation (4.32), LSM and the reaction-advection
equation to a 3D system and performed the simulation of dual damascene with four
kinds of additives [52].

In the KMC simulations of electrodeposition, a heavy computing cost arises
when the rate of surface diffusion is much larger than the rates of other reactions.
This is because numerous hops of adatoms must be computed before nucleation
occurs in the ordinary KMC algorithm. The coarse-graining method (superparti-
cles) allows us to perform the computation on large scales with the cost of losing
the atomic-scale accuracy of the nucleation process. Several kinds of multiscale
techniques have been developed to speed up the KMC code [33, 53].

A useful technique to overcome the problem of fast surface diffusion will be the
first-passage kinetic Monte Carlo (FPKMC) method originally proposed as an
efficient algorithm for the diffusion–reaction processes [54, 55]. Instead of simu-
lating a lot of small hops, the FPKMC algorithm propagates the diffusing particles
over a long distance sampled from the first-passage time distribution function
which is a time-dependent Green’s function of diffusion equation. The FPKMC
method is an exact and efficient algorithm to skip the sampling of small hops to
move the diffusing particles, which greatly reduces the computation time. Bezzola
et al. applied the FPKMC method to the problem of nucleation and growth on the
surface to study the presence of the exclusion zone in front of the growing step
edge as a function of the surface diffusion/deposition rate ratio [56].

4.6 Summary

In this chapter, recent developments in the mathematical modeling and computer
simulation of copper electrodeposition have been reviewed focusing attention on
continuum models and KMC.

We first overviewed the numerical simulation of continuum models. As
mathematical models for superfilling, we described the idea of the diffusion–
consumption theory and the CEAC mechanism with the mathematical formulas.
The CEAC is a model to realize superfilling and is regarded as a new type of
leveling theory in view of accelerators. The numerical simulation of nucleation
and growth and a fluid mechanical approach to copper electrodeposition are also
overviewed. We then described the KMC method and the multiscale KMC-con-
tinuum simulation. The KMC-continuum hybrid method enables us to treat elec-
trochemical phenomena ranging from microscopic surface reactions to large-scale
mass transport in the diffusion layer. The recent development of the KMC method
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is also presented from a ‘‘Solid-by-Solid’’ point of view. The extension from the
SOS model to SBS model has led to a wide range of applications, especially, to the
simulation of the 3D shape evolution for nanofabrication. Efficient algorithms for
the fast computing of the above-mentioned simulations have also been
overviewed.

Finally, let us comment on the molecular dynamics (MD) simulation which is
not covered in this article. The MD method is a powerful tool to study the
dynamical properties of condensed matter systems. The classical MD method,
however, cannot be used for the electrochemical phenomena since the latter
includes electron transfer reactions, which are essentially quantum mechanical
processes. Recently a new method of molecular simulation of electrodeposition
has been developed by combining the MD method with the KMC method [57, 58].
In the MD-KMC hybrid simulation, the whole dynamics of solution-electrode
interface are simulated by the MD method and the reactions on the electrode are
simulated by the KMC method. This method provides a direct dynamical simu-
lation accompanying chemical reactions to study the correlation between the
reaction rates and the surface morphology taking into account all the dynamics in
solution and on the electrode.

The combination of efficient algorithms on different scales is the key factor in
fast and accurate simulation. The simulations presented in this chapter and their
hybridization will be promising tools for understanding the fundamental aspects of
copper electrodeposition as well as their application to nanofabrication in elec-
trochemical engineering.

A.1 Appendix A Level Set Method

LSM is a tracking method of moving boundaries, which is commonly used in
recent numerical studies of electrodeposition. The level set function /L is a
continuous function of space and time, defined in the whole area of liquid–solid
interface. The surface is defined by /L ¼ 0, and the inner space (electrode) by
/L\0 and the outer space (solution) by /L [ 0. The time derivative of /L is

o/L

ot
¼ v � r/L; ðA:1Þ

where v is the surface front velocity. The normal vector on the surface is:

n ¼ r/L

r/Lj j ; ðA:2Þ

and the normal velocity is defined as:

v ¼ v � n: ðA:3Þ
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Using Eqs.(A.2) and (A.3), Eq.(A.1) becomes

o/L

ot
¼ v r/Lj j: ðA:4Þ

The curvature of the surface in LSM is given by j ¼ r � n. Equation (A.4) is
the basic equation of LSM which should be solved numerically. Since v is defined
not only at the interface but outside the interface, the extension velocity vext is
defined by:

rvext � r/temp ¼ 0; ðA:5Þ

where v ¼ vext at /L ¼ 0 and /temp is calculated by using the condition

r/Lj j ¼ 1: ðA:6Þ

Using vext the LSM equation is written as:

o/L

ot
¼ vext r/Lj j ðA:7Þ

which is solved with the equations representing the electrodeposition reactions on
the surface which give the boundary conditions. The equations are discretized and
the quantities are evaluated on the grid points. The method of discretization and
numerical procedures of LSM in combination with the FV code are found in the
literature [9, 22].

A.2 Appendix B Rejection-Free Algorithm for KMC Simulation

Here we describe the application of the rejection-free algorithm to the 2D SOS and
SBS models. Three events are assumed to occur on the surface. The rate constants
for adsorption kþn , desorption kn , and surface diffusion knm are dependent upon the
number of nearest neighbor solid atoms n;m at the sites, where 1	 n;m	 4. The
rates of the creation (adsorption), annihilation (desorption), and surface diffusion
are defined as

kc ¼
X3

n¼1

kþn NcðnÞ; ka ¼
X3

n¼1

knNaðnÞ; kd ¼
X3

n;m¼1

knNdðnmÞ; ðB:1Þ

respectively, where NcðnÞ, NaðnÞ, NdðnmÞ are the numbers of candidate atoms (sites)
for the events. The rate at which one of the three events occurs is given by

kt ¼ kc þ ka þ kd: ðB:2Þ
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The KMC algorithm for this model is as follows.

Search and tabulate the candidate surface atoms (sites) for the events.
Choose one of the events using a random number R on [0,1].

R\
kc

kt
: adsorption

kc

kt
	R\

kc þ ka

kt
: desorption

kc þ ka

kt
	R : surface diffusion

Choose the type of events (the number of bonds) by generating another random
number R0. In the case of adsorption,

R0\
kþ1 Ncð1Þ

kt
: n ¼ 1

kþ1 Ncð1Þ
kt

	R0\
kþ1 Nc 1ð Þ þ kþ2 Ncð2Þ

kc
: n ¼ 2

kþ1 Nc 1ð Þ þ kþ2 Ncð2Þ
kc

	R0 : n ¼ 3

Select one atom (site) from the table of the candidates for the event chosen in 2
and 3, and realize the reaction.
Renew the table and go to 2

This cycle defines one KMC step and the average time corresponding to this
cycle is 1=kt. Additives and their reactions are incorporated in this algorithm as
additional events. The numbers of the candidates for the reactions are calculated
using the concentrations, which are passed from the continuum code or the results
of CGRW in solution.

A.3 Appendix C Algorithm for Searching Surface Atoms

The crucial point in the extension of the SOS model to the SBS model is an
efficient and accurate algorithm for searching surface atoms. Figure A.1 illustrates
an example of the algorithm for a two-dimensional model. Black and white
squares denote solid and liquid sites, respectively. Vacancies are denoted by white
squares. The algorithm consists of successive numbering of the squares.

From the top of the liquid sites, put ‘‘1’’ to the white squares successively moving
down in –y direction.
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Then, put ‘‘2’’ to the white squares adjacent to the white squares numbered as
‘‘1’’.
Put ‘‘3’’ to the white squares adjacent to the white squares numbered as ‘‘2’’.
Repeat numbering the white squares adjacent to the already numbered squares.
Stop the numbering if there is no white square without numbers around the
numbered white squares.
The solid squares adjacent to the ‘‘numbered’’ white squares are surface solid
atoms. White squares adjacent to the surface solid squares are surface liquid sites.

Since the white squares surrounded by solid squares are not numbered, the
liquid sites and vacancies are distinguished. It is straightforward to extend this
method to a 3D model.
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Part II
Copper on Chip Metallization



Chapter 5
Frontiers of Cu Electrodeposition
and Electroless Plating for On-chip
Interconnects

James F. Rohan and Damien Thompson

5.1 Introduction

In the electronics industry, interconnect is defined as a conductive connection
between two or more circuit elements. It interconnects elements (transistor,
resistors, etc.) on an integrated circuit or components on a printed circuit board.
The main function of the interconnect is to contact the junctions and gates between
device cells and input/output (I/O) signal pads. These functions require specific
material properties. For performance or speed, the metallization structure should
have low resistance and capacitance. For reliability, it is important to have the
capability of carrying high current density, stability against thermal annealing,
resistance against corrosion and good mechanical properties.

Over the past 40 years, the continuous improvements in microcircuit density
and performance predicted by Moore’s Law has led to reduced interconnect
dimensions. Until the mid-1990s, Al interconnect was sufficient for VLSI circuit
processing [1]. Further developments in miniaturisation of IC interconnect
required a more conductive material than Al to minimise the RC (resistance–
capacitance) delay which is in effect a time-delay between the input and output for
a signal or potential applied to a circuit. When coupled with the poor resistance to
electromigration (transport of material caused by the gradual movement of the ions
in a conductor due to the momentum transfer between conducting electrons and
diffusing metal atoms) and poor mechanical properties for application in ultra
large-scale integrated (ULSI) circuits, it was clear that an alternative to Al was
required [2].

Only three metals, Ag, Au and Cu have lower resistivity than Al. For practical
applications, it is clear that using Cu rather than Ag or Au is more realistic.
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The resistivity of Cu is 1.67 lX cm, about 40 % lower than Al, which when
coupled with the new low k dielectrics introduced for the processing led to sig-
nificant improvement in the RC delay. Cu also has advantages of higher melting
point 1083 �C by comparison with 660 �C for Al and higher barrier to migration of
an atom from its lattice position in a crystal, Al (1.4 eV) and Cu (2.2 eV). Despite
these advantages Cu had not been used for on-chip interconnect to that point
because of device reliability concerns and processing difficulties. It can diffuse
rapidly through SiO2 in the presence of an electric field [3], decreasing transistor
reliability. It also oxidises significantly at low temperatures but unlike Al it does
not self-passivate [4]. However, one of the largest obstacles to its introduction was
the fact that it cannot be etched readily in plasma. Therefore, an entirely new
approach to interconnect processing had to be developed.

In 1997, IBM developed the electrodeposition technique for Cu metallisation [5].
The required breakthrough was damascene plating in which the dielectric is first
patterned before infilling with the Cu conductor, which enabled Cu electrodepos-
ition to be utilised for on-chip interconnect. It has since become the standard method
for Cu metallisation with demonstrated wafer scale uniformity, high aspect ratio gap
filling capability and low temperature processing. Semiconductor manufacturers
have gradually adopted the electroplating technique for Cu interconnect deposition
in electronic devices and continue to work on miniaturization of device and feature
sizes. In the dual damascene technique, lines and vias can be filled with electrode-
posited Cu at the same time. Figure 5.1 shows a schematic diagram of via filling with
Cu and the requirement to achieve ‘superfilling’ or ‘bottom-up fill’ (BUF) deposi-
tion. This is achieved through the use of suitable additives in the plating bath [6–8],
and is required because sub-conformal or conformal plating would lead to voids or
seams in the Cu.

The additives typically required to achieve this superfilling are a suppressor such
as polyethylene glycol (PEG) which in conjunction with chloride ion and an accel-
erator such as sulphopropyl disulphide (SPS) result in enhanced deposition within the
feature while minimising overgrowth or a pinch off of the feature at the top surface.
Detailed examinations of the mode of operation of the additives (discussed below in
Sect. 5.3.2.1) and their interactions have been performed and has facilitated
remarkable and predictable control of the deposition in sub 100 nm dimensions.

Fig. 5.1 Cross-section
schematic of interconnect
trench or via showing
‘superfilling’ or ‘bottom-up
filling’ of features through the
use of specific plating bath
additives for optimum void-
free profile evolution in
damascene processing [5]
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Improved barrier layers were also required and introduced with Cu in the
damascene process. Refractory metals or their alloys such as TaN deposited by a
standard physical vapour deposition (PVD) process have been sufficient to date.
This layer covers the entire surface to act as a barrier to Cu diffusion. The low
conductivity of TaN has required Cu seed layers for the subsequent electrode-
position, and these have also been processed by PVD [9]. However, PVD suffers
from poor step coverage in deep sub-micrometer vias and trenches. An alternative
process, chemical vapour deposition (CVD) remains a candidate for Cu deposition
but requires the use of combustible precursors which has limited the implemen-
tation of Cu deposition by CVD [10] in IC processing to date. Once the barrier
layer is in place, the active interconnect material can also be deposited by CVD
and Moffat et al. have shown that a similar superfilling can be achieved using this
approach [11]. For future device architectures, particularly at the lower metal
layers of the interconnect, new processing routes must be established with even
greater control over nucleation and layer growth to achieve the material dimen-
sions required. This may necessitate a combination of new processing routes
involving vacuum deposition techniques and wet chemistry processing.

5.2 Required Future Dimensions

The International Technology Roadmap for Semiconductors (ITRS) lists the
dimensions for interconnect processing required over the next number of device
generations [12]. Figure 5.2 has an illustrative cross-section from the ITRS of a
typical microprocessor where the interconnect of different lines and vias between
two adjacent layers are filled with Cu. The metal 1 pitch is also illustrated.

Fig. 5.2 Typical cross-
section illustrating
hierarchical scaling
methodology [adapted from
the ITRS technology
roadmap, 2011 update for
interconnect]
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The microprocessor metal (1� pitch) dimension in future device generations
requirements is summarised in Table 5.1. It is clear that manufacturable processes
are not yet known for metal 1 interconnect and barrier layer material past 2014
(highlighted in red squares). By 2020, IC interconnect at the smallest dimension
will be 12 nm with an expected aspect ratio of 2 and barrier layer thickness of only
1.1 nm. The interconnect issues require urgent attention to enable further Cu
scaling. This requires the combined assessment of novel barrier and seed layer
processing and the active device interconnect material deposition.

As the feature sizes decrease and consequently the operating currents increase,
electromigration becomes a serious issue once more [13], particularly where high
direct current densities are used, such as in high performance processors. It has
been reported that Cu vias are the weak link in the interconnect metallisation [14].
The Cu via connects directly to the Cu metal below. Consequently, if a void forms
in the Cu underneath the via, there is no redundant layer available for current
shunting. This is the primary cause of early failure in Cu interconnects. For the
22 nm technology node or below, the interconnect metal should have current
carrying capability of more than 107 A/cm2 to overcome the electromigration issue
which is at the limit of pure Cu capability.

5.3 New Processing to Extend Cu

The decrease in cross-sectional area of the interconnect pushes the current density
of the Cu wire towards the electromigration limit. To extend the use of Cu at the
smaller dimensions, a decrease is required in the material stack that functions as
barrier layer, in the adhesion or liner and/or in the conductive metal seed layer.
This can be achieved through the use of more conductive and better adhered
barrier layers and seed layers eventually possibly being thinned to a single
plateable barrier. A graphical representation of the influence of the thickness of the
barrier/adhesion/conductor seed stack on the percentage of available active Cu
conductor cross-sectional area is shown in Fig. 5.3 for a simple 1:1 aspect ratio. It
can be seen that a very significant proportion of the via or line will be consumed by
low conductivity barrier stack materials unless the materials function can be
optimised and decreased in dimension.

Table 5.1 Metal 1 (1/2 pitch) dimensions and barrier cladding thickness for metal 1 [ITRS
technology roadmap, 2011 update for interconnect]

Year of production 2014 2016 2018 2020 2022 2024 2026

Metal 1 (1/2 pitch)/nm 24 19 15 12 10 8 6
Barrier cladding thickness for metal 1/nm 2.1 1.7 1.3 1.1 0.9 0.7 0.5
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5.3.1 Barrier Layer Studies

Two potential solutions to the issue of decreasing the barrier/seed layer dimension
have received the most attention to date. One is the use of higher conductivity
‘plateable’ barriers. The other is the use of self-forming barriers through the
deposition of a Cu-based alloy. When the alloy is deposited, a stable nanoscale
barrier forms between the alloying element and the low-k dielectric material upon
heat treatment.

5.3.1.1 Plateable Barriers

Potential plateable barriers must fulfil a number of criteria to be considered as
replacements for the current TaN barrier layer for Cu. The material must

• function as a barrier to Cu diffusion
• form a coherent, conformal nanoscale deposit
• have significantly better electronic conductivity to enable nanometre scale layer

use at 300 mm and the future 450 mm diameter wafers without terminal effects
[15] (where non-uniform Cu electrodeposition occurs across the wafer).

Fig. 5.3 The effect of thinning barrier/seed layer stacks for Cu interconnect based on the cross-
sectional area of a 1:1 aspect ratio feature at decreasing interconnect dimensions
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Lower conductivity plating solutions have also been introduced to minimise
variation across the wafer by counteracting the resistive seed. The lower acid
content of such solutions also enhances the Cu seed layer stability by reducing
corrosion while improving the Cu solubility. Candidate barrier/seed materials are
listed according to bulk resistivity in Table 5.2.

The materials must also

• be non-oxidising
• be competitive in cost
• be scalable to 1.7 nm by 2016, 1.1 nm by 2020 and 0.5 nm by 2026 in accor-

dance with the ITRS roadmap.

Amorphous materials have in general been shown to function well as barrier
layer materials and the introduction of nitrides or alloying elements has also been
considered although high conductivity remains a concern when using an alloy or
nitride.

Meeting each of the conditions listed above is a significant challenge and has
resulted in the assessment of new and combined deposition techniques such as
atomic layer deposition for the ultimate control over the barrier layer dimension. In
atomic layer deposition, a cyclical process of metal precursor and reactant intro-
duction to a vacuum chamber is performed to deposit materials atomically layer by
layer. This is readily achieved for materials such as Al2O3 where first the Al
precursor is introduced before the second active material pulse of water terminates
the deposited Al with oxygen leading to a non catalytic surface for the next phase
of deposition [16]. This process encourages the completion of the first atomic layer
and minimises island or 3D growth. In the deposition of ‘plateable’ barrier layer
metals the first pulse deposits material that is by design maintained conducting
which leads to difficulties with the second phase of the process in which identical
material is reacted on the deposit. This can lead to a catalytic process and the
growth of islands or non-continuous layers.

Table 5.2 Bulk resistivity of
candidate materials for Cu
seed layers

Metal Bulk resistivity/micro ohm cm

Rh 4.3
Ir 4.7
W 5.0
Co 6.0
Ni 6.8
Ru 7.1
Os 8.1
Pt 10.6
Ta 13.5
Ti 40
Mn 144
TaN 180
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Detailed studies of Ru deposition demonstrate many of the challenges with the
introduction of a plateable barrier. It can be deposited by PVD, CVD or ALD.
However, as a pure material it generally deposits in a columnar arrangement with
grain boundaries through which the Cu can readily diffuse and is thus a poor
barrier layer material. It also experiences oxidation which requires additional
processing prior to Cu nucleation and growth in subsequent stack depositions. To
alleviate some of the issues multilayer solutions have been proposed such as
layering Ru with TaN [17], the inclusion of phosphorus [18], nitrogen, boron and/
or carbon [19] or forming alloys such as with tungsten [20]. Binary barrier layers
prevent the columnar deposit while only marginally impacting the conductivity.
Some of these layers have demonstrated sufficient barrier layer capability at 5 nm
when deposited by PVD or CVD. Investigations will continue in this area targeting
long-term barrier functionality of the layers, which would be deposited preferably
through novel ALD processing capable of scaling the plateable seed layer to the
dimensions that will be required for future device generations. The improved
barrier materials may also be integrated further up the metal stack as improve-
ments in the lower metal stack combinations are introduced.

5.3.1.2 Self-Forming Barriers

An alternative approach to future barrier layer processing is the use of self-forming
barriers [21]. To realise a self-forming barrier, the alloying element must be in a
simple solid solution phase with Cu. Elements that form intermetallics (such as Al,
Mg, Sn and Ti) tend to remain in the Cu and result in increased resistivity. The
diffusivity of the alloying element must also be faster than the self-diffusivity of
Cu, so that the alloying element preferentially migrates to the dielectric interface.
Ta, W and Mo which are slow diffusing cannot form a barrier layer before sig-
nificant diffusion of Cu to the dielectric. The third requirement is that the standard
free energy of oxide formation should be sufficiently large and negative but not
much larger than SiO2. The oxide formation energy provides a driving force for
the element to migrate to the interface and ensures that SiO2 is not strongly
reduced. The activity coefficient of the element in a Cu solid solution should be
close to or larger than unity. Elements of this type can be removed easily out of the
Cu film, leading to a substantial decrease of resistivity.

Manganese has been shown to fulfil these criteria forming MnSixOy at the
interface with the dielectric material. The manganese self forming barrier process
is being investigated to more fully understand the mechanism and potential for use
in future generations. Other issues being assessed are the scalability of the process,
the uniformity, the barrier layer functionality with decreasing thickness and the
interaction with current and future dielectric materials.
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5.3.1.3 Self-Aligned Electroless Barrier/Capping Layers for On-Chip
Interconnect

Electroless processing has already shown significant potential for IC interconnect
applications in self-aligned capping layer deposition on Cu. Grain boundaries were
the fastest diffusion path for electromigration in Al (activation energy 0.6 eV for
grain boundary diffusion and 1.0 eV for interface diffusion). On the other hand, a
metal/barrier layer interface is the fastest diffusion path for Cu (activation energy
1.2 eV for grain boundary diffusion and 0.7 eV for interface diffusion) [22, 23].
The interface electromigration mechanism placed a different focus for reliability
improvement with Cu interconnect by comparison with the methods traditionally
utilised for Al. In damascene processing, overdeposited Cu is removed by
chemical mechanical polishing (CMP). The CMP produced top Cu surface is the
fast Cu diffusion path which needs to be tightly capped. A non-conductive barrier
layer is generally applied as the cap layer (e.g. silicon nitride, silicon carbide,
nitride silicon carbide, etc.) to cover the Cu line top surface. However, there are
some issues with using dielectric caps to passivate Cu. As devices become smaller,
the current density through the interconnect increases leading to the requirement
for better electromigration resistance. The dielectric cap generally also has a
higher dielectric constant than the interlevel dielectric, resulting in an increase in
line-to-line capacitance. Improved Cu electromigration resistance has been
reported for Cu lines protected with thin conductive surface capping layers of self-
aligned electrolessly deposited CoWP or CoSnP [24, 25].

5.3.2 Electroless On-Chip Interconnect Materials Deposition

Electroless plating has also been investigated as a means to deposit Cu for ULSI
applications. Initial studies indicated that submicron features could be filled with
electroless Cu from formaldehyde solutions with typical electroless Cu additives
such as EDTA and wetting agents to remove hydrogen gas during deposition
[26–28]. Alternative reducing agents have also been investigated such as glyoxylic
acid [29, 30] and dimethyl amine borane [31]. Void free deposits were generally
achieved although in the larger dimension features a more conformal deposit was
observed than the superconformal deposits required for current and future device
generations. An example of conformal deposition in a 0.36 lm trench is shown
below in Fig. 5.4 for electroless Cu deposited on TaN from a DMAB-based bath.

5.3.2.1 Superconformal Electroless Cu Deposition

The achievement of BUF using similar additives to those used in electrolytic baths
was reported by Shingubara et al. for 310 nm diameter openings [32]. They found
that SPS concentration and PEG with a molecular weight in excess of 800 could be
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used to encourage BUF even from this very different plating solution when com-
pared to the electrolytic baths. They used glyoxylic acid at pH 12.5 (using tetra
methyl ammonium hydroxide to modify pH) and common to all electroless baths no
potential was imposed on the substrate. A 1 nm ICB deposited Pd layer was utilised
to activate the substrate for electroless Cu deposition. Similar results were achieved
in a formaldehyde bath for trench features with 400 nm openings [33] where lower
concentrations of SPS (0.5 mg/L) gave BUF through an acceleration of the elec-
troless deposition while for SPS concentrations in excess of 5 mg/L a suppression
effect was observed which prevented BUF. PEG was not utilised in [33]. In a
subsequent report [34] 2, 2 dipyridyl was added to enhance the deposition char-
acteristics and BUF with 2 to 10 mg/L of SPS while above 25 mg/L a suppression
of the electroless Cu deposition reaction was observed.

Similar baths using glyoxylic acid, 2, 2 dipyridine and sulphur containing
organic acids with three different chain lengths were investigated [35]. The
researchers concluded that enhanced diffusion of the lower molecular weight
mercapto acids to the base of the etched structure promoted BUF. A study which
assessed the effect of dilute 1 ppm PEG (MW 4000) on electroless Cu deposition
from Glyoxylic acid also revealed BUF which they proposed was promoted within
the etched structure (130 nm opening, 350 nm depth onto which a 35 nm PVD Ti/
Cu seed layer was deposited) by the differences in PEG concentration that result
from the diffusion characteristics and relatively slow diffusion for PEG by com-
parison with the ten times smaller EDTA complexed Cu ion [36]. Lee et al. [37]
investigated the influence of 2-mercapto-5-benzimidazolesulfonic acid on BUF in
a formaldehyde electroless Cu bath with 500 nm wide trenches. They also
incorporated 2, 2 dipyridyl and PEG (MW 8000). Like their other studies the
authors found an acceleration effect with low concentration of the sulphur

Fig. 5.4 Conformal
electroless Cu from a DMAB
bath deposited on TaN
(0.36 lm trench)
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containing additive while at high concentration of the additive a suppressor effect
was observed. Yang et al. [38] studied the synergistic effects of SPS and PEG
(MW 4000) in a formaldehyde bath at pH 12.5 with trench openings of 150 nm
and depth of 470 nm onto which Ti (10 nm) and Cu (40 nm) were sputtered. They
found that inhibition by PEG at the top surface and acceleration by SPS within the
trench promoted BUF in the feature sizes studied.

Each of these studies resulted in deposition similar to that observed in sulphuric
acid electrolytic Cu deposition baths. The general characteristic of deposition
suppression at the top surface by the adsorption of slower diffusing bulky species
is common to deposition through both electrolytic and electroless means. In some
cases, this appears to be assisted by an accelerator reaction within the trench
though there is little evidence for the overfilled bump predicted by the curvature
enhanced accelerator coverage model [39]. It should also be noticed that while
chloride is always present in the electrolytic tests to enhance the functionality of
the suppressor molecule, it is not used in the electroless studies. Healy et al. [40]
showed the influence of chloride on the deposition from a typical strongly acidic
sulphate electrolytic bath. At open circuit they suggested the adsorption of a Cu(I)-
Cl complex with PEG as a ligand. They proposed that the complex forms a film at
the Cu surface that hinders the Cu deposition rate. However, the potential region
where Cu is deposited (typically in the range -0.5 to -0.6 V versus Hg/Hg2SO4 in
such solutions) Cl- no longer adsorbs and the PEG is adsorbed as a neutral
molecule. In a formaldehyde electroless Cu bath operating in alkaline solution (pH
12.5) Cu has been shown to deposit in the region of -0.96 V versus Hg/Hg2SO4

[41]. It is also of interest to observe that the rest potential for a Cu electrode in the
formaldehyde solution in the absence of added Cu ion is approximately -1.4 V
versus Hg/Hg2SO4 [42]. Detailed analysis of each of the contributing bath addi-
tives and their interaction at the potential and pH of interest has not been per-
formed to date for electroless Cu BUF.

Recent analysis of electroless Cu deposition from borane solutions [43] has
shown the importance of designing cells that permit monitoring of the various
components in the deposition process. The electroless plating baths are complex
solutions typically involving multistep oxidation [44, 45] and metal reduction. To
fully describe the reaction mechanism, more characterisation is required that will
provide data on the individual components and their distributions in full cells.
Complicating the analysis is the need to determine reactions at a single substrate.
A further complicating factor is that the new phase deposited becomes the active
electrode in electroless deposition experiments. It is also important to attempt to
standardise the analysis to enable data comparison and mechanistic interpretations.
Some of the variables that have hindered the derivation of mechanisms for elec-
troless Cu deposition include bath pH, concentration of active materials, metal
salts, additive types and concentration, substrate material, temperature, agitation,
dissolved oxygen, impurity species and substrate to solution volume ratio.
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5.3.2.2 Electrochemical Deposition for Future on Chip Interconnect

Electrolytic and electroless deposition have both been shown to fill structures with
a required BUF mechanism. To date relatively few studies have been performed on
electroless processing in the low nanometre range. Seed layers based on Pd or Cu
have also been used and future interconnect architectures will not facilitate thick
seed layers for initial nucleation and layer growth. Suitably activated electroless
Cu deposition could be utilised on current TaN-based barrier layers given that a
complete seed layer is not required and an electrical terminal effect will not
influence the uniformity of the deposit. However, it is still unclear what the limits
are for the seed layer required in electroless processing and what the capabilities of
BUF are in sub 20 nm features. Plateable barriers based on more conductive
materials may also be relevant for electroless processing and provide uniform seed
layers for electroless Cu deposition. Electroless Cu for seed layer repair of PVD
deposited seeds is currently under investigation and similar investigation may be
required for CVD or ALD deposited barrier/seed layers as the achievement of
ultrathin coherent conducting layers is not a trivial matter even with these vacuum-
based high temperature processing routes.

More detailed analysis over the coming years is required to precisely control the
electroless processing as has been achieved in the electrolytic case. The ability to
then model and predict nucleation and growth mechanisms will greatly benefit
future device fabrication. On non-conducting barrier layers existing electroless Cu
baths require a catalyst deposition and this is typically achieved using a Sn-based
sensitization step. In a recent study [46] an 18 nm coherent electroless Cu film was
deposited from a formaldehyde-based solution. The limiting factor proposed for
this film thickness was the need to achieve well-dispersed nuclei of Pd catalyst on
the Sn sensitiser which were in turn on Ta on a TaN barrier layer. In that work Pd
particle density was increased (to 6.8 9 1010 particles/cm2) by the addition of
PEG-3400 to the Sn sensitisation solution. They attributed this increase to PEG
acting as a surfactant and stabilising agent for the Sn colloids. For electroless
processing to be utilised in future on-chip interconnect even greater control of the
nucleation density and layer growth dimension will be required, with the funda-
mental lower limit set by the Cu atom diameter of 0.245 nm.

Common to both electrolytic and electroless deposition for future Cu-based IC
interconnect is the need to utilise additives to enhance the deposition character-
istics. The additives typically employed in damascene plating are based on the
interaction between PEG type materials and an accelerator. The size and shape of
these additives will become more significant as the feature size for the structure
decreases. A typical PEG material used in many of the studies reported has a
molecular weight of 3350 based on 75 repeat units of the C–O–C unit. FE-SEM
has been used to investigate PEG 7500 [47] in which particles 10 nm in diameter
were attributed to PEG. Kondo et al. [48] using AFM observed adsorbed PEG
(MW 7500) on Cu in the presence of Cl- with a cone shape where the bottom
radius was about 15–25 nm and the height was 2–4 nm. Kelly and West [49] had
suggested a collapsed sphere 1.7 nm in diameter based on the molecular weight for
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PEG 3350 and assuming no voids in the collapsed structure. Alternative polyethers
have also been investigated [50] and shown to facilitate void free deposition in
high aspect ratio features exhibiting superior BUF capability than PEG 1000 for
example.

Molecular dynamics computer simulations can be used to calculate intra- and
inter-molecular forces at the nanoscale and determine the structure, dynamics and
energetics of macromolecules [51]. The computed structure of PEG (Fig. 5.5) [52]
with MW 3362 (75 CH2OCH2 repeat units) shows that an estimated diameter of
1.7 nm [49] for a tightly folded PEG polymer of MW *3350 is reasonable. The
structure was calculated using the NAMD programme [53] with the CHARMM
force field [54] supplemented by literature data for PEG [55]. Four nanoseconds of
room temperature Langevin molecular dynamics was performed in a NVT
ensemble (constant number of particles, constant volume and constant tempera-
ture) using a two femtosecond time step for dynamics.

Such computed properties can be used to better understand and guide experi-
ments in the development of functional nanomaterials for electronics [56–58].
Further models that include the Cu surface and water could be used to determine
the size and structure of the polymer in Cu deposition experiments [49], including
also the effect of ions [59] on the structure of the PEG (or similar functioning
polyethers), to assist with prediction of the viability of materials processing for
future electrolytic or electroless on-chip interconnect.

Electrochemical deposition for on-chip interconnect has over the past 15 years
inspired many aspects of nanoscale electrochemical processing. The detailed
analysis of the electrolytic route has resulted in a continuous scaling that has
matched the requirements of the ITRS for sub 100 nm deposition. As the issues of

Fig. 5.5 Computed room
temperature structure of
HOCH2–(CH2OCH2)75–
CH2OH (M. W. = 3362).
Carbon, oxygen and
hydrogen atoms are blue, red
and white spheres. The
computed PEG structure
exhibits a radius of gyration
of 0.86 ± 0.01 nm
(averaging over 100
structures, sampling every ten
picoseconds during the final
nanosecond of dynamics),
corresponding to a diameter
of 1.72 nm
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barrier/seed layers and nucleation become more critical electroless deposition must
also be considered for future on-chip interconnect applications and combinations
with ALD or CVD may be required to deliver the future scaling requirements.
Novel electroless plating solutions and detailed electrochemical and microstruc-
tural characterisation are required. Computer simulations of bath constituents and
interactions will assist greatly in the continued implementation of electrochemical
solutions for applied nanotechnology.
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Chapter 6
Microstructure Evolution of Copper
in Nanoscale Interconnect Features

James Kelly, Christopher Parks, James Demarest, Juntao Li
and Christopher Penny

6.1 Introduction

Ever since being implemented in manufacturing for the production of on-chip
interconnect wiring in the late 1990s [1, 2], electrodeposition of copper has
become a research topic of renewed technological importance. While the role of
the various organic electrolyte additives commonly used in such processes has
been a primary focus [3–8], the structure and recrystallization of the electrode-
posited Cu have also attracted significant attention [9–21]. Since it is desirable to
minimize interconnect resistance to improve overall system performance [1],
much effort has been made to understand the various contributions to Cu line
resistance and promote the full recrystallization of the electrodeposited Cu. These
aspects become especially important as interconnect dimensions shrink to the
nanoscale [22–26]. Josell et al. give a comprehensive review of much of this line
resistance-related work [27].

Another important aspect of metal interconnect integration is electromigration
performance. The microstructure of the Cu electrodeposited within the intercon-
nection directly impacts its subsequent resistance to electromigration (EM); in
general, a bamboo-like grain structure typically leads to good EM resistance [28, 29].
As interconnect dimensions shrink, relative line current densities and the number of
atoms present at the interface increases, resulting in lower EM lifetimes. EM per-
formance can be improved by incorporating an alloying element into the interconnect
structure (e.g., Al and Mn have been described in some detail previously) [30, 31],
or by using a metal capping layer (e.g, electrolessly deposited Co alloys) [32].
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Although the efficacy of these approaches in extending EM lifetimes has been
demonstrated, some complication is associated with each one; for the former, a
resistivity penalty accompanies the EM improvement, while for the latter a new
material and highly selective film deposition process step is required [32]. Promoting
a bamboo, large-grained Cu interconnect structure by optimizing Cu microstructure
is a straightforward way to improve reliability without the introduction of new
materials and/or processes. In this chapter, we consider the microstructure evolution
of Cu electrodeposited within Damascene features, along with the behavior of
incorporated impurities.

6.2 Microstructure Evolution and Impurities
in Nanoscale Interconnects

The challenge of attaining a stabilized microstructure for Cu electrodeposited in
narrow interconnect lines is illustrated in Fig. 6.1. This figure, a version of which
we have shown previously [33], has been updated with new data for 28-nm-wide
metal lines. We characterize the extent of microstructure evolution in plated Cu
interconnect features after planarization of the plated Cu overburden by chemical
mechanical planarization (CMP) using a ratio of interconnect electrical resis-
tances. The post-CMP, 8 h 350 �C anneal line resistance R is normalized with
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Fig. 6.1 Electrical resistance ratio R/Ro as a function of linewidth and post-plate anneal
temperature for both ‘‘pure’’ and ‘‘doped’’ electrodeposited Cu (hollow and solid points,
respectively). Square symbols indicate 250 �C post-plate anneal, while circles and triangles
indicate 100 �C post-plate anneal. R/Ro values close to one suggest little post-CMP microstruc-
ture evolution takes place, while decreasing R/Ro values suggest increased post-CMP Cu
microstructure refinement. (A portion of this figure reproduced with permission from [33].
Copyright 2012, The Electrochemical Society)
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respect to the line resistance measured immediately after CMP, Ro. For R/Ro

values that are close to one, we infer relatively little microstructure evolution takes
place during the post-CMP 8 h 350 �C anneal, suggesting that the Cu micro-
structure is almost fully stabilized by the post-plate anneal process. A decreasing
R/Ro ratio suggests the occurrence of more post-CMP microstructure evolution in
the patterned Cu interconnect lines, i.e., the post-plate anneal process does not
fully stabilize the Cu microstructure. The ratio R/Ro is shown as a function of
linewidth for two chemistry types and two post-plate anneal temperatures. The
chemistries have been described previously in [33]; one (a ‘‘doped’’ type) yields an
electrodeposited Cu blanket film having total impurity levels (C, S, Cl, O) on the
order of a few hundred ppm, while the other (a ‘‘pure’’ type) produces a Cu blanket
film having a total impurity level \10 ppm.

Figure 6.1 clearly shows that as feature width decreases below about 100 nm,
R/Ro values start to decrease, suggesting that the Cu in narrow lines is less sta-
bilized than that in wider lines prior to CMP, particularly in the case of the 100 �C
post-plate anneal (represented by circles in the plot). Chemistry type does not
appear to strongly impact the R/Ro behavior; instead, the influence of linewidth
and post-plate anneal temperature is much stronger. This is consistent with the
finding that for narrow features, both chemistry types have similar impurity levels
within the metal lines, as described previously [33]. The two 28 nm feature width
data points represented by triangles do not seem to fall on the trend lines in the
figure. This is not unexpected since a different patterning process and dielectric
were employed in the fabrication of the 28-nm wide structures, leading to a
somewhat different aspect ratio and profile for these smaller features. Conse-
quently, these two data points do not represent a simple change in the feature width
but a different overall geometry as compared to the wider lines. Apparently,
geometric parameters other than the feature width (such as top opening and taper,
aspect ratio, etc.) can influence the degree of microstructure evolution that occurs
in the Cu interconnect.

The grain structure of Cu electrodeposited in various feature widths is quali-
tatively shown by a transmission electron microscopy (TEM) cross-section in
Figs. 6.2 and 6.3, for samples having structures processed with both the ‘‘pure’’
and ‘‘doped’’ Cu chemistry, respectively. In these images, where the Cu over-
burden was left intact, the line structures are sectioned perpendicular to their
length in order to view multiple feature widths in the same image. A room tem-
perature anneal (over the course of several days) was experienced by the structures
in both images. The coarse grain structure in the Cu overburden is clearly visible
for both chemistry types, consistent with the high degree of recrystallization and
grain growth expected for blanket electrodeposited Cu films [13–15]. It is possible
that the ‘‘pure’’ Cu exhibits somewhat larger grains in the overburden with less
microstructural detail visible within each as compared to the ‘‘doped’’ Cu. We did
not attempt a detailed analysis. Although it might be expected that the chance of
observing some finer grains within the wider Cu lines might be higher simply
owing to their larger area, this does not appear to be the case. In fact, fine-grained
regions are more evident within the narrow features (approximately 40 nm wide in
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both figures, shown in higher magnification in the inset) as compared to the wider
ones, for both chemistry types. This seems to be consistent with the line resistance
behavior shown in Fig. 6.1, where stabilization of the Cu microstructure in wide
lines is less difficult as compared to more narrow ones, and no strong difference
with chemistry type was observed.

We have noted that Cu deposited in narrow features can exhibit higher levels of
incorporated plating impurities, such as S and Cl, as compared to that found in
wider features [33]. In wide lines, the electrodeposited Cu impurity content is
governed by the choice of the additive chemistry and corresponds to that expected
for a blanket film deposited from that chemistry (either ‘‘pure’’ or ‘‘doped’’). This
trend is shown in Fig. 6.4a, b for the case of Cu deposited in various linewidths
from a ‘‘pure’’ chemistry. Secondary ion mass spectroscopy (SIMS) was used to

(a)

(b)
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dielectric

Cu

dielectric

Fig. 6.2 a TEM micrograph
of various linewidth features
filled with electrodeposited
Cu for a ‘‘pure’’ Cu chemistry
with no post-plate anneal.
The width of the smallest
patterned line is
approximately 40 nm.
b higher magnification view
of narrow lines in a. Large
grains are evident in the
overburden but less so within
narrow lines

Cu

dielectric Cu

dielectric

(a)

(b)

Fig. 6.3 a TEM micrograph
of various linewidth features
filled with electrodeposited
Cu for a ‘‘doped’’ Cu
chemistry with no post-plate
anneal. The width of the
smallest patterned line is
approximately 40 nm,
b higher magnification view
of narrow lines in a. Large
grains are evident in the
overburden but less so within
narrow lines
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quantify the concentration of S and Cl for the Cu deposited within the patterned
lines (experimental details are given in [33]. For the 40 nm line, the Cl signal
increases substantially from that observed in the bulk overburden Cu, to a level on
the order of a few hundred ppm. The S signal roughly tracks with the Cl signal and
appears to be present at a somewhat lower concentration, on the order of tens of
ppm for the 40-nm line. It should be noted that similarly high levels of impurities
were found in narrow Cu lines when a ‘‘doped’’ chemistry was employed [33].

The incorporated S levels are consistent with those predicted by Moffat et al.,
based on experimentally measured accelerator consumption rates (the accelerator
molecule contains S) [8, 34]. In this work, higher and lower accelerator con-
sumption rates were observed for Cu electrodeposition at lower and higher over-
potentials, respectively. Differences in local overpotential with feature width may
be one way to interpret the observed incorporated S concentration dependency on
line width. Another possible explanation is related to the fairly different time scales
over which narrow and wider features are filled; it is likely that the dynamics of
additive adsorption and incorporation into the electrodeposited Cu are simply quite
different for a narrow feature (filled in a second or even less once the wafer is
cathodically biased) and a wider feature (probably filled over a the course of several
seconds or longer and likely under more quasi steady-state conditions).

A study of Cl incorporation in electrodeposited Cu by Hayase et al. employed
SIMS to show relatively high Cl levels incorporated into the initially deposited Cu
layers on a Pt substrate [35]. As they probed regions of the electrodeposited Cu
farther from the Pt/Cu interface, measured Cl levels diminished, suggesting some
Cl consumption during the growth of the Cu film (the incorporated Cl concen-
tration was not quantified). Hebert developed a model for Cl incorporation based
on this data to predict steady-state Cu deposition potential-current behavior for a
bath having a suppressor and a range of Cl concentrations [36]. The increased Cl
level observed for narrow lines in Fig. 6.4 is consistent with these data and model
in that, for the initially deposited layers of Cu, the Cl at the interface has not yet
been appreciably consumed, allowing for a high surface coverage of available Cl
for incorporation within the Cu deposit. As narrow lines are filled more quickly
than wide ones, a larger fraction of the Cu is deposited during this transient period
of potentially high Cl surface coverage, possibly leading to higher incorporated Cl
levels within narrow features.

One complication in attempting to experimentally determine nonmetallic
impurity levels for Cu electrodeposited into patterned dielectric is the presence of
the dielectric material itself. Since dielectrics typically used in industry may contain
some C and O, it is not straightforward to determine the concentrations of these
elements in Cu deposited in the patterned lines. This is the reason that S and Cl,
which are not nominally present in the dielectric, are shown in Fig. 6.4. None-
theless, the possibility of the presence of some S or Cl in the features as an unin-
tentional impurity from some upstream patterning or clean process cannot be ruled
out with absolute certainty. As a check on that possibility, features having only the
Cu seed on the metal liner were analyzed with SIMS. Results from such samples are
shown in Fig. 6.5 where 28 and 100 nm feature widths are considered.
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Although some S and Cl are detected for the Cu seed-only sample, the levels
are still much lower (*factor of 10 or more) compared to the concentrations
measured in the most narrow features. From blanket wafer experiments, it is
known that a certain quantity of S and Cl can be found on the PVD Cu seed
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40 nm, 0.1, and 1.8 lm linewidths as well as 200 lm square open pad, b same as (a) but for
S. Both Cl and S increase as feature size decreases

120 J. Kelly et al.



surface, likely due to the presence of surface contaminants. Though not shown
here, our internal blanket wafer SIMS data suggest that this impurity layer
adsorbed on the Cu seed is not significantly incorporated into the electroplated Cu.
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Fig. 6.5 a Comparison of measured Cl levels for Damascene lines, both unfilled (seed-only) and
filled Cu, with linewidth as indicated. The Cl is higher for the filled samples for all linewidths,
b same as (a) but for S. The low levels of S in widelines filled with plated Cu are similar to those
measured for the seed-only sample. The S concentration measured in the filled narrow lines is
higher than that measured for the seed-only sample. The underlying metal level is visible for the
100 nm but not 28 nm linewidth macro on the seed-only samples due to a difference in the
patterned line orientation for the two macros
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This is presumably due to its dissolution/desorption upon exposure to the Cu
electrolyte. It is likely that this contaminant layer contributes to some of the seed-
only S and Cl signal seen in Fig. 6.5. We thus conclude the lower levels of S and
Cl measured for wider lines (e.g., 0.1 micron and larger) may be impacted by
background presence of these elements, but the high concentrations of S and Cl
measured in narrow Cu interconnect lines is attributable to the electrodeposited Cu
itself. It should also be noted that the impurity levels found in the filled 28-nm
wide Cu line in Fig. 6.5 are somewhat higher than those found for the 40-nm wide
Cu line, following the trend of increasing impurity incorporation for decreasing
linewidth shown in Fig. 6.4.

6.3 Grain Structure in Nanoscale Interconnects

Cu grain structure is shown in Fig. 6.6 for a 40-nm wide interconnect line both
before and after a post-CMP 8 h 350 �C anneal. In this case, the Cu was deposited
from a ‘‘pure’’ Cu chemistry. The post-CMP microstructure shows a fair amount of
defect detail within the Cu line. Grains are small and not clearly defined in some
regions. After anneal, the grain structure is on average a little coarser compared to
that of the pre-anneal case, though some small grains remain. Somewhat less

(a) No post CMP anneal

(b) 8 hr 350 C post-CMP anneal (zoom)

(c) 8 hr 350 C post-CMP anneal (low mag)

Cu

dielectric

Cu

Cu

Fig. 6.6 a Longitudinal TEM micrograph of 40 nm wide line filled with Cu from a ‘‘pure’’ Cu
chemistry (100 �C post-plate anneal, no post-CMP anneal). Many fine grains having much
electron diffraction contrast are visible, b same as (a), but with 8 h 350 �C post-CMP anneal. A
fair number of fine grains are still visible, but the interior grain electron diffraction contrast is
greatly diminished compared to (a), c low magnification view of (b). (A portion of this figure
reproduced with permission from [33]. Copyright 2012, The Electrochemical Society.)
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contrast is evident within each grain as compared to pre-anneal. Figure 6.7 shows
a similar set of images for Cu deposited from a ‘‘doped’’ chemistry. The grain
structure evolution with anneal roughly parallels that observed in Fig. 6.6, with the
post-anneal structure appearing somewhat coarser. Given the degree of micro-
structure evolution suggested by line resistance change with annealing in Fig. 6.1,
it is somewhat surprising that the change in Cu grain size is not more significant
than observed. As is the case for the behavior shown in Fig. 6.1, the type of plating
chemistry does not seem to significantly influence the observed Cu microstructure
in narrow lines.

In Figs. 6.8 and 6.9, Cu grain structure is shown before and after a post-CMP
8 h 350 �C anneal for 80- and 120-nm wide Cu lines, respectively (for these
figures, only Cu from a ‘‘doped’’ chemistry are shown). Since the lines are much
wider and the degree of post-CMP microstructure evolution inferred by resistance
change in Fig. 6.1 is much less compared to the 40 nm lines, it might be expected
that the grains would have already coarsened somewhat immediately after CMP,
with little additional change upon further annealing; but this is not observed in the
TEM micrographs in Figs. 6.8 and 6.9. Instead, a number of small grains are
evident in the post-CMP sections of both the 80 and even 120-nm wide lines.
A fair degree of contrast variation is visible within each grain. This contrast
variation is related to some physical feature that impacts the diffraction of

Fig. 6.7 a Longitudinal TEM micrograph of 40 nm wide line filled with Cu from a ‘‘doped’’ Cu
chemistry (100 �C post-plate anneal, no post-CMP anneal). Many fine grains having much
electron diffraction contrast are visible, b same as (a), but with 8 h 350 �C post-CMP anneal. As
for the ‘‘pure’’ Cu chemistry, many fine grains are still visible after the high temperature anneal,
but the electron diffraction contrast within each grain is much more uniform post-anneal. c low
magnification view of (b). (A portion of this figure reproduced with permission from [33].
Copyright 2012, The Electrochemical Society.)
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electrons as they interact with the sample composed predominantly of the Cu
lattice, such as crystalline point and line defects, or strain, which could be relieved
with higher temperature annealing due to thermally activated atomic movement

(a) No post-CMP anneal (low mag)

(b) 8 hr 350  C post-CMP anneal 

Cu

Cu

Cu

Fig. 6.8 a Longitudinal TEM micrograph of 80 nm wide line filled with Cu from a ‘‘doped’’ Cu
chemistry (100 �C post-plate anneal, no post-CMP anneal). Many fine grains having much
electron diffraction contrast are visible, b same as (a), but with 8 h 350 �C post-CMP anneal.
Contrary to 40 nm wide line behavior, much grain growth along with a reduction of interior grain
electron diffraction contrast is observed post-anneal

(a)  No post-CMP anneal (low mag)

(b) 8 hr 350 C post - CMP anneal

Cu

Cu

Cu

Fig. 6.9 a Longitudinal TEM micrograph of 120 nm wide line filled with Cu from a ‘‘doped’’ Cu
chemistry (100 �C post-plate anneal, no post-CMP anneal). Even for this wider line, the grain
size is fairly small with much electron diffraction contrast apparent, b same as (a), but with 8 h
350 �C post-CMP anneal. Similar to the 80 nm wide lines, much grain growth along with a
reduction of interior grain electron diffraction contrast is observed post-anneal (the area shown in
(b) has some visible features, but a large fraction of the TEM sample had little to no observable
electron diffraction contrast within the line)
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[37]. After anneal, both the 80 and 120-nm wide line microstructures undergo a
transition to a very coarse grain structure. The pre-anneal microstructural detail
visible in the grain interiors is greatly diminished.

Our results are consistent with those reported previously where trench width
influenced the attainable grain size [16, 19, 29]. One recent study concluded
differently, reporting that Cu grain growth was not limited by line geometry for
linewidths between 25 and 45 nm based on top-down electron backscatter dif-
fraction (EBSD) imaging [26]. As the grain structure may vary significantly
through the depth of the Cu interconnect as shown in Figs. 6.6 and 6.7 as well as
refs. [16, 19, 29], it is probable that finer grains within narrow lines may not be
detected by topdown techniques like EBSD, especially for those at the trench
bottom. The results in Figs. 6.7, 6.8, 6.9 are somewhat counterintuitive in that they
suggest fairly large line resistance changes can occur with only relatively modest
changes in grain size (observed for narrow lines), while a significant degree of
grain growth may occur with relatively little change in line resistance (as is the
case for wider lines). Since grain growth does not appear to easily explain the
behavior of narrow lines in Fig. 6.1, the Cu interconnect impurity distribution
response to annealing was studied in the next section.

6.4 Impurity Movement within Nanoscale Interconnects

The impact of the high temperature anneal described above on the S and Cl
impurity distribution is shown in Figs. 6.10 and 6.11 for 40 nm and 1.8 micron
wide lines, respectively. The Cu was deposited from a ‘‘doped’’ Cu chemistry in
order to introduce impurities into the wide features. In the case of the 40 nm lines,
annealing has little influence on the distribution of S and Cl within the Cu, while in
the wide lines it appears to lower observed S and Cl levels toward the middle of
the trench depth. Although not apparent in Fig. 6.11, based on work using other
samples with a variety of wide lines and higher depth resolutions, we believe that
upon annealing these dopants are moving toward the dielectric capping material
deposited on top of the Cu line (the increased impurity levels at the very top of the
patterned lines is sometimes difficult to capture for depth resolutions that allow for
practical analysis, especially if the S and Cl are highly localized in a very thin
layer). Impurity segregation data for 0.1 micron wide lines, similar to the
dimensions for the lines considered in Figs. 6.8 and 6.9, are qualitatively similar to
the behavior shown in Fig. 6.11 for the 1.8 micron wide line, but somewhat less
pronounced.

The vertical movement of S and Cl in wider lines for higher anneal tempera-
tures in this study is consistent with previous work where blanket electrodeposited
Cu films were considered. Brongersma et al. studied the movement of impurities as
a function of annealing temperature in plated Cu, noting that carbon was detected
on the film surface starting at about 80 �C, with the signal vanishing before 150 �C
was attained [14]. Sulfur, in contrast, did not start to be detected until 150 �C, with
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an increase in signal occurring as the temperature was ramped to 400 �C; the
movement of S with these higher anneal temperatures was accompanied by
additional film grain growth as was observed in this study. Liu et al. using
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350 �C post-CMP anneal (Cu deposited from ‘‘doped’’ Cu chemistry, post-plate anneal
temperature of 100 �C). The S and Cl levels in the middle of trench depth decrease significantly
with annealing
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Fig. 6.10 Concentration of S and Cl within 40 nm wide Cu lines with and without 8 h 350 �C
post-CMP anneal (Cu deposited from ‘‘doped’’ Cu chemistry, post-plate anneal temperature of
100 �C). Very little movement of the S and Cl is observed with anneal
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somewhat lower annealing temperatures (\220 �C), found similar results,
detecting C and O migration out of the electrodeposited Cu but no S or Cl
movement at these temperatures [17]. It appears that the large degree of grain
growth observed for wider lines at higher anneal temperatures is correlated with a
redistribution of the S and Cl impurities within the Cu (Yoon et al. observed a
similar effect for blanket plated Cu films) [13].

The 40-nm wide Cu lines considered in this study, which exhibit a lesser degree
of grain growth with a high temperature anneal, also show little to no corre-
sponding impurity movement. This seems to be consistent with the literature in
that little impurity redistribution would be expected in the absence of significant
grain growth; both the ability to migrate S and Cl out of the narrow lines and
promote significant grain growth appear to be limited by the narrow feature
geometry. However, we infer that some sort of physical change occurs within the
narrow Cu lines when anneal at high temperature based on the behavior shown in
Fig. 6.1. Brongersma et al. considered the reflectance of blanket plated Cu films as
a function of temperature, noting a significant change occurring at about 350 �C
that persisted upon cooling the sample down [14]. They also reported measuring
large amounts of hydrogen leaving the Cu film at elevated temperatures (details
were not given) employing a residual gas analyzer in a low-energy ion scattering
experimental setup. It was postulated that hydrogen desorption in the sample was
responsible for the reflectance change, presumably as it would eliminate con-
taminants adsorbed on the Cu surface. This is consistent with thermal desorption
measurements made by Fukai et al., who found significant hydrogen escaping
from electrodeposited Cu starting at about 300–350 �C [38]. They interpreted
their data as evidence of the presence of lattice vacancy-hydrogen clusters in
the electrodeposited Cu, with the sharpness of the desorption peak suggesting H
atom-Cu vacancy pairing. Positron annihilation experiments also suggest a
decrease in concentration of vacancy clusters starting at about 300 �C for elec-
troplated Cu [39].

The elimination of such point defects at higher annealing temperatures could be
one explanation for the high temperature resistance changes observed in narrow
Cu interconnect lines. It would not easily explain why wide lines behave differ-
ently than narrow ones as shown in Fig. 6.1, since the high temperature anneal
ought to eliminate vacancy defects in these features too. One possibility that would
explain this apparent discrepancy would simply be a higher concentration of
vacancy defects for narrow lines. While we have no experimental evidence for a
higher concentration of lattice defects in narrow lines, the fact that they contain
higher amounts of S and Cl (even for Cu deposited from a ‘‘pure’’ chemistry)
compared to wide lines suggests something fundamentally different in the manner
in which narrow and wide features are filled. Certainly, the difference in time
scales over which Cu fill occurs for the two feature sizes would imply more of a
transient, non-steady-state situation for narrow lines, while wider ones would be
mostly filled after the initial adsorption of the additive molecules. It could be
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argued that such a difference in the Cu fill process for narrow and wide lines would
lead to a tendency for narrow lines to contain more lattice defects.

Another possible explanation for the difference in narrow and wide line resis-
tance behavior could be the relative importance of grain boundary resistance with
linewidth. Recent work has shown that high-angle, random grain boundaries in
electroplated Cu scatter electrons much more strongly compared to ones exhibiting
more structural symmetry across the boundary (known as ‘‘coincidence’’ grain
boundaries) [40, 41]. As the grain boundary resistance contribution to overall line
resistance is relatively more significant for narrow lines [27], a restructuring of the
Cu lattice near the grain boundary at higher anneal temperatures would be more
easily observed in narrow line electrical resistance, explaining the behavior shown
in Fig. 6.1. The idea of grain boundary restructuring by a recovery process at
higher anneal temperatures seems consistent with Figs. 6.6, 6.7, where some subtle
microstructure evolution but limited grain growth was observed for annealed
narrow Cu lines. Recovery processes (traditionally considered in metals having a
high number of lattice defects induced by cold working) have been explained by
the elimination of defects in a crystal lattice at relatively low temperatures, pre-
ceding recrystallization and grain growth [42–44]. This type of mechanism appears
consistent with resistance changes observed in narrow Cu interconnects in this
study, except that it is occurring at temperatures that would typically suffice to
promote significant recrystallization and grain growth in a bulk material. It seems
that though physical mechanisms by which the Cu interconnect crystal quality may
be improved are limited at narrow dimensions, they are sufficient to induce
appreciable resistance changes for nanoscale features.

6.5 Conclusions

The evolution of Cu microstructure and incorporated impurities was studied using
TEM, SIMS, and electrical resistance measurements for Damascene features. As
feature width drops below 100 nm, resistance measurements suggest an increasing
degree of post-CMP microstructure evolution with anneal for Cu deposited from
both ‘‘doped’’ and ‘‘pure’’ Cu plating chemistries. While little to no post-anneal
grain growth and impurity movement occurs for narrow Cu lines, some subtle
post-anneal microstructure evolution is visible. Post-anneal resistance changes in
narrow features are consistent with recovery of the Cu lattice via elimination of
crystal defects without significant grain growth.
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Chapter 7
Direct Copper Plating

Aleksandar Radisic and Philippe M. Vereecken

7.1 Introduction

Direct plating is the term used in the damascene interconnect technology when
copper (Cu) is plated on a substrate without a copper seed. The conductive copper
seed is replaced by a nobler metal such as ruthenium (Ru) or metal compounds
such as RuTa or RuTiN alloys in an effort to combine seed and barrier properties
into one as the lining thin film material [1]. Copper electrodeposition on top of a
foreign substrate by itself is of course not that unusual, copper plated on a platinum
rotating disk electrode is quite standard in the lab, but there are many techno-
logical complications when bringing it to the wafer scale. In contrast to the con-
ductive platinum disk in the lab, the thin barrier and seed lining layers are resistive
which implies a significant potential drop from the wafer edge to the wafer center.
The fact that the cost scaling trends demand for denser packing of transistors (i.e.,
smaller features with thinner lining) and larger wafer size (currently 300 and going
to 450 mm soon), only worsens this so-called terminal effect. Of course, this is true
for both thin copper seed plating and direct plating, and both will be discussed in
Sect. 7.4.

Copper electrodeposition on foreign substrates proceeds through an electro-
chemical nucleation and growth process. This has serious implications for the
copper damascene plating process as a continuous copper thin film needs to be
formed before the inlaid trench and blind hole features start to fill up with copper
[2]. Hence, the coalescence thickness needs to be at least 1/3 of the effectively
open feature size. This means that higher island densities will be required for each
generation of feature scaling or node. This obviously sets limits to the extendibility
of the direct plating process. The nucleation island density is a function of the
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overpotential and substrate. The growth and thus shape of the islands is affected by
the bath additives and by the condition of the substrate surface. Nucleation and
growth phenomena will be extensively treated in Sect. 7.3.

The real challenge of direct plating, however, lays in the combination of the
terminal effect and the nucleation and growth of copper into a coalesced or closed
film; i.e., to make it work all over the wafer. As the substrate potential and thus
overpotential changes with wafer radius, also the nucleation island density is
dependent on wafer radius. Fortunately, a more severe terminal effect and thus a
sharper potential drop helps the direct plating process as the nucleation is confined
within a small ring area on the wafer only. Indeed, the sheet resistance of the thin
barrier and non-copper seed lining combo (typically [ 50 X/sq) is such that a high
enough overpotential for copper nucleation and growth only exists in the direct
proximity of the terminal (*1 cm). As soon as the islands in that area coalesce
together, the in situ formed seed takes the role of conductive copper film and the
terminal is effectively moved closer the wafer center. As such, a copper ring with a
nucleation front sweeps over the surface from the wafer edge to wafer center.
Importantly, as the effective area for copper electrodeposition is changing over
time also the current needs to be adjusted accordingly in order to keep the current
density constant. The implications of the time-dependent wafer coverage are
discussed in Sect. 7.4.3.

The foremost purpose of damascene plating is to fill up the inlaid trench and
blind hole features to fabricate the copper lines and vias in the back-end of line
(BEOL) dielectric stack which make up the metal interconnect network on the
chip. Acid cupric sulfate electrolytes with a combination of inorganic and organic
additives provide subconformal or so-called superfilling of the copper for void-free
fill of the trench and via features. In conventional copper plating with copper seed,
the additives can interact with the copper seed as soon as the wafer is immersed
and the plating continues from the ‘‘seed’’ which is already present [3]. In the case
of direct copper plating, we need to make a distinction between one-step and two-
step copper plating to fill the features with copper in the absence of a copper seed.
When a thin conformal copper seed is plated on the barrier/non-copper lining from
one specific bath and subsequently the wafer is plated in the conventional way
from the acid cupric sulfate bath with additives for filling the features, we will use
the term ‘‘wet seed plating’’ to indicate this first step [4]. When the plating is done
in one step; i.e., in situ formation of the seed and fill of the features from the same
acid bath, we will use the term ‘‘direct plating.’’ In the case of wet seed plating the
bath needs to only provide high nucleation island density to assure low enough
coalescence film thickness and typically an alkaline bath with low copper content
is used (bath with large polarization resistance). In the case of direct plating the
bath must provide low coalescence thickness (in situ seed) and fill of the features.
Fortunately, the PEG-like suppressor additives required for subconformal feature
fill also provide enhanced nucleation island density and thus thin coalescence
thickness (Sect. 7.4.4.2). Focus of this chapter is on the direct plating process. The
limits of wet seed plating will be discussed at the end of Sect. 7.4.2.
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7.2 Direct Plating Interconnect Technology
and Requirements

7.2.1 Current Copper Interconnect Technology

In the early 1990s, IBM began developing integrated circuit technology with
copper interconnects [3]. Copper had lower resistivity and higher maximum cur-
rent density for electromigration than aluminum; properties that were critical for
improved device performance and reliability. By the end of the decade IBM
produced and shipped hundreds of thousands of 6-level ‘‘copper-chip’’ modules.
Copper interconnects were fabricated using electrodeposition, primarily due to its
ability to fill high aspect ratio features with complex geometries at high deposition
rates, leading to high throughput and lower manufacturing costs. Important pro-
cessing steps prior to electroplating involved the deposition of a thin diffusion
barrier layer, to prevent copper diffusion into silicon, and the deposition of a
copper seed layer by means of physical vapor deposition (PVD) (Fig. 7.1) [3]. This
PVD copper seed layer provided electrical contact and improved adhesion to the
diffusion barrier layer. Once coated with PVD diffusion barrier and Cu seed layer,
wafers were loaded in electrochemical cell filled with acidic Cu-sulfate bath
containing proprietary organic additives. It is mainly thanks to these additives that,
after applying a given current waveform, different plating rates at the bottom and
top of the feature ensue, and with Cu deposition rate at the bottom being higher,
void-free fill of complex features is achieved.

Ever since the 1990s, we are testing the limits of this technology by continu-
ously reducing the size of building blocks of the integrated circuits. Every time we
decrease the feature size, the number of challenges in fabricating defect-free
copper interconnects increases. For example, PVD techniques typically provide
nonuniform coverage along the sidewalls of a trench or a via. With trenches and
vias getting narrower, PVD Cu seed must be thinner, too, in order to prevent the
pinch-off at the top, and allow enough volume for Cu plating. For certain feature
size and aspect ratio, this will result in incomplete PVD Cu seed coverage. After
all PVD hardware and deposition tricks are exhausted, and discontinuity in the Cu
seed layer persists, we can still ‘repair’ it by electrochemically depositing Cu from

PVD diffusion 
barrier

PVD Cu 
seed ECD Cu Bottom-up fill Chemical mechanical 

polishing (CMP)

Fig. 7.1 Current copper interconnect technology
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specially designed alkaline plating baths. However, Cu alkaline plating baths have
limited use due to the fact that they do not have superfilling or true bottom-up Cu
fill capability. Thus, we have introduced an additional step in the process,
requiring additional plating cell in our plating tool, quality control instruments, etc.
In addition, such a continuous thin Cu seed does not guarantee defect-free plating
from a typical acidic Cu bath, since its resistivity causes initially highly nonuni-
form current distribution across the wafer, and possible corrosion issues in the
wafer center. Anticipating these and other future challenges, researchers have
started looking for alternative solutions long before the end of the twentieth
century.

7.2.2 Alternative Pathways: Challenges

Deposition techniques such as chemical vapor deposition (CVD) or atomic layer
deposition (ALD) typically provide smooth thin films with better conformality
than PVD. Since that is not the case with Cu, once the PVD Cu seed fails to meet
the processing requirements, an alternative is to electrodeposit Cu directly on the
diffusion barrier or some alternative seed layer. However, it is not a priori clear
which growth mode will Cu films deposited on alternative barrier/seed layers
follow, and whether it will be possible to achieve the ‘‘superfilling’’ effects without
the PVD Cu seed layer. The mode of growth of copper on a foreign substrate is
dependent on the interaction energy between the adsorbed copper atom and the
substrate, and the difference in interatomic spacing between the bulk copper and
the substrate. In general, three different growth modes [5] can be identified
(Fig. 7.2): layer by layer (Frank–van der Merwe growth), 3D island formation
(Volmer-Weber growth), and 2D layer deposition followed by the growth of 3D
islands (Stranski–Krastanov growth). In many cases, deposition of copper onto
foreign substrates follows a 3D island growth mechanism [6, 7]. For such systems,
the structure and properties of Cu films are critically dependent on the mechanism

Volmer-Weber growth (3D island growth)

Frank-Van der Merwe growth (layered growth)

Stranski-Krastanov growth (layer - 3D island growth)

substrate

Fig. 7.2 Thin film growth
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of nucleation and growth of islands. For example, let us consider a hypothetical
system in which square array of identical hemispherical islands is instantaneously
nucleated and growing on a foreign substrate. A critical diameter at which islands
start coalescing, dcritical, is inversely proportional to the square root of the island
density, dcritical = (N0)-0.5. From Fig. 7.3 we see that for N0 = 1012 cm-2, island
coalescence begins when their diameter is 10 nm. At 10 nm distance between the
island centers, we are already beyond the resolution of many Scanning electron
microscopes (SEM), the most commonly used tools for ex-situ studies of elec-
trochemical nucleation and growth. And even though 1012 cm-2 of identical
hemispherical islands sounds impressive, thin film coalesced from these islands
will not be suitable for our damascene applications requiring 3 nm thick, con-
tinuous and uniform, layers. To meet this requirement in our hypothetical system,
we must find a way to achieve island density in excess of N0 = 1013 cm-2 (i.e.,
they would start coalescing when their diameter is & 3.16 nm). For coalescence
to commence at dcritical of 1 nm, we need to achieve N0 = 1014 cm-2, which is
getting very close to 1 ML (1015 cm-2). Alternatively, we could find a way to
control the growth of these islands (by modifying deposition parameters, bath
composition, substrate properties, etc.) in such a way that the horizontal growth
rate far exceeds the vertical one, i.e., have a quasi-layer-by-layer (or quasi-2D)
growth mode, and thus relax the requirement for extremely high island density. For
complex structures with small length scales, such as trenches and vias in integrated
circuits, a detailed understanding of nucleation and growth phenomena, and the
influence of parameters such as potential and solution chemistry on the deposition
mechanism is critical in designing processes for obtaining the void-free features.

Now, let us assume for the moment that we have learned how to manipulate the
islands’ density and morphology, and that we can electrodeposit a continuous thin
Cu seed along the sidewalls of features with complex geometries using either
acidic or alkaline Cu bath. Ultimately, by continuing with the miniaturization, due
to lack of free volume, Cu bath will have to play dual role; we will have to use the
same bath to deposit ‘wet’ Cu seed layer and fill the features. Basically, as soon as
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the ‘wet’ Cu seed is plated, feature fill will commence. And that is not all. Since
diffusion barrier/alternative seed layers will be as thin as possible, while still
functional, we will be plating Cu on a highly resistive substrate. This will result in
nonuniform current distribution, and a formation of a Cu film front propagating
along the wafer radius, from the edge, where the electrical contact is, toward the
center; a so-called ‘‘terminal effect.’’ Features closer to the edge will be plated first
and those close to the center last (Fig. 7.4). And they all must be free of defects,
which is the ultimate challenge! This means that we have to find a way to translate
the same plating conditions in time, along the wafer radius, i.e., to define plating
parameters in such a way that radial velocity of the Cu front is constant. Thus, we
are looking for a set of deposition parameters and Cu bath formulation that would
result in ‘in-situ’ Cu wet seed formation with almost simultaneous (closely fol-
lowed) void-free fill of the features, and constant radial velocity of the Cu front
propagating away from the edge of the wafer (electrical contact).

7.3 Electrochemical Nucleation and Growth

7.3.1 Introduction

In-depth theoretical analysis of electrochemical nucleation and growth phenomena
can be found in specialized publications [8, 9], or in dedicated chapters of general
electrochemistry textbooks [10]. All of these contain invaluable information for
those interested in the field, but by far exceed the scope of this chapter. So, what

(a)

(b)
Electrical 

contact Cu film growth direction

Fig. 7.4 Schematic of a in situ wet seed formation and Cu fill of individual features and
b nonuniform copper plating across a wafer, i.e., Cu front propagation with simultaneous in situ
wet seed formation and Cu fill of individual features
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would be the most important aspects of electrochemical nucleation and growth
theory that could fit in a couple of paragraphs, without overwhelming the reader
with barrage of disconnected facts, and yet, not oversimplifying the matter?
Classical theory of electrochemical nucleation and growth has many analogies in
the classical theory of nucleation and growth of a solid from vapor or liquid phase.
The main differentiator is the form of the free energy change associated with the
formation of the new bulk phase, DGbulk. In electrochemical nucleation and
growth, DGbulk is proportional to overpotential (g), a variable defined as a dif-
ference between the electrode potential (U) and equilibrium electrode potential
(Ueq), g = U - Ueq. At Ueq the net current density is zero, i.e., forward and back
reactions have the same rate, and ‘electrochemical supersaturation’ can be
achieved by taking the system out of its equilibrium. In the case of metal film
electrodeposition we apply such potentials that U \ Ueq, and g\ 0. The main
consequence of the free energy dependence on overpotential is that nucleation and
growth variables, such as nucleation rate, are overpotential dependent, too.

Another distinguishing aspect of electrochemical nucleation and growth is the
size of a critical nucleus, a nucleus that has 50 % chance of becoming a stable
entity, instead of dissolving back into the electrolyte, or becoming a part of nuclei
growing on different electrode locations. In the case of electrodeposition of metals
on metals, the number of atoms in the nucleus of critical size was typically
determined to be fewer than 10 atoms [9 and references therein]. Or, at least the
authors of this text are not aware of systems with larger critical nuclei sizes being
described in the literature. For such small nucleus sizes, most of the atoms are on
the surface, the use of macroscopic parameters such as surface free energy (c),
lacks physical sense. Milchev, Stoyanov, and Kaischev [11, 12] have used the
approach of Becker and Döring [13] and Walton [14] to develop atomistic, small
cluster model, for electrochemical nucleation and growth, in which no bulk
properties were used. They considered phase formation on an inert electrode
through different mechanisms: direct attachment from the bulk electrolyte, surface
diffusion of adatoms, and nucleation at active centers, defined as the places on the
electrode on which nucleation proceeds more readily due to better wetting. They
demonstrated that logarithm of the steady-state nucleation rate (J) depended lin-
early on the overpotential, and the number of atoms in the critical nucleus can be
determined from the slope of the plots of logJ versus g. Milchev, Stoyanov, and
Kaischev also showed that equations for the nucleation rates based on the atomistic
model turn into classical expressions at low supersaturations [12]. It has been years
since Walton’s original work, and progress in understanding of nucleation and
growth of metals from the vapor and liquid phase has been enormous. Theoretical
developments have been accompanied by improvement in experimental tech-
niques. The advent of ultra-fast Scanning tunneling microscopy (STM) [15–17]
and hermetically sealed wet cells for Transmission electron microscopy (TEM)
[18–20] enabled researchers to perform in situ, real-time studies of nucleation and
growth phenomena during electrodeposition of metals (Fig. 7.5), and added even
more insight into processes occurring on the atomic level. And while these tech-
niques provide direct, real-time visual observation of electrochemical nucleation
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and growth, they are not without limitations. Due to high speed motion of the STM
tip, ultra fast STM requires specially prepared electrodes, typically single crystals
with monoatomic steps only. Immediate consequence is that growth of three-
dimensional (3D) islands cannot be followed in real-time, and most of the
researchers focus on processes occurring close to equilibrium potential, where
kinetics of deposition are slow, or special systems with underpotential deposition
(UPD) region, in which two-dimensional islands form on the electrode surface
(e.g., copper UPD on gold). On the other hand, in situ, real-time, TEM studies of
electrochemical deposition suffer from significant loss of resolution when com-
pared to their ‘vapor’ counterparts, due to a couple of micrometers thick elec-
trolyte layer on top of the electrode/substrate. Since critical nucleus size is
typically below 10 atoms, we are limited to direct observation of the later stages of
islands’ growth only. So, in a way, these two techniques could be complementary
to each other. However, one should not forget that electrochemical techniques such
as chronoamperometry (deposition under constant potential), galvanostatic depo-
sition (under constant current deposition), or cyclic voltammetry, also enable true
in situ, real-time studies of electrochemical nucleation and growth processes.

They do not provide visual images of the electrode surface, but a skilled
researcher can get a pretty good idea about what to expect on the surface of the
electrode based only on the current–time or potential-time responses during gal-
vanostatic or chronoamperometry measurements, respectively. Another important
difference compared to microscopy techniques is that the information is collected
over the whole electrode area, and thus the measured response is an average, not a
site-specific value. And while results and data presentation might not be as
‘glamorous’ and eye-catching as STM and TEM movies, electrochemical tech-
niques have their own special advantages, especially when it comes to logistics,
sample preparation and handling, and speed of data collection and analysis. For
example, 3-electrode electrochemical cell setups are readily available in research
laboratories, tests could be performed on coupons cut from actual wafers used in
microelectronics industry, with a new, fresh sample for each experiment, removing
doubts about electrode degradation after usage in multiple experiments, and
finally, results can be quickly confirmed using ex-situ Scanning electron micros-
copy (SEM).
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Electrochemical deposition of metal on metal involves charge-transfer, and thus
the flux of atoms to the surface (current density) and supersaturation (overpo-
tential) can be readily measured. Cyclic voltammetry (CV), chronoamperometry
(CA), and galvanostatic measurements (GS) are routinely used to study electro-
chemical nucleation and growth phenomena [8–10]. Chronoamperometry is used
most frequently due to the fact that overpotential is constant, i.e., deposition occurs
under constant supersaturation conditions, and resulting current–time transients are
relatively easy to interpret. Galvanostatic measurements are more difficult to
interpret, since overpotential continuously changes in order to accommodate
constant deposition current. However, industrial applications, where current-con-
trolled deposition is a norm, are the driving force behind the effort to develop
theories of galvanostatic nucleation and growth. Cyclic voltammetry is used
mainly to determine which processes occur in which potential range, and whether
charge-transfer or diffusion from the bulk is the rate-determining process during
deposition in the overpotential range of interest. However, it can also be used to
estimate the size of nucleation overpotential, the effects of surface pretreatment on
deposited island density, etc.

7.3.2 Potential Dependence of Island Density, Critical
Nucleus Size, etc. (Chronoamperometry)

In a typical chronoamperometry experiment the potential is stepped from a
potential at which no deposition occurs to a potential leading to nucleation and
growth of a new phase, while monitoring current response as a function of time.
From the shape of the resulting current transient, one can obtain information about
the mechanism of growth, nucleation rate, density of nuclei, etc. Theoretical
analysis of constant-potential experiments focuses on correlations between time
evolution of the shape of individual islands and corresponding current transients.
The current drawn by each island is calculated based on its shape and the regime of
growth: diffusion-limited, kinetically limited, or under mixed control, and then all
the individual contributions summed over into a total current over the whole
electrode. If, for example, the rate of appearance of supercritical nuclei follows the
first-order kinetics, the island density is given by [7]:

N tð Þ ¼ N0 1� exp �kntð Þ½ � ð7:1Þ

where kn is the first-order nucleation rate constant in units of s-1, and N0 is the
saturation island density in cm-2. When all of the islands are nucleated at the same
time, or knt ffi 1, nucleation is designated as instantaneous, and island density is
N(t) & N0. The other extreme, when knt � 1, and the number of islands increases
linearly with time, N(t) & N0knt, is so-called progressive nucleation. In the early
stages of deposition the total current is just the sum of the individual currents. In
the later stages, depending on their spatial distribution, some islands, or their
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diffusion zones, depending on the growth regime, will coalesce sooner than others
and the total current is not a simple summation over growth centers any more. If
islands have not nucleated at the same time, the situation becomes complex
enough that analytical expressions for current transients exist for special cases
only. A common approach to dealing with the problem of coalescence is to use the
Avrami theorem [21–23]. This theorem correlates the actual normalized area, S,
covered by overlapping islands, with so-called extended area Sext (Fig. 7.6); the
normalized area that islands would have occupied if they were not overlapping:

S ¼ 1� exp �Sextð Þ ð7:2Þ

By using Avrami theorem we can calculate the analytical expressions for time
dependence of current density in case of instantaneous and progressive nucleation.
For easier comparison with experimental data these expressions can be written in
the reduced form using the maximum in current density, imax, and time of the
maximum, tmax (Fig. 7.7). Once the match between normalized experimental data
and normalized theoretical transients is established we can extract the nucleation
and growth parameters from the given rate laws. A detailed review of examples
ranging from quasi 2D nucleation and growth of monolayer thick discs (with
attachment of atoms to the edge of the growing disc the rate-determining step), to
nucleation followed by 3D kinetically limited growth of right cone-shaped islands,
or diffusion-limited growth of 3D islands, etc., is presented in Ref. [10].

Kinetically limited growth of hemispherical islands is studied in [24–26], and
diffusion to a truncated sphere in [27]. The rate laws for 3D nucleation followed by
diffusion-limited growth of hemispheres are often referred to as Scharifker-Hills
model [28–30]. What differentiates their work from the others is the way in which
they solved the very complex problem of the overlap of the three-dimensional
diffusion zones. In the approach of Scharifker and co-workers [28–30], the
hemispherical diffusion zones are transformed into linear diffusion zones of radius
rd (Fig. 7.8), which would provide the same amount of material to a growing
hemispherical island. By doing so, they reduced the 3D problem to a 2D problem,
which can be solved using Avrami’s theorem. This approach has been analyzed,

(a) (b) (c)

Fig. 7.6 Application of the Avrami theorem to the problem of islands’ overlap: a true electrode
area covered by the coalescing islands, and c extended electrode area Sext
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scrutinized, and modified by authors themselves and by other researchers, but to
this day their original work remains one of the most cited and compared/used
models in the field.

Copper electrochemical nucleation and growth processes were studied during
plating from different solution on various substrates. Cu was deposited on Si, Au,
TiN, Ta, TaN, Ru, etc., from both acidic and alkaline baths [6, 7, 18, 31–36], and
in all cases continuous Cu film was in the end formed by coalescence of 3D
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Fig. 7.7 Normalized current–time responses for a 2D nucleation and growth of monolayer thick
discs with attachment of atoms to the edge of the growing disk the rate-determining step) [10],
and b 3D island nucleation followed by diffusion-limited growth of hemispheres [28–30].
Instantaneous (dotted line) and progressive nucleation (solid line) cases are shown for both
models

Fig. 7.8 Schematic
representation of the
hemispherical diffusion zone
(r) around hemispherical
island of radius R growing
under diffusion control, and
its equivalent planar diffusion
zone (rd) far from the surface
of the electrode
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islands. It is interesting to note that application of chronoamperometry in
combination ex-situ imaging techniques (AFM, SEM) was more successful on
‘model’ substrates, such as Si, than on microelectronics relevant materials such as
TaN. Cu was deposited on Si(111) from alkaline pyrophosphate solutions as well
as sulfate-based acidic solutions [31, 33]. Additive-free and solutions with addi-
tives were tested. For lower copper concentrations, deposition from both alkaline
and acidic baths on Si could be described using model for progressive nucleation
followed by 3D diffusion-limited growth of hemispherical islands. Nucleation rate
was found to depend exponentially on potential, with the inverse slope of 89 mV
per decade (on a log-linear plot) for pyrophosphate, and 45 mV per decade for
acidic sulfate solutions, with or without additives. The island density in acidic
copper sulfate solution was exponentially dependent on potential with an inverse
slope of 99 mV per decade, regardless of whether additives were present or not.
The mechanism of deposition was determined to be direct attachment of ions to the
nucleus with simultaneous charge-transfer with critical nucleus size of 0 or 1 atom.

Studies of Cu deposition from acidic sulfate solution on Au were done by coupling
chronoamperometry with in situ, real-time TEM [18–20]. The time evolution of the
island density, extracted from the TEM movies, followed first-order nucleation
kinetics, as postulated in chronoamperometric models. The critical nucleus size was
determined to be 3 copper atoms. Reduced parameter plots of experimental current
transients showed excellent agreement with the theoretical rate laws for 3D diffusion-
limited growth of hemispheres. Analysis of the first several tenths of a second in a
current–time transients showed that deposition does not occur through direct
attachment of ions to the growing island simultaneously with charge-transfer only,
but possibly also through multiple other parallel processes, such as adsorption and
surface diffusion. This might be a cause for a large discrepancy in island densities
obtained from TEM movies and theoretical rate laws.

Cu deposition on PVD TiN from alkaline pyrophosphate solution showed
excellent agreement with the rate laws for instantaneous nucleation followed by
3D diffusion-limited growth of hemispheres [32]. However, there was a huge
discrepancy in island densities obtained from ex-situ AFM images and those
calculated from the equation for the rate law for instantaneous nucleation followed
by 3D diffusion-limited growth. Although the origin of the discrepancy could not
be determined, the fact is that similar phenomena were observed for copper
deposition from complexing solutions [37–39]. Chronoamperometric studies of
direct Cu deposition on TaN proved to be even greater challenge [34]. Cu elec-
trodeposition from sulfate, fluoroborate, EDTA, and citrate solutions on TaN
diffusion barrier layers was characterized by Volmer–Webber (3D) island growth,
and large nucleation overpotentials, typically between 0.65 to 1 V larger on Pt.
Experimental data could not be matched with any rate laws for deposition under
kinetic or diffusion control, and island densities of approximately 1010 cm-2 were
obtained by applying potentials close to the onset of hydrogen evolution, which
was still a couple of orders of magnitude lower than needed for interconnect
applications. However, it is important to note that ex-situ SEM and AFM studies
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showed that for citrate and EDTA solutions the island density increased expo-
nentially with more negative potentials. For fluoroborate solutions the island
density increased and then saturated at more negative potentials. Potential
dependence of island density for system described above is shown in Fig. 7.9.

Since Ruthenium (Ru) is considered a potential alternative seed layer to replace
PVD Cu, it is not surprising that a number of studies on electrochemical Cu
nucleation and growth on Ru exist in the literature [40–44]. Current–time
responses to potential-step deposition from various baths were recorded on dif-
ferent Ru substrates, ranging from Ru shots to PVD Ru, ALD Ru, and Ru alloys
[40–44]. Experimental transients in normalized form agreed to a varying degree to
the transients obtained from the rate laws for nucleation followed by 3D diffusion-
limited growth, depending on the bath and substrate properties. Variables such as
nucleation rate and saturation island density showed overpotential dependence
similar to those observed in other systems. Typically, experimental data did not fit
well any of the theoretical rate laws when Cu-sulfate baths and Ru substrates with
composition/properties relevant to interconnect applications were used (Fig. 7.10).
Cu baths for fabrication of complex interconnect architectures typically contain
open source or proprietary inorganic and organic additives. Thanks to these
additives, differential plating rates at the bottom and top of the feature exist, and
with Cu deposition rate at the bottom being higher, void-free, bottom-up fill is
achieved. One of the keys to a successful application of direct Cu plating tech-
nology is to understand how these additives affect nucleation and growth phe-
nomena, and how they can be used to manipulate Cu island density on Ru, for
example. However, various studies showed no significant difference in normalized
transients obtained for deposition from the additive-free bath and the bath with all
the additives, forcing researchers to look for methods other than chronoampe-
rometry, capable of tackling different aspects of nucleation and growth phenomena
in more complicated systems.
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7.3.3 The Effect of Additives (Galvanostatic Deposition)

It is much easier to interpret the results of a potentiostatic (chronoamperometry)
experiment than a galvanostatic one, due to a simple fact that in the later over-
potential, and thus supersaturation, changes with time. Under galvanostatic con-
ditions nucleation could proceed entirely under nonsteady-state conditions, and the
very early stages of metal deposition are convolution of overpotential-dependent
charging, nucleation, and growth processes, which makes derivation of exact
analytical formulas for time evolution of island density (N(t)) and overpotential
(g(t)) extremely challenging. Therefore, it is not surprising that potentiostatic
studies of nucleation kinetics outnumber galvanostatic ones. However, current-
controlled deposition is a norm in industrial applications, and galvanostatic
deposition might offer advantages in studying the effects of additives and growth
of supercritical islands.

Milchev and co-workers [45] have studied the early stages of galvanostatic
deposition by performing so-called P-G-P experiments, where P-G-P stands for
potential step, galvanostatic (current) step, and potential step. In this method,
working electrode is initially kept at a potential where no nucleation (deposition)
occurs (P). This step is followed by a galvanostatic pulse (G) to form nuclei on the
working electrode surface. The galvanostatic pulse is interrupted by a potential step
(P) at which no new nucleation events occur, and only the nuclei formed during the
galvanostatic pulse grow. The duration of the last step is determined by the reso-
lution of the imaging technique/instrument used to count the islands. P-G-P method
enabled Milchev and co-workers [45] to study (i) the time dependence N(t) of the
number of nuclei by changing the duration of the galvanostatic pulse, (ii) the time
dependence of the overpotential, (iii) the time dependence of the nucleation rate,
and (iv) the overpotential dependence of nucleation rate. Based on these experi-
ments, qualitative description of a typical experimental g(t) transient is given
schematically in Fig. 7.11. In the time interval [0, t1], there is a steep change in
overpotential g, due to charging of the electric double layer, and formation and
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increase in number of subcritical clusters. At time t = t1, the overpotential reaches
a value gc, and the formation and growth of supercritical clusters commences.
Overpotential g reaches a peak at t = tm, and then its absolute value decreases. The
critical value of the overpotential, gc, is attained again at t = t2, and from t2
onwards the current is almost entirely consumed by the growing stable islands.

Galvanostatic deposition of Cu from acidic sulfate baths on Ru-based substrates
follows the qualitative model described above [43]. Cu islands were deposited on
Ru from a bath with and without suppressor additive using -2 mA cm-2 galva-
nostatic pulse of different duration (please, note that this current density is chosen
for ease of observation). After each deposition experiment (Fig. 7.12a), samples
were examined using SEM, and islands counted. Island density was higher when
suppressor additive was present in the bath for all samples. And even though
duration of the longest pulse was 100 s, there was no significant change in island
density when compared to 6 s long pulses, i.e., the major part of the charge was
consumed to grow islands nucleated in the very short time span around the
potential peak in the early stages of deposition (Fig. 7.12b). Another interesting
observation is made when time evolution of the projected island surface area was
analyzed [43] (Fig. 7.12c). Individual islands and total Cu-Ru interface (AI) were
determined for each deposition time, and then normalized by the total Ru electrode
area (ARu). After 100 s of deposition, the fraction of Ru electrode covered by Cu
islands, i.e., the ratio AI/ARu, is more than 3 times larger when Cu was plated from
the bath with suppressor additive than from the additive-free bath. Also, time
evolution of the surface coverage when suppressor was present resembles Avrami
theorem for phase transformations. The exponential fit to data obtained with
additive-free bath reveals that Ru surface will not be completely covered by Cu
even at very long times, mathematically speaking even when t ? ?:

η

η

η

η

Fig. 7.11 Schematic of a
typical experimental g(t)
transient obtained using
galvanostatic step
method [45]
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AI=ARuð ÞSUPPRESSOR ¼ 1:0156� 1:0292� exp �0:011813	tð Þ; ð7:3Þ

for the bath with suppressor additive, and

AI=ARuð ÞNOADDITIVES ¼ 0:25� 0:2332� exp �0:012048	tð Þ ð7:4Þ

for the additive-free bath.
This seemingly odd result is easily explained using cross-sectional SEM images of

Cu islands (Fig. 7.12c). In the absence of additives, Cu islands were facetted, elon-
gated, and even ‘vertical,’ showing strong nonwetting properties. In the presence of
suppressor, Cu islands assumed mostly hemispherical shape. Both increase in island
density and lowering of the island’s aspect ratio (height/effective base radius) are key
to successful implementation of direct plating of Cu for interconnect applications.

In their studies, Milchev and co-workers [45] have focused on nucleation
phenomena in the very early stages of deposition. And this is probably the best
approach when experimenting with additive-free Cu plating baths, since potential
is a monotonous function of time after the initial peak at short times (Fig. 7.12). In
the presence of additives, the shape of potential-time response changes signifi-
cantly at later stages of deposition [43]. After initial charging nucleation peak, and
island-growth plateau, potential becomes more negative, initially slowly, but then
steeply. The steep increase in the absolute value of the potential is followed by an
inflection point, and then the potential levels off again (Fig. 7.13a). Extensive tests
and data analysis lead to conclusion that the inflection point is due to coalescence
of Cu islands, after which Cu ions in the electrolyte do not ‘sense’ Ru surface any
more. The second plateau, after the inflection point, corresponds to Cu deposition
on Cu substrate from the bath with suppressor additive. The same potential should
be obtained for Cu deposition on Cu working electrode of the same surface area
using the same current density. Please note that this second plateau should not be
confused with hydrogen evolution which can be observed if deposition is driven
into diffusion-limited regime [46].

Several parameters can be defined to describe the idealized step-function
response. For example, the step height, the potential difference between potentials
of the second and first plateaus, can be designated as DU21, contains information
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about suppressor’s inhibition strength. The significance of the step height is in
suppressor’s ability to inhibit Cu deposition on the parts of the sample already
covered by Cu, and thus promoting faster Cu front propagation over RuTa areas
further from the electrical contact. Stronger inhibition will also help achieve better
uniformity across the resistive wafer. The time needed to reach the inflection point
can be defined as the characteristic time and designated by the symbol tc. tc can be
used to get the rough estimate of island density or the effective Cu film thickness,
and examine the effects of suppressor concentration and other deposition param-
eters. By using the same galvanostatic pulse for different samples, while adding
suppressor to the plating bath, we can increase the island density, and reduce tc
[43]. Similarly, by using the same plating bath, and delivering the same charge, but
applying different deposition current density, we can explore the relationship
between island and current density [43]. As expected, with increase in the
(absolute value of) current density, the island density increases, and tc decreases.
Why is this important? This could be used as a selection criterion for the choice of
suppressor to be used in the Cu direct plating.

The effect of inorganic components, copper sulfate (CuSO4), sulfuric acid
(H2SO4) , and chloride ions (Cl-), on electrochemical nucleation and growth of Cu
on RuTa alloy substrate was reported in the absence and the presence of a sup-
pressor additive, polyethylene glycol (PEG) [47]. In the absence of suppressor,
decrease in Cu2+ and Cl- concentration and increase in concentration of H2SO4

lead to increase in saturation island density. The effect of each component
remained unchanged when all components were mixed together. After addition of
PEG suppressor molecule, the trends for Cu2+ and H2SO4 concentration and Cu
island density remained the same, but Cl- concentration had to be optimized for a
maximum saturation island density to be obtained [47]. The results suggested that
Cu island density increased when introducing into the solution species whose
growth-suppressing species (PEG ? Cl-) were introduced into the bath and,
decreased in the presence of growth-promoting species (Cu2+ and Cl-). The effect
of the molecular weight of polyethylene glycol (PEG) and its derivatives on Cu
island density were also explored using galvanostatic step method combined with
ex-situ SEM [48]. However, suppressor alone is not enough to achieve void-free
fill of the trenches and vias. The presence of both suppressor and accelerator
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additive in Cu plating bath is required for void-free fill of trenches and vias. The
potential-time response changes again when other accelerator is added to the bath;
the step is followed by a peak (Fig. 7.13b), and the step height is smaller than
when suppressor only is present in the bath [43]. This is due to the fact that
accelerator additive promotes Cu deposition on Cu. This is of great significance for
growth of Cu islands and uniformity of direct Cu plating on wafer scale. The third
additive, the leveler, which is not easily displaced from the Cu surface by the
accelerator, can be added to increase the step height again, and improve sup-
pression of Cu island growth and uniformity of the wafer scale current distribution
[49]. Therefore, Cu bath composition has to be optimized to serve a threefold
purpose: provide in situ deposition of Cu seed on resistive substrate, enable void-
free fill of patterned features, and constant velocity of Cu front propagation
(together with proper selection of deposition parameters).

And finally, galvanostatic step method can be even used to explore the over-
potential dependence of Cu island density [46]. In a detailed study of the effect of
Cu2+ concentration, authors determined that decrease in Cu2+ concentration
resulted in increase of Cu island density for all current densities under investi-
gation. The overpotential was defined as a difference between the potential in the
first plateau, where island density is saturated and transient is growth-dominated,
and equilibrium potential. The overpotential value was also corrected for IR drop
in the solution. By doing so, the authors were able to demonstrate an exponential
relationship between copper island density and overpotential, with concentration
dependence built-in through its effect on overpotential:

N0ðgIRÞ ¼ Npre exp½aFð�gIRÞ=RT� ð7:5Þ

N0 values can now be estimated for a given substrate from the copper depo-
sition overpotential found during the galvanostatic deposition. In Eq. (7.5), the
preexponential factor, Npre is a system characteristic. It can be changed, for
example, by removing the oxide film from the surface of the substrate. a, F, and R
are constants, while T is temperature.

7.3.4 Surface Pretreatment

Together with electrochemical deposition parameters and bath composition, the
state of the substrate is also an important parameter to consider when manipulating
the island density. Alternative barrier/seed layers are typically polycrystalline thin
films, far from perfect substrates considered in computer simulations or even
single crystal substrates used in STM studies of nucleation and growth.
Researchers typically postulate saturation island density, number of nucleation
sites, and their distribution by activation energy in their derivation of rate laws.
But these cannot be known in advance for a given polycrystalline substrate, and
some of them might not be even possible to determine experimentally. And while
defining, numbering, and having ultimate control over nucleation sites can prove
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very challenging, there are also other, macroscopic, parameters which could affect
island density. For example, thin oxide on top of alternative seed/barrier layers is
detrimental to achieving both high island density and good adhesion of electro-
deposited Cu. In case of Ru substrates, this thin oxide layer can be removed by
electrochemical methods [50], or annealing at high temperatures in forming gas
atmosphere [44]. The effect of oxide removal on island density can be easily
observed using galvanostatic step method. Upon anneal in forming gas, recorded
U-t responses show much shorter time to step, tc, and ex-situ SEM confirms
increase in island density [44, 45]. Oxide removal methods might vary for different
types of Ru substrates. Anneal in forming gas is actually countereffective for alloy
substrate containing Ru and Ta (RuTa) [44]. In this case we are limited to elec-
trochemical methods of surface pretreatment. The effect of surface pretreatment
can be confirmed again by using galvanostatic methods, but we can also use cyclic
voltammetry (CV).

Current–voltage curves for Cu plating on Cu and RuTa alloy substrates from
the Cu bath with/without suppressor additive are shown in Fig. 7.14. The curves
for Cu deposition on Cu from the bath with and without suppressor are similar in
shape, but shifted with respect to each other due to the inhibiting role of the
suppressor. Current–voltage curve for Cu deposition on the RuTa from the bath
with suppressor shows a peak positioned between the onsets for Cu deposition on
other two curves. This is due to the fact that suppressor impedes growth of existing
Cu islands and promotes Cu deposition on RuTa. After most of the RuTa surface is
covered with Cu, the deposition current starts decreasing at the rate dependent on
suppressor strength and adsorption rate, and at some point Cu-on-RuTa curve
starts overlapping with the curve for Cu deposition on Cu when suppressor
additive is present in the Cu bath. Similar to Cu on Cu deposition, suppressor
cannot block Cu efficiently beyond critical potential and current steeply increases
again. The total charge under the peak in the CV curve for Cu on RuTa deposition
can be used to compare different RuTa substrates and estimate the effective Cu
film thickness and island density. The smaller the charge under the peak, the
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Fig. 7.14 Current–Voltage
curves for Cu plating on Cu
substrate from a additive-free
bath (dashed line) and b bath
with suppressor additive
(dotted line). c is CV curve
for Cu deposition on RuTa
alloy substrate from the bath
with suppressor (solid line)
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smaller the effective Cu film thickness is, i.e., higher Cu island density. An
example of such a comparison is given in Fig. 7.15. CV curves recorded using the
same scan rate of 20 mV/s, and the same Cu bath, show peaks of different areas
depending on the surface pretreatment the sample received prior to voltammetric
measurements. Dotted curve (Fig. 7.15) is recorded on as received 2 nm RuTa
film, while the dashed and solid curves correspond to the 2 nm RuTa sample
electrochemically pretreated in 10 % vol. sulfuric acid [50] and proprietary
chemistry [51], respectively. Inserts in Fig. 7.15 also show top-down SEM images
of Cu islands deposited on as received and electrochemically pretreated RuTa
substrates. As predicted, the smallest charge under the peak corresponds to the
highest Cu island density (7.0 9 1010 cm-2 for the sample pretreated with pro-
prietary chemistry [ 4.6 9 1010 cm-2 for 10 % vol. sulfuric acid pretreated
sample [ 2.6 9 1010 cm-2 for as received sample). Surface pretreatment could be
used as the additional tool in controlling Cu island density in case varying bath
composition and deposition parameters does not yield satisfactory Cu film thick-
ness and front propagation rates.

7.3.5 Summary

Electrochemical nucleation and growth of Cu on foreign substrates typically
proceeds through coalescence of 3D islands into a continuous film. When Cu is
deposited from acidic sulfate baths on alternative barrier/seed layers, Cu island
density depends exponentially on potential/overpotential. Similar results are
obtained for other acidic and alkaline solutions with a few exceptions (e.g., Cu
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Fig. 7.15 CV peaks as a function of surface pretreatment the samples received prior to
measurements. Dotted curve (a) is recorded on as received 2 nm RuTa film, while the dashed
(b) and solid curve (c) corresponds to the 2 nm RuTa sample electrochemically pretreated in
10 % vol. sulfuric acid and proprietary chemistry, respectively. Inserts are top-down SEM images
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deposition from fluoroborate solution on TaN). Critical nucleus size for Cu
deposition is typically determined to be below five atoms, suggesting fast nucle-
ation processes for typical deposition current densities (around -10 mA cm-2)
used, and a very challenging phenomena to study using current in situ imaging
techniques. To increase the island density and improve Cu wetting of foreign
resistive substrate, i.e., reduce the island height to effective base radius aspect
ratio, and deposit thinner films with smaller island density, one can use suppressor
additives. Ideal suppressor should have high adsorption rate, and strongly inhibit
Cu deposition on Cu. Suppressor should affect nucleation by reducing the growth
rate of Cu islands, which at constant deposition current increases overpotential,
and thus increases nucleation rate. On the other hand, it should not interact with
substrate by blocking nucleation sites, because that would decrease the nucleation
rate. Since void-free Cu fill requires presence of accelerator additive, Cu bath
composition has to be optimized to serve a threefold purpose: provide in situ
deposition of Cu seed on resistive substrate, enable void-free fill of patterned
features, and constant velocity of Cu front propagation (together with proper
selection of deposition parameters).

7.4 Direct Plating at the Wafer Scale

7.4.1 Terminal Effect

7.4.1.1 Potential Drop Over One-Dimensional Conductor

The resistance, R (X), along a metal wire increases with its length, L, according to:

R ¼ q� L

S
ð7:6Þ

with q (X cm), the electrical resistivity of the metal and S (cm2) its cross-sectional
surface area. The voltage difference between two terminals placed on the wire is
simply given by Ohms law with R from Eq. (7.6). When the terminal where the
current, I, is introduced into the wire has a fixed voltage, VTERMINAL, the voltage
along the wire (measured with a second terminal) decreases linearly with distance, L,
as shown schematically in Fig. 7.16. The voltage drop from the terminal is generally
indicated as the IR drop or the terminal effect:

VðLÞ ¼ VTERMINAL � IðLÞRðLÞ ð7:7Þ

In this simple case of a dry wire with two terminals, the same amount of current
that enters the wire at terminal 1 (Iin) also leaves it at terminal 2 (Iout), and only R
is a function of distance, L, from the terminal.

When the wire is placed in an electrolyte solution, the situation becomes
somewhat different as now the current can escape all along the length of the wire
into the solution through electrochemical reactions and is collected at the opposite
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current collector or counter electrode (Iin = Iout) as shown schematically in
Fig. 7.17. In this case, also the current, IL, going through the wire is a function of
distance, L, and the potential drop is obtained by the integral of I(L) and R(L)
along the length of the wire. In the case of a uniform current distribution, the
current is evenly distributed along the length of the wire (i = I/(dpL0) with d (cm)
the wire diameter) and an analytical solution for potential drop can be easily
calculated; the opposite effects of IL and RL on the voltage drop give rise to the
mirrored S-shaped curve in Fig. 7.17. The example uses a value for q/S = 0.01
which, for example, corresponds to a copper wire with diameter of 0.2 mm. Note
that a similar behavior is expected for a strip of metal, e.g., a thin barrier film on
strip of silicon wafer.

7.4.1.2 Potential Drop Over Two-Dimensional Wafer

In the case of thin metal film coated on top of a circular wafer, the potential
distribution over the metal film can be described by the Poison-type relationship
for Ohm’s law [52–56]:

r2VmðrÞ ¼ �RsimðgðrÞÞ ð7:8Þ

with Rs, the sheet resistance of the film and im, the current density in the film.
Since electrical contact for wafer plating is typically made by a ring around the
wafer periphery, it can be assumed that the potential variation for a wafer is mainly
a function of the radius, r, from center to edge, and that the angular variation is
negligible. Equation (7.8) then reduces to its one-dimensional form:

Fig. 7.16 The resistance
along a wire increases with
the distance between the
terminals. The ohmic
potential drop over this
resistance when a current
flows causes a linear decrease
in potential relative to that of
the terminal of the incoming
current
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d2VmðrÞ
dr2

þ 1
r

dVmðrÞ
dr

þ RsimðgðrÞÞ ¼ 0 ð7:9Þ

or
1
r

d

dr
r

dVmðrÞ
dr

� �
¼ d2VmðrÞ

dr2
þ 1

r

dVmðrÞ
dr

¼ �RsimðgðrÞÞ ð7:10Þ

with boundary conditions:

Vm rð Þ =Vm;edge for r = r0 and
dVmðrÞ

dr
¼ 0 for r = 0 ð7:11Þ

with r (cm), the radius of the wafer from the center, and r0 the radius toward the
edge of the wafer where the seal contact is made. Note that we deliberately do not
connote it as Vm, TERMINAL as the contact with the wafer is made under a sealed
ring and the solution reaches to the edge of the wafer seal only.

For constant current density, im, the differential Eq. (7.9) yields the simple
quadratic solution:

VmðrÞ ¼ Vm;edge � 1
4
Rsimðr2 � r2

0Þ ð7:12Þ

showing a decrease in the potential for the metal resistive film from edge to center.
In reality the current density is a function of overpotential and as such also a

function of Vm(r) (see Sect. 7.4.2). For thick copper seed (*100 nm) where the
current distribution at the wafer is reasonably uniform, this assumption can be

Fig. 7.17 Schematic representation of current flow through a wire in an electrolyte solution and
the normalized potential variation from the terminal toward the end of the wire with a length,
L0 = 15 cm
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made as illustrated in Fig. 7.18. For more resistive films such as RuX, Eq. (7.12)
can give an indication of the trend for Vm and will later be used to estimate the
region of the potential drop Drdrop (Fig. 7.19, Sect. 7.4.4.2).

7.4.2 Overpotential Distribution

7.4.2.1 Voltage Contributions in a Plating Cell

In a plating cell, a voltage difference, DV, exists across the electrodes, typically as a
result of an applied current [57]. For conductive electrodes, this difference consists of
the sum of the overpotentials at the anode and cathode, the potential drop over the
solution, and possibly a contribution of a contact or series resistance, Rc:

DVcell ¼ ðVm;A � Vm;CÞ þ IRc ¼ gAðrÞ þ DV
0

SOLðrÞ þ ð�gCðrÞÞ þ ðUeq;A � Ueq;CÞ
ð7:13Þ

with Vm, A and Vm, C the potentials of the conducting anode and cathode,
respectively (and equal to that of the electrical terminals after correction of an

Fig. 7.18 On the left-hand side: Schematic representation of current flow through a disk-shaped
thin metal film (wafer) in an electrolyte solution with a sealed ring at the edge of wafer as
electrical contact (terminal). On the right-hand side: the normalized potential variation as a
function of radius, r, from the center of the wafer toward the edge of wafer with a radius,
r0 = 14.8 cm for the case of 100 nm Cu thin film (Rs = 0.23h/sq), and average current density
of 2.2 mA/cm2 and Vedge & hCu, edge = 0.11 V; calculated assuming a constant current density
(full line, Eq. (7.12)) and calculated by a sequence of linear approximation with a zero-order
Bessel function as a solution. The specific case has a cathodic current density-overpotential curve
described by i = 0.0014(exp(8.5h)-1) with linearization im = (di/dh)hm or specifically
im = = Rsx8.5 9 0.0014[EXP(8.5 9 h)) as the input for the Bessel function (note that input
and result are linked through overpotential) [55]
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eventual contact resistance; e.g., between the pins of the ring contact and the seed
on the wafer). In the case of an inert anode or the use of different catholyte and
anolyte, also at the term for the difference in equilibrium potential for the different
reactions at cathode and anode needs to be taken into account. The radial
dependence of the overpotentials are in this case entirely related to the variation of
DVSOL in the cell due to the finite shape of anode and cathode, the distance
between anode and cathode, and the presence of resistive elements such as dif-
fusers and shields placed between the anode and cathode. The latter are usually
added to compensate DVSOL so that the variation in the overpotential at the wafer
(i.e., gC (r) for copper plating) is minimal for a uniform current distribution. The
contact resistance has no effect on the overpotential distribution but when
approaching a few ohms (as for resistive substrates) can quickly challenge com-
pliance of the power supply.

For plating on resistive substrates, also Vm,C is now also a function of the radius, r,
from the wafer center as governed by the differential Eq. (7.9) whereas Vm,A for the
conductive anode counter electrode remains constant. Equation (7.13) can be
rewritten as follows:

Vm;CðrÞ þ ð�gCðrÞÞ þ DV
0

SOLðrÞ þ gAðrÞ ¼ Vm;A þ IRc þ ðUeq;A � Ueq;CÞ ð7:14Þ

Fig. 7.19 The normalized potential variation as a function of radius, r, from the center of the wafer
toward the edge of wafer with a radius, r0 = 14.8 cm for the cases of (h) 60 nm (0.23 X/sq.),
(M)+}40 nm (1 X/sq.), (
) 20 nm (3 X/sq.), (�) 10 nm (2.8 X/sq.), 5 nm (24 X/sq.), and 2.5 nm
(70 X/sq.) copper thin film, and average current density of -2.5 mA/cm2. Simulation was done by a
sequence of linear approximations (Dr = 0.15 cm) with a zero-order Bessel function fitted to the
empirical i-g curve (500 rpm) described by i = 0.0014(exp(8.5g) - 1) [55]. The inset shows the
overpotentials (full line, left axis) and currents densities (striped line, right axis) at r0 = 14.8, the
edge of the 300 mm wafer, as a function of Cu film thickness for an average current density of -

2.5 mA/cm2
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7.4.2.2 Overpotential Distribution at Resistive Substrates

All constants (for certain applied current) on the right of Eq. (7.14) become zero in
the differential form:

d Vm;CðrÞ
� �

dr
þ

d DV
0
SOLðrÞ þ gAðrÞ

� �

dr
¼ d gCðrÞð Þ

dr
ð7:15Þ

For resistive substrates with sheet resistance Rs [ 10 X/sq the potential drop
over the metal thin film is much larger than the potential drop over the solution
(including the change in overpotential at anode) and thus variation is Vm(r) is the
same as the variation in the overpotential:

d Vm;CðrÞ
� �

dr
� d gCðrÞð Þ

dr
ð7:16Þ

The variation of the overpotential is in analogy with Eq. (7.9) described by the
differential equation:

d2gðrÞ
dr2

þ 1
r

dgðrÞ
dr
þ RsimðgðrÞÞ ¼ 0 ð7:17Þ

To obtain the overpotential from Eq. (7.17), the current density is needed which
is in its turn a function of the overpotential. On thin copper seed, an exponential
variation between current density and overpotential may be expected in accor-
dance with the Butler–Volmer equation. On non-copper seed such as Ru or RuX,
the local current density is governed by an overpotential-dependent nucleation and
growth process (current peak). In both cases, only numerical methods and com-
puter simulation can give an exact solution [56]. However, in many cases a linear
variation of current density with overpotential is a sufficient approximation which
allows an analytical solution with a zero-order Bessel function [55].

Linear approximation:

We consider the case in which im(g) varies linearly with overpotential g:

imðgÞ ¼
iðr0Þ
gðr0Þ

� �
� g; ð7:18Þ

with i(r0) and g(r0), the local current density and overpotential at the edge of the
wafer, then the governing differential equation for the overpotential has the fol-
lowing form:

d2gðrÞ
dr2

þ 1
r

dgðrÞ
dr
þ Rsiðr0Þ

gðr0Þ

� �
gðrÞ ¼ 0; ð7:19Þ
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with boundary conditions:

gðr0Þ ¼ gCu;edge and
dgð0Þ

dr
¼ 0 ð7:20Þ

The solution for the overpotential has the following form:

gðrÞ ¼ gedge

I0 r
ffiffiffiffiffiffiffiffiffiffi
Rsiðr0Þ
gðr0Þ

q� �

I0 r0

ffiffiffiffiffiffiffiffiffiffi
Rsiðr0Þ
gðr0Þ

q� � ; ð7:21Þ

where I0 r
ffiffiffiffiffiffiffiffiffiffi
Rsiðr0Þ
gðr0Þ

q� �
represents the modified zero-order Bessel function.

Sequence of linear approximations:

To achieve a more accurate simulation, the linear approximation can be split up
into several linear segments which construct the actual (experimental) i-g rela-
tionship [55]. When the segments are made small (e.g., steps in Dr of 0.1–0.3 cm,
i.e., sufficiently smaller than Drdrop, see Sect. 6.1), the linearization (or input of
Eq. (7.18) for each Dr segment) can be given as

imðgÞ ¼
di

dg

� �
� g ð7:22Þ

where the value for di/dg as the input for the Bessel function is calculated for each
interval. Note that input is linked to the output, namely the overpotential. Such
calculation can be done with spread sheets; i.e., without the use of specialized
modeling codes.

Example for copper plating on resistive thin copper seed:

Figure 7.19 shows the variation of the normalized overpotential, g/gCu,edge, for
copper thin films. The simulation was made based on an experimentally obtained
i-g curve for copper plating on copper from a commercial high copper—low acid
plating bath [55]. In this case the input for the zero-order Bessel function was
obtained from Eq. (7.22) whereby gCu,edge was adjusted such that the average
current density was 2.5 mA/cm2 in all cases. Note that in this simulation the
potential drop over the solution in Eq. (7.15) was neglected. For the copper seed
layers thicker than 10 nm (Rs \ 10 X/sq) the potential and consequently the
current distribution can be optimized by compensation through the potential drop
over the solution by use of resistive elements such as shields and diffusers placed
in the plating cell as well as by the use of segmented anodes and thieves in the
plating tools [58]. For very resistive seeds, the compensation will be little effective
and in the initial stage of plating a large difference in overpotential and current
density exists over the wafer surface [55]. Whereas the initial nonuniformity in the
copper thickness can be corrected by overcompensation at later stages; i.e., higher
effective current density in the center of the wafer during plating of the copper
overburden, the feature fill will be obviously affected by this severe nonuniformity
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in the current distribution. However, more problematic is the fact that there is not
sufficient current in the center of the wafer to protect the copper seed from
corrosion by dissolved oxygen or Cu2+ itself through the copper comproportion-
ation reaction [55]. This means that the copper seed cannot be scaled down in
thickness indefinitely due to the terminal effect. At this point, the technology needs
to switch to direct copper plating on non-copper seed/barrier stack or alloy such as
RuTiN [1, 59–61]. Note that the non-copper seed has to be nobler than copper
itself so that no galvanic corrosion or displacement can occur [44]. For this reason,
cobalt and CuMn seeds cannot be used [61]. The copper seed corrosion phenom-
enon also limits the use of two-step copper plating where first a wet seed is plated
typically from alkaline baths with low cupric ion concentration (i.e., large polari-
zation of overpotential). When the wet seed is introduced into the acid damascene
plating chemistry, it will be prone to center seed corrosion as a result of the terminal
effect and thus will still need to have a certain thickness (low enough Rs value).
Hence, for narrow features, one-step direct plating is preferred as in this case the seed
is plated in situ followed by the fill. Due to the terminal effect the in situ seed plating is
confined within a small region (ring) which progresses over the wafer [43, 44, 61]. In
this case, higher Rs values are actually beneficial for the process as the process is
confined within a smaller region as discussed in the next section.

Example for direct copper plating on resistive none-copper seed:

Plating on foreign substrates proceeds initially through a nucleation and growth
process. Hence, in this case, the i-g relationship for copper deposition on copper
cannot be used. The steep increase in the nucleation peak can be fairly good
simulated by a linear variation from the nucleation overpotential to the copper
overpotential at the edge (or the copper front, see Sect. 6 on copper front pro-
gression). For a more accurate simulation, cyclic voltammograms can be used as
empirical input, where the scan rate for the measurement corresponds to that of
polarization rate due to the progression of the copper front over the wafer (see
Sect. 6.1). Figure 7.20 shows the overpotential variation assuming a linear change
in current density with overpotential from 0.025 V as nucleation overpotential to a
copper overpotential of 0.22 V at the edge (r = r0), with a current density of –
10 mA/cm2 at the edge. For direct plating purposes it is important to keep the
copper deposition current on copper and thus at the edge constant (see also
Sect. 7.4.3). In case of resistive substrates such as Ru and RuX, the potential drops
rapidly from the edge. Nucleation occurs at an overpotential equal or larger than
the nucleation overpotential, which is indicated in Fig. 7.20 as the dotted line. The
inset shows the distance, Drdrop, over which the potential drops from the copper
overpotential at the edge to the value of the nucleation overpotential (taken here at
0.025 V). For sheet resistance values larger than 100 X/sq, the overpotential drop
for copper plating occurs over less than 1 cm from the edge. Within this area
copper nucleation will occur. The inset also shows the value for (r0 - r) at the
nucleation overpotential estimated from Eq. (7.12) for the simplified case of
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constant current density. The difference between the estimated value and the
simulated value is 10 %. Hence, Eq. (7.12) can be used to have a reliable estimate
of the potential drop region in direct plating.

7.4.3 Time-Dependent Wafer Coverage

7.4.3.1 Copper Front Progression Rate

At the initial stage of direct plating, only copper nucleation will occur within a ring
close to the wafer edge or terminal. When the islands coalesce they provide a
conductive film (initially even a network of connected islands or porous film) on
the resistive surface, effectively moving the ‘‘terminal’’ inward and copper
nucleation will now proceed in a next region next to the first copper ring. This is a
continuous process whereby the copper front thus moves radial from the edge
toward the center as also the nucleation front sweeps over the surface. This process
is presented schematically in Fig. 7.21 where the overpotential distribution is now
shown at different times during the dynamic direct plating process. Note that the

Fig. 7.20 The normalized overpotential variation as a function of radius, r, from the center of the
wafer toward the edge of wafer with a radius, r0 = 14.8 cm for none-copper thin film such as Ru
or RuX alloys with sheet resistances of (h) 25X/sq.), (M) 50 X/sq., and (
) 150 X/sq.), (�)
10 nm (2.8 X/sq.), 5 nm (24 X/sq. simulated with a zero-order Bessel function for a linear
variation of current with overpotential: i = 0.01 A/cm2/(0.22–0.025 V)g. The dotted line gives
the normalized value of the nucleation overpotential (gnucl/g(r0)). The inset shows the radians
difference, Drdrop, over which the overpotential drops from the copper deposition overpotential at
the edge, g(r0) to the nucleation overpotential, gnucl in the plots of normalized overpotential
variation (�, full line) and that estimated from Eq. (7.12) with assumption of constant current
density. The difference between the simulated and estimated values is 10 %
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feature fill does not wait until the whole wafer is covered with copper first and thus
the seed layer has to be formed in the nucleation and growth stage at the non-
copper seed followed immediately by fill. Hence the current density at the already
formed copper film (front) determines the fill characteristics and is the one that
needs to be controlled. To keep the current density at the copper constant, the
applied current needs to be adjusted according to the time-dependent plated copper
area. Hence, the current is a function of the rate at which the copper front sweeps
over the wafer; the copper front progression rate.

In practice, the copper front progression rate can be determined by performing
time-interrupted plating experiments to measure the progress of the copper. Exact
determination of the copper front can be done by Rs mapping (measurements of Rs
across the wafer) but in many cases the copper front is clearly visible and can be
even measured with a ruler. This type of measurements can be used to calibrate the
current wave form needed to maintain constant current density throughout the
plating process. Figure 7.22 shows an example of copper front progression on
300 mm blanket wafers with 4 nm RuTa film which has a sheet resistance of

Fig. 7.21 (top) Schematic showing the sequential copper coverage of the wafer with time.
(bottom) The normalized potential variation as a function of radius, r, from the center of the wafer
toward the edge at different stages of copper plating with copper plated up to a distance (r–r0) of
0, 3, 6, 9, 11.3 and 13 cm (with r0 = 14.8 cm) in the case of direct plating on resistive non-
copper thin film such as Ru or RuX alloys with sheet resistance of 100 X/sq.) as simulated with a
zero-order Bessel function for a linear variation of current with overpotential: i = 0.01 A/cm2/
(0.22–0.025 V)g. A constant overpotential of 0.22 V is assumed for the plated copper ring. The
vertical dotted lines give the position of the copper front edge. The horizontal striped lines gives
the normalized value of the nucleation overpotential (gnucl/g(r0))
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130 X/sq. First, a narrow ring of about 2 mm was made by applying a constant cell
voltage of 1.2 V. This ring is used as starting point for the copper front to migrate
over the wafer surface. Then, a linear current ramp from 0 to 10A over 70 s (full
coverage, 14.5 mA/cm2) is applied and subsequently the ramp is stopped at dif-
ferent times (15, 30, and 55 s in Fig. 7.22). The copper front progresses linearly
with time after a certain latent period where the current is too low for copper front
progression (nucleation). This initiation current and time are obtained from
extrapolation of the linear part in the curve (8.5 s and 1.1A in this case). The slope
gives the constant copper front progression rate, vCu (cm/s), which is 0.22 cm/s for
Fig. 7.22. The area of the plated copper ring is then a quadratic function of time:

ACu ¼ p 2vCut � v2
Cut2

� �
ð7:23Þ

where t is the plating or ramp time (corrected for ti in the case of the calibration
experiment where it was started from 0A). When the current density at copper
needs to be kept constant a current wave form of this shape should be applied.
However, at small copper coverage (small times) also the current for nucleation on Ru
in the Drdrop region needs to be taken into account for the total current (is negligible at

Fig. 7.22 Calibration of the current waveform for direct plating of 300 mm blanket Si/SiO2

wafers coated with 4 nm RuTa (Rs of 130 W/sq.). Measured distance, (r0 - r), of copper front
from the wafer edge (�, right axis) and respective area of the plated copper ring (j, left axis)
obtained from an interrupted linear current ramp after 15, 30, 55, and 70 s for ramp up in plating
current at a rate of 0.133 A/s (i.e., from 0 to 10 A at 70 s). Before start of the ramp a cell voltage
of -1.2 V was applied for 2 s which resulted in an initial ring of 2 mm. The initiation time,
ti = 8.5 s, was obtained by extrapolation of the linear (r0 - r) relation and represents the latent
time during which the current was too low to move the front forward (i.e., between 0 and 1.1A in
this case). The striped line shows the linear area (current) ramp proposed from this calibration for
direct plating at current density of 14.5 mA/cm2. The inset shows the plated copper ring after a
30 s ramp. NanoPlateTM 3200 copper plating chemistry: 40 g/L Cu, 100 g/L H2SO4, 50 ppm Cl
with accelerator, suppressor, and leveler additives. The RuTa was electrochemically pretreated in
HBF4 solution. With thanks to Dr. Silvia Armini and Mr. Zaid El- Mekki. from imec
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larger coverage). When the copper ring almost closes (r \ 2 cm, see Fig. 7.21) also
the center is covered with copper islands already growing out to a coalesced film.
Hence, at small and large times, the current should be taken somewhat higher than
just proportional to ACu (Eq. 7.23) and the desired current density (14.5 mA/cm2 in
this case). The current waveform can then be approached by a linear ramp as that
shown by the dotted line in Fig. 7.22: (I = 1.3A ? 0.6A/s 9 time) for 50 s after
which the current remains at 10A. In this simulation the copper fill should occur at a
current density between 14 and 15 mA/cm2.

7.4.4 Relationship Between Electrochemical Measurements
and Copper Front Progression Rate

7.4.4.1 Coalescence Thickness

The rate at which the copper front progresses over the wafer is dependent on the rate
of film coalescence [62]. The film coalescence time and thickness are in their turn
determined by the nucleation rate and thus the island density, as well as by the shape
of the particle during subsequent growth. Flattened particles (i.e., toward 2D growth)
will give faster coalescence and thus a thinner coalesce thickness (see Fig. 7.23).

The coalescence charge density, qcoal (C cm-2), is related to the copper island
density, Np (C.m-2), through:

qcoal ¼
npFq
xMw

Npd3
coal ð7:24Þ

with dcoal the average diameter of the copper islands at coalescence and x is a
shape factor where x = 6 for spherical particles, x = 12 for hemispherical parti-
cles, and x [ 12 for flattened particles (toward 2D or pancake-shaped particles).
For Eq. (7.24) the ideal case for the hexagonal stacking of copper islands is
assumed (Fig. 7.24). This can be seen as the lower limit for coalesce. In reality the
stacking will be more random and qcoal will be higher. For the case of the flattened
particle, we can take the volume of a hemisphere segment as shown in Fig. 7.25,
where the height of the particle, h, is a fraction y of its diameter:

Fig. 7.23 Copper island
diameter at coalescence in the
ideal case of hexagonal
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x ¼ 24y3

3y2 þ 4
for h ¼ dcoal

y
ð7:25Þ

When we assume a hexagonal closed packed stacking of the particles then:

N�1
p ¼

p
3

2
ðdcoalÞ2 ð7:26Þ

Substitution of Eq. (7.26) into (7.24) gives:

qcoal ¼
npFq

xMw
ffiffiffiffiffiffi
Np

p ð7:27Þ

The coalescence charge is directly proportional to the coalescence time when
the current density is kept constant. Note that the current density is a function of
the applied current and the effective surface area where copper plating takes place.
As the latter changes as the copper front moves over the surface, the current needs
to be adjusted accordingly if we want the current density and thus coalescence
charge (and coalescence time and thickness as well as the island density) to be
constant throughout the direct plating process.

Fig. 7.24 Modes of
island coalescence:
spherical particles,
hemispherical particles,
and ‘‘flattened’’ particles,
represented by their shape
factors x and y defined in
Eq. (7.25)

Fig. 7.25 For simulation of
the ‘‘flattened’’ island a
segment of a hemisphere is
assumed with height h and
island diameter, d
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7.4.4.2 Relationship Between Coalescence Thickness
and Overpotential

In Sect. 7.3.2 an exponential relationship between copper island density, N(g) and
copper deposition overpotential, gCu, was determined (Eq. (7.5)). As nucleation
only starts when a sufficient overpotential for nucleation is applied, gCu C gnucl, a
more accurate description for island density, Np(g), with overpotential is given as

NpðgÞ ¼ Ng;nuclexp � aF

RT
g� gnuclð Þ

	 

ð7:28Þ

with gnucl the nucleation overpotential (typically around -25 mV) and Ng,nucl, the
island density at gnucl (also in short indicated as N0) which depends mostly on the
substrate and its surface condition (see also Sects. 7.3.2 and 7.3.3).

Figure 7.26 shows the island density, Np, as a function of copper deposition
overpotential for different cases of cupric ion concentration, in the presence and
absence of polyether suppressor additives, showing the universal character of
Eq. (7.28). The island density was measured after galvanostatic deposition at dif-
ferent current densities from H2SO4 solutions with CuSO4 concentrations ranging
between 0.01 and 0.6 M. When the island density is plotted as a function of the copper
deposition overpotential, the exact same exponential relationship is found in all cases.
When suppressor additives are added to the solution, the island density increases as
expected but follows the same exponential relationship (compare 1, 2 with 3, 4 and 4,
5). The preexponential factor includes an intrinsic nucleation density which is a
function of substrate material as well as its surface condition. The preexponential Ng,

nucl is equal to the smallest island density obtained at the nucleation overpotential. For
example, copper nucleation on RuTa alloy has a Ng, nucl = 19107 cm-2. After
electrochemical of chemical pretreatment to remove the native oxide and carbon
contamination, Ng, nucl increases to 1 9 107 cm-2. Figure 7.26 thus proves that
additives and surface treatments do affect the island density through their respective
effects on the deposition overpotential and the inherent island density (preexponential
factor Ng, nucl in Eq. (7.28)).

The coalescence charge density can now be written as a function of the copper
deposition overpotential at the copper front:

qcoal ¼
npFq

xMw
ffiffiffiffiffiffiffiffiffiffiffiffi
Ng;nucl

p exp
aF

RT
g� gnuclð Þ

	 

ð7:29Þ

Note that qcoal is easily converted into an equivalent copper thickness (coa-
lescence thickness, bcoal) by dividing it by 2.72 mC/cm2, which is the equivalent
charge density for a 1 nm copper film. Figure 7.27 shows the coalescence thick-
ness or in situ copper seed thickness based on Eq. (7.29). The coalescence
thickness can be tuned by overpotential (but limited by the maximum allowed
current density for copper fill), by N,nucl through choice of substrate (limited by
barrier properties) and surface pretreatment and the shape factor, x, which can be
tuned by additives. Next to polarization of the overpotential, the addition of
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suppressor additives typically results in flattening of the particle shape as well
[48]. The overpotential can be tuned by inorganic chemistry as well. Lower CuSO4

concentration results in polarization of the i-U curves (Fig. 7.26), but cupric ion
depletion can be an issue. Also, the addition of suppressor and leveler additives
polarize the i-V characterictics, but is limited by the requirment of void-free filling
or superfilling of the features after the formation of the in situ seed. From
Fig. 7.27, it follows that formation of 10 nm of in situ seed is easily attainable
even for the rather low N,nucl of 107 islands per cm2 (case of nontreated RuTa) and
definitely for N,nucl of 108 cm-2 (case of pretreated RuTa surface), especially when
the islands are somewhat flattened. To extend direct plating to technologies below
10 nm, not more than 1 nm of in situ copper seed would be allowed when a
barrier/layer combo (e.g., RuTiN) of about 1 nm can be made [2]. The effective
aspect ratio in this case would be already a factor 1.7 larger than the targeted
aspect ratio of the 10 nm trench or via features, making void-free fill more

Fig. 7.26 Copper island density, Np, as a function of (h-hnuc) with, h, the copper deposition
overpotential (for normalized copper island area of 0.19, and corrected for IR drop) and
hnucl = -0.025 V, for galvanostatic deposition on 2 nm RuTa from (}) solutions of
1.8 mol dm-3 H2SO4, 1.4 mmol dm-3 HCl and 10, 50, 100, and 600 mmol dm-3 CuSO4;
current densities between (-2.5 and -10 mA cm-2 for the 10, 50, and 100 mmol dm-3 solutions
and -1–-200 mA cm-2 for the 600 mmol dm-3 solution); indicated cases are 1 600 mM
CuSO4, -2.5 mA/cm2, 2 600 mM CuSO4,-5 mA/cm2. All data points fit to Eq. (7.28)
irrespective of cupric ion concentration, with Nh, nucl = 19107 cm-2 and(hF/RT = 29 V-1);
the highest overpotentials are obtained for lowest CuSO4 concentrations[43, 44]. Island density
for 600 mM solution with the addition of the suppressors (M) PEG4000 and (
) PPG725 for
deposition at -2.5 mA/cm2 (3, 5) and -5 mA/cm2 (5, 6). Island density for the case of
electrochemically pretreated RuTa surface in HBF4 solution [45]; (7) 600 mM CuSO4,
-2.5 mA/cm2 and (8) 100 mM CuSO4, -2.5 mA/cm2. With thanks to Drs. Magi Nagar from
imec
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difficult. Hence, the selection of substrates and surface pretreatments or func-
tionalisation that allow higher N,nucl are desired.

7.4.4.3 Relationship Between Copper Progression of Overpotential
Polarization for Nucleation

The copper front progression rate, vCu, is linked to the electrochemical response as
the peak in the cyclic voltammogram and the step in the potential transients are
linked to the coalescence of the copper islands [62]. As shown below, we can make
estimative predictions on the rate of copper rate progression, from the coalescence
charge and time obtained from electrochemical measurements. However, only
quantitative modeling of the microscopic nucleation process in combination with
the macroscopic current distribution and terminal effect can give a full picture of
wafer scale direct plating process [52, 55] see Fig. 7.28.

The copper front progression rate is given as

vCu ¼
dðr0 � rCuðtÞÞ

dt
ð7:30Þ

with rCu(t), the time-dependent radius of the copper front from the wafer center and
r0, the wafer radius (i.e., 14.8 cm in case of a 300 mm wafer with 2 mm edge
exclusion of the sealed ring contact).

As the copper front moves over the wafer surface, the potential drop over the
resistive non-copper substrate preceding the copper at radius (r0–rCu(t)) also
sweeps over the wafer. The overpotential for copper plating, gcu, is below the

Fig. 7.27 Simulation of the
film coalescence thickness as
a function of copper
overpotential based on
Eq. (7.29) for different values
of preexponential factor,
Nh,nuc, (indicated as No in
legend)and for hemisperical
(x = 12) and half
hemispheres (y = 4)
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nucleation overpotential, 0\g\gnucl, for most of the noncovered resistive sub-
strate surface, except for the region close to the copper front, Drdrop, where the
overpotential drops from the overpotential of copper deposition, gcu, at the copper
film position (r0 - rCu(t)) to the nucleation overpotential, gnucl, at position
(r0 - rnucl(t)) on the wafer. Thus, at time, t, the overpotential at position
(r0 - rnucl(t)) reaches gnucl at which point nucleation will start at this position. The
overpotential in this spot increases now to gcu over the time period Dt. Hence, this
particular position goes through a change in overpotential with a polarization rate,
vp (V/s), given as

vp ¼
dg
dt
� ðgCu � gnuclÞ

Dt
ð7:31Þ

for a quasi linear variation of the overpotential (in correspondence with linear
potential variation in cyclic voltammetry). Coalescence of copper islands occurs
within this time period and we can assume Dt¼Dtcoal and the copper progression
is given as

Fig. 7.28 Schematic representation of position on the wafer of copper front and nucleation
fronts at time t and t ? dt (top) and the corresponding overpotential profiles
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vCu ¼
Drdrop

Dtcoal

ð7:32Þ

whereby Drdrop can be calculated from the Bessel function. A higher sheet resis-
tance gives rise to smaller Drdrop indicating that the progression rate would be
faster for more resistive substrates. However, a smaller Drdrop will also give a
faster polarization rate which may affect Dtcoal. The relationship between polari-
zation rate and copper progression rate is found by the combination of Eqs. (7.31)
and (7.32):

vp �
ðgCu � gnuclÞ

Drdrop

� vCu: ð7:33Þ

Fast copper progression rates thus correspond to fast polarization rates. This is
intuitively understood as fast polarization rates corresponding to faster nucleation
rates, higher island densities, and thus faster film coalescence. In the wafer scale
plating experiments of Fig. 7.22, the experimental copper progression rate was
0.22 cm/s for an average effective current density of 15 mA/cm2 where (g-

gnucl) = 0.22 V and Drdrop = 1 cm for Rs of 130 X/sq (Fig. 7.20) or thus nucleation
of copper islands in Drdrop region occurred at a polarization rate of 50 mV/s.
For simulation of overpotential distribution as in Fig. 7.20, a cyclic voltammogram at
50 mV/s could then be used as imperial input (as was done for the case of thin copper
seed in Fig. 7.19).

The coalescence charge, qcoal, is obtained by integration of the current in the
Drdrop region:

qcoal ¼ Dtcoal

Z
rCuðtþDtÞ

rCuðtÞ

dir ð7:34Þ

with ir the local current density at position r. Assuming a linear variation of the
current from 0 at rnucl(t) to iCu, the copper plating current at the copper film, qcoal

simplifies to

qcoal �
iCu

2
Dtcoal ð7:35Þ

Insertion of Eq. (7.35) into (7.32) gives the relationship between copper pro-
gression rate over the wafer, vCu, the coalescence charge, qcoal, the effective
current density at the copper film, iCu, and the width of the potential drop, Drdrop:

vCu �
iCuDrdrop

2qcoal

ð7:36Þ

Smaller coalescence thickness and higher current density give rise to faster
progression rates. Or, vice versa, when slower progression rates are observed, the
in situ seed layer will be thicker. In the wafer scale plating experiments of Fig. 7.22,
the experimental copper progression rate was 0.22 cm/s for an average effective
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current density of 15 mA/cm2. For an Rs value of 130 X/sq, Drdrop = 1 cm
(Fig. 7.20), that means an in situ copper seed of about 12.5 nm which is suitable for
features down to 65 nm, as verified experimentally [60, 61]. Conversely, for a
coalescence thickness of 1 nm if direct plating was to be extended to feature sizes
below 10 nm, copper progression rates larger than 1.8 cm/s are required, i.e., full
wafer coverage in less than 8 s.

Insertion of Eq. (7.35) into (7.31) similarly gives the relationship between
polarization rate and coalescence charge:

vp �
iCuðgCu � gnuclÞ

2qcoal

ð7:37Þ

indicating an inverse relationship between coalescence thickness and polarization
rate as a result of the passing by of the nucleation front with width of Drdrop. For a
coalescence thickness of 1 nm, a polarization rate larger than 350 mV/s is
required to provide the necessary island density.

An important consequence from the above exercise is that the nucleation and
growth process during direct plating occurs during a potential sweep and not a
potential step. As such cyclic voltammetry experiments may give a more realistic
view on attainable particle densities and film coalescence thickness. Thus, where
potential and current step experiments can give information about maximum or

Fig. 7.29 The coalescence thickness, bcoal, determined from the charge under the suppression
peak in cyclic voltammograms recorded at as received 2 nm PVD RuTa (m, 3, +), as received
ALD Ru (� ), EC-pretreated RuTa (M) and EC-pretreated Ru (
). NanoplateTM NP3200 copper
chemistry with suppressor additive only (15ml/l S)(m, M, �,
), with suppressor and accelerator
additives (15ml/l S, 10ml/l A) (�) and suppressor, accelerator, and leveler additives (15ml/l S,
10ml/l A, L); electrochemically pretreatment in 10 % vol. sulfuric at - 10mA/cm2, sample area
0.071cm2
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steady-state island density as discussed in Sect. 7.3, cyclic voltammograms can
give potentiodynamic information and relate to the copper progression rates
needed to achieve desired coalescence thickness.

In Figs. 7.14 and 7.15, cyclic voltammograms were shown for copper deposi-
tion on RuTa in the presence of chloride and suppressor additives. The suppression
peak in the CV is the result of nucleation and growth, coalescence of the film and
inhibition of the copper deposition rate on copper by additive adsorption. The area
under the peak is a measure for the coalescent charge and equivalent film thickness
(see Sect. 7.3.4). Figure 7.29 shows the coalescence thickness estimated from the
charge under the suppression peaks in cyclic voltammograms measured on Ru and
RuTa substrates at different polarization rates. The effect of surface pretreatment is
also included. The coalescence thickness decreases with scan rate as predicted by
Eq. (7.37), even though with a power between -0.6 and -0.8, i.e., lower than -1.
Electrochemical pretreatment does lower the coalescence thickness considerably,
in accordance with the increase in Ng, nucl in Fig. 7.26. The effect of additives is
small; the addition of accelerator gives slightly thicker coalesced films, and the
subsequent addition of lever again lowers it, as expected from their respective
effects on the overpotential (and thus island density, see Eq. (7.29). To achieve a
coalescence thickness of 1 nm on EC-pretreated RuTa, a polarization rate of more
than 100 mV/s is needed in reasonable agreement with the assessment for wafer
scale plating above.

7.5 Conclusions

To make direct plating work, a profound electrochemical understanding of the
direct plating process is needed, which indicates that specialists are needed from
the concept to production stages. Further, it requires a close synergy between the
developments in the electrochemical process, the non-copper seed layer and the
hardware. In many cases, researchers and engineers do not have control over at
least one of these. These complications have in my opinion held back the intro-
duction of direct plating in a manufacturing environment. In this chapter, we have
tried to give an overview of most of the factors involved in the direct plating
process with a good background on the fundamentals for better understanding.
Unfortunately, we could not provide all details and for that we refer to the many
references. The main focus was placed on the formation of an initial continuous
copper film or in situ seed layer as this step is essential for defect-free plating
process. The fill of the features itself was not treated extensively as, once the
in situ process is in place, the superfill follows suit and optimization is done similar
to the conventional damascene plating process. Important for wafer scale uniform
fill is that the local current density is the same after the in situ seed is formed for
each feature. Methods to control the local current density were treated in this
chapter. It needs mention that recently superconformal fill has been demonstrated
also from low cupric ion containing baths, both acidic and alkaline [63, 64]. In this
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way, the advantage of high overpotential in low cupric ion baths (thin coalesced
copper film) can be combined with fill.
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Part III
Through Silicon Via and Other Methods



Chapter 8
Through Silicon Via

Kazuo Kondo

8.1 Introduction

The development of semiconductor devices is clearly represented by Moor’s law.
Moor’s law, formulated by Gordon Moor at Intel, predicts that the semiconductor
transistor number is doubled every 1.5 years, and this trend has held since the birth
of the Intel microprocessor 4004 in 1965. Because of the limits of miniaturization
in transistor fabrication, deviation from Moor’s law in recent years has become an
obstacle to the development of semiconductor devices. Based on a completely
different concept of miniaturization—stacking of chips in the z-direction—a
drastic increase in transistor number has been achieved [1]. This chip stacking
technology is called ‘‘three dimensional packaging’’ (Fig. 8.1). The upper graph
shows four chips mounted on a printed circuit board (PCB). If four chips are
stacked in z-direction as shown in Fig. 8.1 , the chip size is reduced by a factor of
four. Since the transistor depth is less than 1 lm and silicon chips are a few
10 lms in thickness after thinning by chemical mechanical polishing (CMP), vias
are necessary to connect upper transistors to lower transistors. Hence, these are
through silicon vias, TSV (Fig. 8.1 arrow ). Suppose the size of chip is 1.0 cm sq
and four chips are mounted on a PCB (Fig. 8.1), the signal length is 4 cm from the
left solder bump to the right solder bump. With three-dimensional packaging
(Fig. 8.1), the signal lengths are several tens of lms, and they are interconnected
by TSVs. These shorter signal lengths are well suited for high frequency digital
signal transmission.

Typical methods and materials for the TSV fabrication process are shown in
Fig. 8.2:

1. High aspect ratio via etching by reactive ion etching (RIE).
2. Insulator layer formation by thermal SiO2 or chemical vapor deposition (CVD).
3. Barrier metal layer formation by sputter or CVD.
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4. Copper seed layer by sputter or CVD.
5. Aspect ratio via filling by electrodeposition, CVD or printing.

Several methods are proposed in order to fill TSVs. They are electrodeposition,
CVD, and printing. CVD is expensive and high aspect ratio vias are impossible to
fill by printing. Electrodeposition is therefore the most suitable process for TSV
filling. Several candidate materials have also been proposed for TSV filling. They
are copper, tungsten, poly silicon, and conductive paste. Of these, copper has the
lowest resistivity and is most suited for the TSV filling materials.

There are three alternative sequences for TSV fabrication: via-first process, via-
middle process or via-last process (Fig. 8.3) depending on when the TSV is
formed. TSV fabrication consists of via formation (etching, and insulator, barrier

Three dimensional Packaging Technology 

High Density and High Speed 

Solder Ball

Chip

Fig. 8.1 Three-dimensional packaging technology enables high density and high speed digital
signal transmission. The packaging area shrinks to � size if the four chips are stacked. A shorter
signal length of several 10 lm is realized. The shorter signal length enables high speed digital
signal transmission

TSV process

Via etching

Insulator layer 
formation

Barrier/ Seed Layer 
formation

Via filling

RIE

Thermal-SiO2

CDV

Sputter
CDV

Electrodeposition
CDV

Printing

Ta,Ti
TaN,TiN

Cu

Cu
W

PolySi
Conductive 

paste

SiO2

Fig. 8.2 Typical methods
and materials for the TSV
formation process
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and seed layer formation) and via filling. In the via-first process, via formation and
via filling are performed before transistor formation and wiring. In the via-middle
process, via formation and copper electrodeposition are performed after transistor
formation and before wiring. For the via-last process, via formation and copper
electrodeposition are performed after transistor formation and wiring (Fig. 8.3).

Typical TSV structures are shown in Fig. 8.4. Processing temperatures in
transistor formation are 600–1,000 �C. At these high temperatures, copper and
silicon migrate and form silicide resulting in transistor deterioration. Hence, in the
via-first process, the TSV is filled with polysilicon rather than copper. Once the
transistors have been formed the process temperature for subsequent processing is
400–600 �C. Because of these lower process temperatures, copper can be depos-
ited into the TSV. This copper is mostly filled by electrodeposition, since this is
least expensive and is compatible with higher aspect ratios.

Via formation

Transister
formation

Bump 
formation

Wiring

Transister
formation

Copper 
electordeposition

Wiring

Bump 
formation

Transister
formation

Wiring

Copper 
electordeposition

Bump 
formation

Via formation Via formation

Via-Last

Via filling

Fig. 8.3 Sequences for the via-first, via-middle, and via-last TSV processes

Poly
Si

Cu

Via First Via middle and Last

Process temperature
1000 – 600℃ Process temperature

600 - 400℃
Fig. 8.4 Two typical
structures of TSV. The
structures are classified by
via-first, via-middle, and via-
last processes
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Figure 8.5 shows a comparison of processing cost percentage for the steps in
TSV fabrication [2]. A large portion, 41 %, is represented by copper electrode-
position. For this reason, TSV cost reduction is mainly governed by reduction in
the cost of copper electrodeposition. High speed copper electrodeposition is the
most promising route for this cost reduction. However, the rate increase cannot be
achieved by a simple increase in current density due to void formation. Figure 8.6

Barrier
Seed layer
CMP

Lithograph
Chip stacking

Plate/Etch/Strip
41%

31%

Via Etch
8%

20%

Cu-TSV CoOFig. 8.5 Comparison of the
process cost percentage of
components of TSV
fabrication

Void
Cu Electrodeposits

Si

Why void free important

1.Via top bump formation

2.Acid residue

3.Reliability

Void causes

difficulty in

Fig. 8.6 Importance of void-free filling in copper electrodeposition
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shows voids in the TSV cross-sections. Once voids are formed, they cause diffi-
culty in via top bump formation. Also, the strong acid residue remaining inside the
voids reduces the TSV reliability. Void elimination for high speed copper elec-
trodeposition is the most critical problem in TSV filling.

The size of TSVs is a thousand times larger than that of vias or trenches used in
on-chip metallization. The through-via diameter is several lms to tens of lms and
the aspect ratio is more than five. Hence, TSVs are extremely deep and very
challenging to fill. This is why the optimization and role of additives are important.

8.2 Three-Dimensional Packaging Developments

Development of three-dimensional packaging in Japan was initiated by a project of
the Association of Super Advanced Electronics Technology (ASAET) supported by
the Japanese Ministry of Trading and Economy in 1998. They report that high aspect
large diameter via high speed etching and high speed copper electrodepositions into
TSVs are critical issues. The author, Kondo, was a member of this project and
developed the ASAET high speed electrodeposition process.

Solder bump Logic chip

Memory chip

Interposer

TSV

Fig. 8.7 SEM micrograph of the three-dimensional package of association of super advanced
electronics technology (Elpida, Oki, and NEC) and its cross section
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Worldwide, three-dimensional packaging developments date to around 2004.
There are more than 40 institutions involved in this development. Arkansas
University, M.I.T., Georgia Institute of Technology, and Rensselaer Institute of
Technology are involved in the project in the U.S. CEA-LETI, IMEC, Fraunhofer
in Europe and Tohoku University, and IME, ITRI in Asia. Many private compa-
nies such as INTEL, Toshiba, IBM, Renaissance, and Samson are also involved in
the three-dimensional packaging projects.

Figure 8.7 shows an SEM micrograph of a three-dimensional package produced
by ASAET (Elpida, Oki and NEC). Eight memory chips are stacked and connected

Fig. 8.8 Three-dimensional
packaging by IBM with sub-
lm size TSV

TSV

Fig. 8.9 Three-dimensional packaging by IMEC with copper nails
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through TSVs. At the bottom is the logic chip. IBM developed a three-dimensional
packaging process with a TSV size in the sub-lm scale (Fig. 8.8). They attached
the silicon onto a glass substrate and applied CMP to the backside of the silicon.
The TSVs were formed after CMP by the via-last process. IMEC employed the
via-first process and they adopt 1–5 lm fine TSV called copper nail (Fig. 8.9).

8.3 High Speed Copper Electrodeposition of TSV
by Kondo

The author, Kondo, started a research project on TSV filling by copper electro-
deposition in 1999. ASAET had found that it is extremely difficult to fill TSVs by
modification of existing copper on-chip metallization or printed circuit board
copper electrodeposition baths. They asked Kondo to join the project to fill TSVs
of height 70 lm and diameter 10 lm. With an aspect ratio of seven, these were
very deep, narrow vias.

Two different types of additives were used in the project, namely open-literature
additives and proprietary additives. The basic bath consists of CuSO4 and H2SO4.
The open-literature additives employed were Cl, (Polyethylene glycol (PEG),
Inhibitor), SPS (Bis(3-sulfopropyl, Accelerator)) disulfide, and (Janus green B
(JGB), Leveler). The proprietary additives, identified as SPR B and LEV A, were
supplied by electroplating engineers, Japan (EEJA). The group employed periodic
reverse pulse current wave-trains consisting of on time, reverse time, and off time.
A silicon chip containing TSVs was attached to a rotating disk electrode (RDE), and
the RDE was rotated in the electrolyte at a speed of 1,000 rpm. The anode was a
plate positioned parallel to the silicon chip.

Beginning with the open-literature additives, Fig. 8.10 shows the first achieve-
ment of the project. The TSVs were filled without voids by a periodic reverse
current wave-train consisting of an on time of 10 ms, a reverse time of 0.5 ms, and
an off time of 10 ms. However, the on-time current density was 1 mA/cm2, a very
small current density that required 12 h to fill the via. Reduction of filling time by
increase of the current density has become the main practical issue for cost
reduction in filling by copper electrodeposition.

Figure 8.11 shows the leveler of JGB optimization by cyclic voltammetric
stripping (CVS). The x-axis is the JGB concentration and the y-axis is the nor-
malized Ar-value. Two different rotation speeds of RDE were applied: 100 and
2,500 rpm. The right-hand side of the figure shows the flow velocity profile close
to the via. Since the chips are rotating at 1,000 rpm, the flow velocity outside of
the via is rapid. Because the via is very deep and narrow, the flow velocity at the
via bottom is slow. If the Ar-value at lower rotation speed (100 rpm) is larger than
that at higher rotation speed (2,500 rpm), the predicted current density at the via
bottom is larger and bottom up filling is expected. At a JGB concentration of
30 mg/L, the difference in the Ar-value is largest, and bottom up filling is
expected. At the higher JGB concentration of 30 mg/L and current density of
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2.0 mA/cm2, a perfect via fill was achieved within 6 h. At 3.0 mA/cm2, voids were
formed at the via bottoms. By application of two current steps, 2 mA/cm2 for
120 min and of 3 mA/cm2 from 120 to 210 min, perfect filling was achieved
within 3.5 h [3].

Now we proceed to the proprietary additives. By CVS measurements (Similar
to those shown in Fig. 8.11), the SPRB concentration was optimized at 5.0 mg/L.

10 mg/L 30 mg/L

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35

Ar
/A

r(
JG

B=
0)

Concentra on of JGB/mg/L

2500 rpm
100 rpm

Fig. 8.11 Cyclic voltammetry stripping (CVS) results. The red curve was taken at a RDE
rotation speed of 100 rpm and the blue curve at 2,500 rpm

10 µm

720 min

On/rev/off

10 ms/0.5 ms/10 ms

Fig. 8.10 Via cross-sections
of ASAET’s first successful
filling process with 1 mA/
cm2
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The LEVA concentration was also optimized by via cross-section examination at
0.2 mg/L at a current density of 4 mA/cm2. Perfect via filling has been achieved at
5 mA/cm2 within 90 min with the following parameters: SPRB = 5 mg/L,
LEVA = 0.2 mg/L and SPS = 2 mg/L, on time = 200 ms, reverse time = 10 ms,
and off time = 200 ms. With optimization, 90 min has been our shortest result and
by applying 6 mA/cm2, seems always form at the via center. Saturation of
the electrodeposition solution with oxygen has a substantial effect on filling.
Figure 8.12 shows cross sections of vias filled halfway after 50 min electrode-
position time. Without oxygen gas purge, deep and narrow seams appear at the via
center, and filling is conformal. With oxygen gas purge, v-shapes develop, and
filling is bottom up. With a two-step current density consisting of 6 mA/cm2 for
50 min and 10 mA/cm2 for 10 min, the vias were perfectly filled under oxygen gas
purge with a filling time of 60 min (Fig. 8.13). Figure 8.14 shows the effect of
oxygen gas purge. The x-axis is time, and the y-axis is potential. A large negative
value indicates inhibition. At the via bottom, there is no difference in potential
between deposition with oxygen gas purge and deposition without oxygen gas
purge. At the via outside, however, a marked difference in potential exists, and the
potential shifts to more negative values with oxygen gas purge. This large negative
potential indicates an inhibition effect at the via outside. The mechanism by which
oxygen affects the additives is shown in Fig. 8.15. The bulk electrolyte is saturated
with oxygen. In the copper damascene process, electrodeposition occurs outside the
via and along the via side wall and bottom. Oxygen gas is transported from the bulk
electrolyte and approaches the via exterior. Oxygen oxidizes the cuprous ion to
cupric ion. Since the accelerant complex consists of cuprous ion or Cu(I) thiolate,
deposition outside the via is inhibited. However, the via is very deep and narrow so
that oxygen is not transported to the via bottom and the cuprous ion or Cu(I) thiolate
accumulates there [4].

Since the end of the ASAET project, we have continued to work on the time
shortening of TSV filling. We have reduced the off time of periodical reverse

10 µm

Comformal V-Shape

With OxygenWithout OxygenFig. 8.12 Cross sections of
half-filled vias after filling for
50 min at 6 mA/cm2. Two
cross sections without oxygen
bubbling and with oxygen
bubbling
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Fig. 8.13 Cross section of via with 60 min by oxygen gas bubbling. Two-step current densities
are applied, initially 6 mA/cm2 for 50 min and secondly 15 mA/cm2 for 10 min
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Fig. 8.14 Potential-time responses with and without oxygen gas bubbling. Note that a difference
in potential exists at the via outside and potential shift to negative side with oxygen gas bubbling

Fig. 8.15 Illustration of the
oxygen-assisted filling
mechanism. Oxygen is
transported from the bulk
electrolyte and approaches
the via outside
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current from 200 to 100 ms. The Diallylamine of SDDACC is chosen as the
leveler. Figure 8.16 shows the effect of SDDACC. Without SDDACC, large voids
form at the via centers (Fig. 8.16b). V-shape bottom up fillings are obtained with
1 mg/L of SDDACC (Fig. 8.16a). These V-shape bottom up fillings are due to
inhibition effect at the via mouths.

As an alternative, Octadecanthiol microcontact printing has been applied to
achieve an electrodeposition time of 37 min [5]. By optimizing the Diallylamine
leveler, concentration by CVS we achieved another new time shortening [6].
Periodic reverse pulse current conditions are shown in Table 8.1. The bath com-
position is shown in Table 8.2. From CVS, the Ar-values at 10 rpm are larger than
those of 1,000 rpm for SDDACC concentrations of 0.5–1.5 mg/L. Figure 8.17
shows cross sections of a via plated in 20 min. With SDDACC of 0 mg/L, huge
voids form at via centers. Also, the via mouths are almost closed with an SDDACC

10µm 

(a) (b)

V–shape 
Inhibit outside

Void

Fig. 8.16 Cross section of
via with 25 min by OCT.
a with SDDACC and
b without SDDACC

Table 8.1 Periodic reverse pulse condition

Ion

Irev

On time

Reverse time

Off time

-6 mA/cm2

12 mA/cm2

200 ms

10 ms

100ms    

Current density and pulse condition.
ton：On time

trev ：Reverse time

Periodical reverse pulse

toff ：Off time
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concentration of 4 mg/L. V-shaped bottom up fillings are obtained with SDDACC
of 1.5 mg/L. These V-shaped bottom up fillings are due to inhibition outside the
via mouths. This process produces perfect filling in 35 min.

8.4 High Speed Copper Electrodeposition of TSV by Other
Organizations

O. Lhun, A. A Radisic, and P. M. Verecken at IMEC (Interuniversity Micro-
electronics Center) have done considerable work on TSV copper electrodeposition
[7, 8]. Their initial work addressed filling of 5 lm diameter and 25 lm depth vias.
Additives PEG, SPS, JGB, and Cl were used. Figure 8.18 illustrates their inven-
tion. In Fig. 8.18a, the silicon surface is fully covered by a Ta barrier and Cu seed
layer. In Fig. 8.18b, after the silicon surface is fully covered by Ta and Cu layers, a
thin Ta cap layer is partially covered just on the top surface of the Cu seed layer.

Table 8.2 Bath composition

Basic bath composition

CuSO4 � 5H2O 200 g/L
H2SO4 25 g/L
Additives
Cl- 70 ppm
SPS 2 ppm
PEG(M.W. 10,000) 25 ppm
Diallylamine 0 * 4 ppm

(b) (c)(a)

 SDDACC 0 ppm  SDDACC 1.5 ppm  SDDACC 4 ppm

10 µm 

Fig. 8.17 Cross section of via after a 20 min fill. a SDDACC 0 ppm, b SDDACC 1.5 ppm,
c SDDACC 4 ppm
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This partially covered Ta cap layer is their invention. Figure 8.19 shows the filled
copper center height and filling time. With fully covered substrate, the copper
center height increase rapidly at the initial time, and 2,800 s was required to fill the
via. On the other hand, with the partially covered substrate, the center height
growth has an incubation period, and from 450 s the center height increased
rapidly. It required 865 s to fill the via, which is 1/3 of the fully covered substrate.

JGB was used as leveler in combination with the additives above. With a larger
amount of JGB, more inhibition was observed in current–voltage curves. At the
bottom and outside of the via, electrodeposition is inhibited due to a higher JGB
concentration. This inhibition may be related to the bottom-up mechanism, how-
ever, a detailed mechanism has not been clearly described [8]. A refinement in the
crystal size at the via mouth has been observed by FIB (Field ion beam)

Fig. 8.18 Illustration of cross section of Ta barrier, copper seed, and thin Ta cap layers. a The
silicon surface is fully covered by Ta barrier and Cu seed layer. b After the silicon surface is fully
covered by Ta and Cu layers, a thin Ta cap layer is applied on the top surface of the Cu seed layer

Fig. 8.19 Filled copper
center height and filling time.
Fully covered and partially
covered substrates’ center
heights are shown
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examination of cross sections. By use of the same commercial additives, 2–8
aspect ratio vias were filled successfully [9]. Both coupon level and wafer level
have been tested. The 5 lm diameter and 40 lm depth via was filled in 1.5 h.

H. Kadota in Hitachi Kyowa [10] invented a vertically configured electrode-
position cell with a high electrolyte flow velocity of 5 m/s. Pulse current was
applied with a long off time of 1.0 s at a current density of 10 mA/cm2. It took
90 min to fill the 10 lm diameter and 70 lm depth via (Fig. 8.20). The additives
used were not reported. T. P. Moffat filled donut-shaped vias using Cl and pol-
oxamine additives at a potential of -0.650 V SSE [11]. It required 17 min to fill
the via. The via cross-section top was flat and had no V-shapes.

R. Beica, T. Ritzdorf et al. [12] filled vias of 30 lm diameter and 110 lm
depth, and 12 lm diameter and 100 lm depth. Unfortunately the electrodeposition
conditions and additives are not described in the article. R. Baskaran et al. [13]
filled 8 lm diameter and 100 lm depth vias. The exchange current densities and
electron transfer coefficients for their plating bath have been measured. From the
current–voltage curve, the inhibition effect increases with increasing leveler
concentration. A. Flugel et al. [14] measured an oscillatory deposition potential
during galvanostatic deposition. SIMS measurements showed oscillatory incor-
poration of contaminants. M. Arnolf et al. [15] showed that a type-I suppressor
produces a temporary suppression effect. On the other hand, a type-III suppressor
shows a sustained suppression effect.

J. D. Adolf and U. Landau have used numerical computation of current dis-
tribution to assess the effect of additive transport and adsorption on TSV filling

Fig. 8.20 Cross section of
10 lm diameter and 70 lm
depth via by Hitachi Kyowa
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[16]. They recognized that the strongly bound leveler displaces both PEG and SPS
[17]. The role of leveler is analyzed [18]. In the model, the leveler concentration
profile is determined as a function of TSV penetration depth, and it is shown that
the leveler reaches a stagnation depth due to the balance of diffusion and incor-
poration. Figure 8.21a shows the effect of the leveler as it significantly reduces
pinching at the top of the TSV [19]. This pinching simulation at the top of the TSV
is very important from a practical viewpoint.

8.5 Future Trends in TSV

One major application of TSV is the interconnection of memory and logic chip for
the smartphone. This is because the TSV interconnection realizes a wide I/O and
low electric power consumption.

The TSV processes will narrow down to via-middle and via-last back side. The
TSVs are exposed to about 400 �C annealing temperature in the wiring stage of
the via-middle process. TSV formation becomes difficult with thin wafers in the
via-last back side process. The 400 �C annealing temperature of the via-middle
process causes copper contamination from the TSV. Also, the annealing temper-
ature causes pop-up of TSVs. The pop-up destroys the fragile wiring low-k
materials and this causes a serious reliability problem.

Fig. 8.21 Illustration of the
effect of the leveler. The
leveler reduces pinching at
the top of the TSV in
a. Pinching occurs without
leveler in b
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Chapter 9
Build-up Printed Wiring Boards (Build-up
PWBs)

Kiyoshi Takagi and Toshikazu Okubo

9.1 Features and Historical Aspects of Build-up Printed
Wiring Boards (Build-up PWBs)

9.1.1 Features of Build-up PWBs

Build-up printed wiring boards (build-up PWBs) are advanced forms of plated

through hole printed wiring boards (PTH PWBs) [1]. Not only build-up PWBs but

also PTH PWBs are based on the technologies used to achieve high density and

multilayer PWBs, which are currently demanded. Build-up PWBs are considered

to improve on the weak points of PTH PWBs. In order to achieve more advanced

high density PWBs, progressive manufacturing technologies have been introduced.

One of the most important technologies is filled via copper deposition, as men-

tioned in the previous chapters. The filled vias can be stacked on the vias in the

lower layer, resulting in better electrical performance and greater wiring density

than those achieved with conformal vias. Therefore the application of via filling is

expanding. The details are described later in 9.7.3.

Regarding PTH PWBs, the conductive circuit patterns in the inner or outer

layers are connected by the through holes. As the holes pass through all layers,

from front to back planes, not only the portions to be connected but also the whole

through hole walls are metalized. Some of the unnecessary metal patterns produce

defects in the electrical properties, because such metal patterns, so-called stubs,
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sometimes act as antennae and receive noise. Moreover, the spaces that through

holes occupy within the boards are not small enough to restrict the area of circuit

wiring. On the other hand, build-up PWBs are fabricated in such a way that

insulation and conduction layers are formed one by one, therefore conduction

layers can be connected by small via holes. Then the layers are built up sequen-

tially. These processes are similar to that used for the circuit formation in semi-

conductor devices and thin layer hybrid substrates. This practice can improve the

weak points of PTH PWBs to realize fine pattern circuit formation.

9.1.2 Historical Aspects of Build-up PWBs

It seems that the first description of build-up PWBs was published under the name

‘‘Plated-up Technology’’ in 1967 [2]. Lassen reported the results of a production

trial in 1979 [3]. Takagi also noticed and tried the technology [4], but did not

release his results for practical use. In 1988, BrÎsamle et al. developed build-up

PWBs with 10 and more layers, named ‘‘Microwiring,’’ and applied to large-scale

computers [5]. In 1991, Tsukada and his group developed Surface Laminar Circuit

(SLC), build-up PWBs as the substrates for flip chip connection with semicon-

ductor devices [6]. After that, the materials, equipment, and process technologies

for manufacturing were improved and widely spread for about one decade. The

production of build-up PWBs has been expanding since about 1998. At present,

build-up PWBs are necessary elements for high performance electronic equipment

as the package substrates for semiconductor devices, mother boards for mobile

equipment, and so on.

9.2 The Evolution of PWBs with the Progression
of Electronic Equipment

The fundamental roles of the PWBs are:

(1) To compose modules which realize the aimed electronic function by means of

assembling and connecting electronic parts.

(2) To have the required electrical properties to make up electronic circuits.

(3) To hold and fix the assembled parts.

(4) To have long-term reliability.

The functions of electronic equipment have been improving over time. Also,

semiconductor devices and electronic parts have been upgrading and downsizing.

To follow these trends, the PWBs required to assemble these parts have been

getting high density wiring and upgrading. The trends of characters of semicon-

ductor chips and PWBs indicated in the International Technology Roadmap for
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Semiconductors (2010) are summarized in Table 9.1. Table 9.2 shows Rent’s

empirical law about the relationship between the total gate numbers and the I/O

pin numbers in electronic circuits, that indicates that increase of integration brings

an increase in I/O numbers. This law is still effective. Some dimensional features

of recent PWBs are shown in Table 9.3. The super high density level realizing

very small lines width and, spaces, via diameters and additional high qualities are

in demand. The build-up PWBs have been increasing the volume for super high

density boards.

Table 9.1 Trends of semiconductors and PWBs forecast in the roadmap of ITRS (2010)

Year 2011 2016

In chip Integration(SRAM/LOGIC) 4,365/798 Mtr/cm
2 17,459/3,193 Mtr/cm

2

Line width 38 nm 18.9 nm

Chip size 140 mm2 140 mm2

I/O pin # 5,094 pins 6,501 pins

Performance

Clock frequency in chip 6.33 GHz 9.18 GHz

Clock frequency to board 12 Gb/s 30 Gb/s

In package substrate

(high performance)

Line width/space 15/15 lm 8/8 lm
Conductor thickness 25 lm 12 lm
Via hole diameter 60 lm 50 lm
Via land diameter 130 lm 100 lm
PTH diameter 100 lm 70 lm
PTH land diameter 250 lm 150 lm
Bump pitch 120 lm 100 lm

Core substrate

Glass transition temp (Tg) 180 �C 210 �C
Dielectric constant 2.8 2.8

Dielectric loss 0.007 0.007

Build-up layer

Glass transition temp (Tg) 200 �C 210 �C
Dielectric constant 3 3

Dielectric loss 0.013 0.013

Mtr: mega-transistor

Table 9.2 Rent’s empirical law

P = kGV

P: signal I/Opin#

G: total gate #

k, V: constant

Where

V for gate array: 0.5

Microprocessor: 0.45

Printed wiring boards: 0.25

System: 0.25

Memory: 0.12

k: 0.25–2
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9.3 Classification and Structure of Build-up PWBs

The build-up processes consist of a few elemental steps. They are formation of an

insulation layer on the core board, formation of a conductive circuit on the

insulation layer, and formation of via connections between the upper and lower

conductive layers. By repetition of these steps, build-up layer (conductive and

insulation layers) formation and via connection, high density multilayer PWBs are

produced. These methods can bring the following merits:

(1) Vias and circuits can be designed without positioning restrictions because the

vias can be positioned for each conductive layer.

(2) The circuit density can be increased, because smaller via diameters and

smaller line width/space sizes are possible.

(3) Because few through holes are used, the space occupation of some through

holes, which do not connect layers, can be neglected.

However, in order to realize these merits, many types of technologies must be

developed, such as adequate insulation materials for build-up processes, fine via

fabrication, patterning for fine circuit formation, plating for conductive layer

formation, and so on.

9.3.1 Basic Build-up PWBs Processes with Cu Plating
Methods

Figure 9.1 shows a cross-sectional view of a typical build-up PWB, which is

fabricated in such a way that the build-up layers are formed on the PTH PWB as

the core substrate having a few layers. The process steps are as follows: (The detail

will be described later in Sect. 9.5.)

(a) Preparation of pattern data file and artwork—Based on the design specification

of the electronic equipment, the pattern data by CAD (computer aided design

system), and artwork masks are prepared.

Table 9.3 Some features of the recent PWBs

Items General level High density level Super high density level

Line width 150*100 lm 70*49 lm 10(5)*30 lm
Line space 150*100 lm 80*50 lm 40*15 lm
Conductor thickness 25*15 lm 25*15 lm 20*10 lm
Via diameter 200*100 lm 120*60 lm 40*20 lm
Land diameter 400*200 lm 300*150 lm 100*60 lm
Layer distance 200*40 lm 80*30 lm 50*15 lm
Board thickness 2,000*400 lm 1,200*300 lm 800*80 lm
Layer # 4*10 6*20 6*40
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(b) PTH PWB—The PTH PWB is used as the core substrate. Then the build-up

layers are built on it.

(c) Lamination of insulation layers—Insulating resin formulated for the build-up

process is laminated.

(d) Fine diameter hole formation—The fine diameter holes to connect the con-

ductive layers are made using a laser.

(e) Electroless copper plating—Electroless copper plating is applied to the insu-

lating resin surface.

(f) Electrolytic copper plating—Electrolytic copper plating is applied to enhance

the copper thickness.

(g) Etching—Unnecessary copper is etched off to form conductive circuit pattern.

The number of layers are increased by means of repeating the process steps

from (a) to (g) for each layer. This build-up process can be recognized that the

fabricated surface pattern in a step will become the inner pattern after the upper

layer is made in the next step.

The most considerable problem of this type of build-up PWBs is that the core

board must be thick enough to keep the whole board strong despite the lack of

strength of the insulation resin. Because such thick core boards must have large

through holes that restrict the number of connections, they cause some problems

that restrict high density wiring and lower transmission characteristics. The fol-

lowing improved types have been developed to solve these problems.

9.3.2 All Layer IVH Build-up PWBs, Process with Cu Plating
Method

(1) All Layer IVH Build-up PWBs Using Thin Copper Clad Laminate.

Interstitial Via Hole (IVH) is the via hole existing in all inner insulation layers

and connecting between the specific layers. All layer IVH means that use of IVH is

extended to all layers in the build-up PWB. In order to solve the problems of thick

core substrate, a core material having almost the same thickness as the build-up

layers is used, then the layers are built up. Figure 9.2 shows the cross-sectional

view of this type of build-up PWB, indicating that the core substrate is as thin as

Core
substrate

Build-up layer

Build-up layer

Fig. 9.1 Cross-section of

typical build-up PWB
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the other layers. The strength of the whole board is maintained by an increase in

the number of layers.

(2) All Layer IVH Build-up PWBs Using Only Build-up Resin.

Figure 9.3 shows a cross-sectional view of an all layer IVH build-up PWB

using only the build-up resin and the insulation material formulated for build-up

process. This type can improve some properties but supporting plates must be used

in the production process. Due to the lack of the strength of the board even in

completed form, this type of board in actual use must be accompanied with many

layers and supported by a stiffener in assembly process.

(3) Bumpless Connection Build-up PWBs.

Figure 9.4 shows this type of build-up PWB, which has the characteristics that

the parts are directly connected to it. This is the advanced form of Bumpless Build-

Up Layer (BBUL) package [7], which was disclosed by Intel in 2001. Some

various parts such as LSI chips are buried in the resin-molded board.

It is produced through the following way: the parts are placed at the proper

position on the board, fixed using resin, and then molded to form a supporting

Fig. 9.3 All layer IVH build-up PWB using only the build-up resin a 10-layered all layer IVH

build-up PWB using only the build-up resin b Package substrate composed with all layer IVH

build-up PWB

Thin core substrate

Build-up layers

Build-up layers

Fig. 9.2 All layer IVH

build-up PWB using thin

copper clad laminate
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board. Scrubbing is done to expose the electrodes of the parts. The build-up layers

are formed making direct connection with the buried parts in the supporting layer.

The supporting molded board plays as the stiffener and circuit layers are built up

on it. The connection between I/O pads and circuit patterns can be made by plating

small Cu pillars directly on I/O pads. It seems that this is a promising method to

produce the parts embedded type PWB.

9.3.3 Build-up PWBs with Via Connection Using Conductive
Paste

(1) ALIVH (All IVH) [8].

Figure 9.5 illustrates the build-up PWB made by means of ALIVH method. The

insulation layer is composed of the laminate reinforced with aramid fiber sheet

or with thin glass cloth. Thin glass cloth is modified to match with the hole

fabrication by laser. The holes are filled with conductive copper paste to make

connection between the layers. This type seldom uses plating techniques.

(2) B2it (Buried Bump Interconnection Technology)[9].

Figure 9.6 illustrates a build-up PWB made by means of the B2it method. The

conductive pillars to connect between the layers are made of conductive paste and

formed using printing techniques. The pillars penetrate the adhesive insulation

sheets to make connection between layers when the pattern layers are compressed.

This type also seldom uses plating techniques.

LSI Discrete parts
Support board
(parts are molded in it)

Build-up layers

Fig. 9.4 Bumpless connection build-up PWB

Conductive hole
filled with
conductive paste

Fig. 9.5 Build-up PWB

made by means of ALIVH

method
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9.4 Required Characteristics of the PWBs

PWB is one of the electronic parts. Build-up PWB is the one kind of multilayer

PWBs. It is required that the electrical, mechanical, and chemical properties are

satisfied. Moreover, these properties are getting upgraded to fit with the recent

trend of high density, high quality, and high speed transmission.

The electrical resistance of the conductors and the insulation resistance between

the conductors are important as the basic electrical properties. Moreover, char-

acteristic impedance matching and improvement of the transmission speed are

required.

These properties are strongly affected by the materials and the manufacturing

technologies of the PWBs. Furthermore, because the PWBs connect and assemble

many parts, the mechanical properties such as the bent strength, warpage, twist,

dimensional stability, and adhesion of the conductors to the resin must be con-

sidered. Durability in high temperature environments is also required. Because

many kinds of chemicals may cause attack during manufacturing procedures, also

the chemical stabilities of the materials must be considered. Furthermore, stability

against corrosion and electrochemical migration, which sometimes occur in actual

operating circumstances, must be considered.

9.4.1 Electrical Properties

The following electrical properties are required for the PWBs:

– As the properties for direct current, conductive resistance, insulation resistance.

– As the properties for alternating current, characteristic impedance, signal

transmission speed, cross-talk, other high frequency properties and electro-

magnetic shielding capability, and so on.

These properties are intimately correlated with the composing materials, the

conformation, and the manufacturing processes.

(1) The conductive resistance.

The conductive circuit patterns formed on the surface and inside the PWBs

connect the electronic parts, hence the resistance of the conductors must be as

small as possible. As the circuit patterns are becoming thinner, the resistance tends

Conductive pillar made of
conductive paste

Double side 
PTH board

Fig. 9.6 Build-up PWB

made by means of B2it

method
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to increase. Therefore, the cross-sectional shape, the length of the circuit patterns,

and the materials of the conductors are properly chosen considering the conductive

resistance. Copper is commonly used material for the PWBs because the specific

resistivity of copper is second smallest following silver.

(2) Insulation resistance.

When the insulation resistance between the conductors falls too low, the PWBs

do not work well, so the insulation resistivity is one of the most important prop-

erties. The insulation depends on the characters of the insulating materials and the

operation of the manufacturing processes. The insulation properties are evaluated

from the tests performed in highly humid circumstances. It is considered that more

than 5 9 106 X in humid environments is the guideline level. The insulation is

degraded by the defects of the insulating materials and faults in manufacturing

processes such as the absorption of water and contamination by the residue of

solutions containing ionic contents. The trend of finer patterns, giving rise to

narrower pattern space, sometimes makes the insulation resistance decrease.

Therefore, the developments of more highly insulating materials and more reliable

operative processes have been progressing.

(3) Characteristic impedance.

Because the electric signal passing through the lines on the PWBs is pulsed

wave, we must consider the signal as alternating current. Pulsed signals with square

wave are composed by the combination of basic sine waves with several higher

harmonic waves. The frequency must be considered to be higher than the indicated

one. To follow the improvement of electronic equipment, the adaptability to high

speed processing in the LSI chips is necessary. Therefore, more accurate matching

of characteristic impedance (Z0) is required. As shown in Fig. 9.7, the conductive

circuit lines for a high frequency signal can be considered as the equivalent circuit

composed by resistance (R), inductance (L), capacitance (C), and conductance (G),
and the characteristic impedance is expressed in Eq. (9.1).

Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rþ jxL
Gþ jxC

s
X=mð Þ ð9:1Þ

The characteristic impedance of conductive lines is determined by the factors of

width and thickness of the line, distance from the ground and dielectric constant

   signal     signal line

   GND, VCC
L :  Inductance
R : Direct resistance
G : Conductance
C : Capacitance

Load
ΔR ΔL

ΔGΔC

Fig. 9.7 Equivalent circuit of the lines for high frequency signal
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between the signal and ground lines. The characteristic impedance matching is

influenced by these factors, namely the signal reflection takes place at the point

where the values of the factors vary. This causes noise that disturbs signal

transmission. The deviation of the conductor size affects the noise generation, so

accurate control in the manufacturing processes is very important.

(4) Skin effects.

When the pulse current is in the high frequency region, the signal current passes

only in the narrow region along the surface of the conductive patterns, a phe-

nomenon called skin effect. The higher frequency the signal is, the smaller the

thickness of the current passing region becomes. The thickness of the region is

expressed in Eq. (9.2),

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2=rxl

q
ð9:2Þ

where d is the thickness, r is the conductivity, x is the frequency (= 2pf), and l is

the magnetic permeability. The relationship of the signal frequency to the skin

thickness is shown in Table 9.4. The roughness of the interface between the

conductors and the insulator influences this effect. Therefore, developments to

form smooth but strongly adhesive interfaces are required.

9.4.2 Mechanical Properties

The principal mechanical properties required for the PWBs are as follows:

(1) Bending strength.

PWBs assemble many parts to connect with them. Because of differences

between the assembled parts, for example weight and size, connections sometimes

Table 9.4 Relationship of

the signal frequency with the

skin effect thickness (Eq.

(9.2))

Frequency Thickness (mm)

1 kHz 2.14

10 kHz 0.68

100 kHz 0.21

1 MHz 0.06

10 MHz 0.02

100 MHz 0.0066

1 GHz 0.0021

3 GHz 0.0012

5 GHz 0.00093

10 GHz 0.00066

12 GHz 0.0006

The skin effect thickness indicating the thickness at which cur-

rent density decreases to 1/e of that near the surface
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cause deformation of the boards. Hence, they require the strength to support the

parts without deformation.

(2) Warpage, twist.

If the PWBs are not flat but warped or twisted, the connecting electrodes do not

make contact with the soldered pads, and the connection fails. In order to inhibit

warpage or twisting as much as possible, the materials and process conditions have

to be properly selected.

(3) Peel strength.

The PWBs encounter high temperature conditions several times during

assembling processes such as soldering. The conductors must not be detached at

the high temperature, so stable adhesive properties of the conductors are required.

(4) Dimensional stability.

Because a position mismatch of the I/O pins with the pads on the PWBs causes

the connection between the electrodes to fail, high-dimensional stability of the

insulation boards is important.

(5) Thermal stability against soldering.

In the case of Sn–Pb eutectic solder, soldering is performed at about 230�. But,
due to recent aggressive shift to lead-free solder materials such as Sn–Ag–Cu, the

operating temperature has become higher than that of Sn–Pb solder. Because such

higher soldering temperature tends to cause more damage to the organic board

materials, more thermal stabilities of the materials are demanded.

(6) Coefficient of thermal expansion.

The coefficient of thermal expansion of copper is different from that of resins.

The difference is compensated with the structures and the mechanical properties of

copper and the board materials. The glass fiber reinforced boards has the character

of expansion that the expansion along the plane direction is reduced and that in

thickness direction enhanced. This character influences the connection reliability

of the plated vias. Not only the materials but the structural balance of the package

and the mother boards has to be considered to decrease the influence of the

expansion difference.

(7) Solderability.

Usually, parts connection is made by soldering on the pads of the PWBs. The

surface of the parts and the pads on the PWBs should be cleaned to make the

solder joint reliable.
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9.4.3 Chemical Properties

The chemical properties required for PWBs are as follows:

(1) Resistance to chemical reagents.

Many kinds of chemical reagents are used for manufacturing PWBs. Further-

more, the PWBs make contact with some chemical atmosphere in the assembly

processes and even in the operating circumstances in the equipment. If residues of

these chemicals remain on the PWB, the insulators and conductors are sometimes

damaged. It is necessary that the insulators and conductors are sufficiently stable

against these chemicals.

(2) Stability in plating operation.

Electrolytic and electroless plating are the principal processes for PWB man-

ufacturing. The qualities of the produced PWBs are affected by the adaptability of

the plating chemicals with the insulation and/or conducting materials. For exam-

ple, some plating chemicals attack insulation resin and/or penetrate into the

boards, then severe defects are caused on the boards. When some insulating

materials contaminate the plating baths during the plating operation, the plating

qualities sometimes become degraded.

(3) Stability in etching operation.

To form the conductor patterns, the copper foils are etched using etchant, a

corrosive solution. The insulation materials must be stable during etching and not

corroded in the etchant.

(4) Stability in organic solvent.

Many kinds of organic solvent are used for processing PWBs. Stability of the

materials in such solvents is also necessary.

(5) Prevention from ion migration.

The degradation of insulation in PWBs is caused by the migration of ions in the

insulation materials. These ions are derived from the residue of processing solutions

and the impurities in the insulation materials. Because these damage the insulation

reliabilities so much, sufficient methods to solve them must be applied [10].

9.5 Manufacturing Processes of the Build-up PWBs

9.5.1 Basic Build-up Process Using Plating Methods

Figure 9.8 indicates the basic process to form the build-up layers on the core

substrate [11]. The core substrate is the ordinary PTH PWB, of which typical

feature is double-sided or four-layered PWB. The build-up layers are formed on
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the core substrate. The insulation materials used for the build-up layers are as

follows:

(a) Resin-coated copper foil. Resin is coated on thin copper then cured in B stage

(not completely cured) and used as the adhesive.

(b) Material combined thin copper foil with prepreg consisting of thin glass cloth.

(c) Thin thermosetting resin film used by means of compression in heated

condition.

System Design (        ): if necessary

Logic Design
Circuit Design Drilling
Assembly Design Plating through holes [electroless, electrolytic plating]
Pattern Design Patterning
CAM Design (Hole plugging)

Drawing
Imaging, Develop

Pretreatment for lamination Pretreatment for lamination
Lamination Compressing lamination with heat
(Half etching of Cu foil)

Laser fabrication
Hole cleaning

Desmearing
Catalyzing
Electroless plating

Panel electroplating Plating resist
Etching resist Light exposure
Light exposure Developing
Develop, Etch, Strip Pattern electroplating

Resist strip
Flash etching

Coating
Light Exposure
Develop
Cure

Pad surface finishing
V cut etc,
Routing etc.

Continuity Test, Electrical inspection
Visual inspection
Dimensional inspection
Sampling inspection (or coupon)

Design

Artwork

Artwork mask

Copper clad laminate board

Insulation layer formation

Core substrate production
(double side PTH board)

Resin coated copper foil Thin thermosetting resin film

Hole formation

Conductive treatment

Pattern formation
Panel plating method
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Pattern plating method (with Cu foil)
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Fig. 9.8 Basic build-up process to form the build-up layers on the core substrate
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These materials are laminated on the layer where the conductive patterns have

been formed. After that, holes to connect between the layers are fabricated using a

laser. The laser types commonly used for such hole fabrication are CO2 laser

(wavelength 9*11 lm) and YAG laser (wavelength 355 nm). Direct laser shot on

the resin layer without a mask is applied, whether copper foil exists or not on the

resin surface. After hole fabrication, desmear treatment is performed to remove the

smear at the bottom of holes covering the conductor. A catalytic pretreatment

using Pd containing solution is necessary prior to electroless plating to initiate the

electroless plating reaction. Then, electroless copper plating to make the insulating

surface conductive follows. Then electrolytic copper plating deposits to make the

connection of conductor completely. Plating can produce pattern formation on the

surface and via connection simultaneously. The copper patterns are formed by

etching after plating. There are a few types of plating/etching methods as follows:

(a) Panel plating method: Electrolytic copper plating is applied to the whole panel

surface. This is mainly used in the case of copper clad laminate. After the

electrolytic plating process, photosensitive dry film for etching is laminated on

the panel. Then a resist pattern is formed by light exposure and developed. A

conductor pattern is formed by etching, followed by removal of the resist. It is

easily possible to make the plated copper thickness uniform, but the etching

amount is so much that finer pattern formation becomes difficult, due to excess

side etching of the pattern.

(b) Pattern plating method, semi-additive method: Electrolytic copper plating is

applied only on the opening of the plating resist pattern. After electroless

copper plating, photosensitive plating resist film is laminated on the electroless

copper surface, then a plating resist pattern is formed by light exposure and

development. Electrolytic copper plating is applied only on the opening parts

to form the plated copper pattern. After that, the plating resist is removed, and

the unnecessary copper layer (electroless and/or thin copper foil) is eliminated

by flash etching to form the copper pattern. Pattern plating is better for fine

patterns than panel plating, due to the control of the pattern shape and lower

etching amount requirements. In order to make much finer conductor patterns,

semi-additive method, in which direct electroless copper plating on the resin

surface is made without copper foil, is recommended because etching can be

reduced to prevent pattern side etching.

(c) Full additive method: The conductive pattern is formed only by electroless

copper plating on the laminated resin surface, where a circuit pattern is made

by special plating resist. Many developments were conducted previously, but

only few applications remain at present because there are many difficulties to

control the processes.

206 K. Takagi and T. Okubo



9.5.2 All Layer IVH Build-up PWBs Using Plating Methods

The basic build-up processes described in Sect. 9.5.1 have the features that the

core substrate exists and the layers are built up on it. However, because the core

substrate is thick and with large-sized through holes, high density wiring is

restricted and the transmission property is poor as shown in Fig. 9.9a of [12]. In

the case of thin core substrates as shown in Fig. 9.9b, this property can be

improved. Therefore, build-up PWBs having only thin core substrate or those

without core substrate have been developed. These kinds of build-up PWBs are

called ‘‘Coreless build-up PWBs’’ or ‘‘build-up PWBs with any layer vias.’’ The

PWB illustrated in Fig. 9.2 consists of the thin glass fiber cloth laminates. The core

substrate has the same thickness as the other layers, then the build-up layers

consisting of the same laminated materials are formed on the both sides repeatedly

for multilayer formation.

Figure 9.3 shows the build-up PWB without core substrate. The supporting

plate is required for manufacturing and the build-up layers are formed on the plate

because of the small strength of the material. The process flow is illustrated in

Fig. 9.10. At first, the separable layers are formed on the supporting plate, then the

layers are built up on both sides. After completion of the build-up layers, the

supporting plate is separated, and the separable layers are removed by etching.

The supporting plate is usually copper-laminated insulating board or stainless steel

plate.

9.5.3 Bumpless Connection Build-up PWBs

The connection of the semiconductor components to the PWBs such as the

packaging substrates (or so called interposer) or the mother boards is made by

bumps, generally. But these bumps are larger than wiring patterns and obstructive

to high density wiring. The bumpless connection build-up PWB, shown in Fig. 9.4

and applying the build-up process, can make the connection size smaller than usual

Fig. 9.9 Analysis of signal transmission characteristics in the PWBs a Transmission in the thick

core (Conventional build-up PWB) b Transmission in the thin core (Multilayer thin substrate)
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bump. First, the semiconductor chips and the other parts are fixed on the flat plate

using molding resin and scrubbed to make the upper plane flat. Then, the build-up

layers are formed repeatedly as shown in Fig. 9.8. The build-up PWB, which is

connected with small-plated Cu pillar to the parts without larger bumps, is pro-

duced in this way. This method is also applicable to the part-embedded PWBs.

supporting plate
(stainless steel etc.)

separable layer
formation

←separable layer

←separable layer

the lowest
conductive layer
formation

conductive  layer

bulid-up layer stack
up

separation of
supporting plate

etching of separable
layer

coreless build-up

← layer

←separable layer

←supporting plate

←separable layer

Fig. 9.10 Typical process flow of all layer IVH build-up PWB
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9.5.4 Build-up PWBs with Via Connection Using Conductive
Paste

(1) All Layer Interstitial Via Hole (ALIVH).

Conductive paste is used for connection in the vertical direction of the board

instead of plated copper metal. The fabrication process is illustrated in Fig. 9.11.

First, the thin prepreg with drilled holes for via is prepared. The via holes are made

by laser and filled with copper conductive paste. Then, the copper foil is laminated

on both sides of the prepreg with paste-filled holes, followed by etching the copper

foil to form wiring patterns. By laminating with another similar prepreg having via

holes filled with conductive paste and copper foils on the double-sided board, four

layer wiring board can be made. Repeating these procedures, multilayer board can

be fabricated. High density patterning is associated with the technologies for fine

line etching of copper foils.

copper foil
prepreg

filling holes with
conductive paste

lamination

copper foil

circuit pattern
formation

stack up
to four
layer ALIVH

lamination

surface
circuit
pattern
formation

copper foil

Fig. 9.11 Process flow of ALIVH
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(2) Buried Bump Interconnection Technology (B2it) [9].

As shown in Fig. 9.12, the silver conductive pillars made of silver paste are

formed on the conductive patterns by means of screen printing. The pillars are high

enough to make connection in the following steps. The prepreg sheet is com-

pressed to penetrate the pillars through the sheet. Next, copper foils are laminated

to make the connection with the pillars, then wiring patterns are formed by etching

of the copper foil. By repeating these procedures, a multilayer board can be

fabricated. To obtain high density wiring by this method, the technologies of

highly fine line etching and the refined conductive pillar formation are important.

9.6 The Insulation Materials for the Build-up PWBs

There are three types of insulation materials for the build-up PWBs as follows

[13]:

(1) The insulation film, which is laminated before conductive patterns are made

using a semi-additive process.

(2) The resin-coated copper foil, which is laminated then conductive patterns are

made by etching of copper foil.

(3) Laminating the thin prepreg including glass cloth with copper foil. The con-

ductive patterns are made by etching of copper foil same as in the case of

resin-coated copper foil.

paste pillar

printing for paste
pillar formation

pillar
penetration to
prepreg

prepreg

lamination

copper foil

double side
PTH board

circuit
pattern
formation

Fig. 9.12 Process flow of B2IT
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The resin films for the insulation layer of the build-up are not strong enough to

endure mechanically in the fabrication processes, so improved methods in the

processes for coreless boards are necessary. When the prepreg including glass

cloth is used instead, the PWBs with high mechanical strength can be made.

The insulation material is considered as the basis of the PWBs, and it is nec-

essary for it to have sufficiently high insulating resistance even in the small layer

gap and be proven in the accelerated insulation test circumstances with high

temperature and high humidity.

9.6.1 The Thermosetting Resin Insulation Film for Build-up
PWBs

The most common resins used for PWBs are thermosetting. The five types of

thermosetting resin insulation films are listed in Table 9.5. These are classified as

epoxy resins. The films are semi-cured and sandwiched between the polyethylene

and polyester films. In order to give isotropic properties, inorganic fillers are

involved, which are adapted to hole fabrication by laser. Most of the films have

high thermal stability and low dielectric constant. The pattern fabrication on the

film is performed in the semi-additive method. The other types of the resins are BT

and PPE resins.

9.6.2 The Resin-Coated Copper Foil

The resin-coated copper foil is made by means of coating thermosetting resin on

the one side of the copper foil then curing it partially. It is used for insulation

material of build-up layer by laminating in hot press. To make wiring patterns, the

panel plating method is general, but finer pattern formation is difficult due to

etching of very thick copper layers, namely foil plus plated copper. To make

relatively finer patterns, a pattern plating method is applied after reducing thick-

ness of the copper foil by half through etching. The kinds of resin-coated copper

foils are listed in Table 9.6. Epoxy resin is mainly used and the high thermally

stable types are being developed.

9.6.3 Combination of Copper Foils with Prepreg

A hot press is applied to form the build-up layer with the copper foils and prepreg.

This method is similar to the stacking process of the normal multilayer PWBs.

However, the prepreg used in this case has the special feature that it is sufficiently
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thin and suitable for laser fabrication, to keep the balance of small thickness with

the strength of the layer reinforced by the glass cloth.

Table 9.7 lists the features of the prepregs used for the build-up layer. Table 9.8

indicates the standard thickness of the glass fiber cloth compatible with laser

fabrication.

9.7 The Advanced Materials and the Manufacturing
Process Technologies Developed for Build-up PWBs

The elemental process technologies applied to build-up PWBs are almost the same

as those for PTH PWBs. The difference is that the patterning for the build-up

processes is mainly semi-additive, however, that used for the PTH is mainly

subtractive, namely panel plating methods, because semi-additive processes are

more promising to obtain finer lines as above-mentioned in Sect. 9.5.1. The

characteristics of the insulation materials for build-up PWBs must be thin and

compatible for laser fabrication, because drilling is no longer possible for such fine

vias. Many developments have been made to adapt to these requirements. Several

advanced technologies for build-up PWBs are described, as follows.

9.7.1 The Glass Fiber Opening Technologies and the Glass
Cloth Compatible for Laser

The build-up PWBs using glass cloth have been widely spread because the similar

fabrication processes and the facilities for the conventional PTH PWBs can be

used for manufacturing. The glass fibers used for such cloths consist of bunches of

100–200 filaments. Because each filament must penetrate and bond with the resin

to prevent degradation of insulating properties and to improve the fabrication

efficiency, the glass fiber bunches should be specially treated to be filaments. This

treatment is called ‘‘fiber opening.’’ The bunches of treated filaments are woven

into cloth, and the resin is impregnated into the cloth. In these cloths, the fibers

include no pores and are uniformly coated with resin. Figure 9.13 illustrates a

bunch of glass filaments treated by fiber opening and impregnated with resin [14].

Figure 9.14a shows the woven glass cloth with fiber opening treatment and

Fig. 9.14b shows a cross-sectional view of glass cloth [14]. This results in the

improvement of the capability of via formation by laser and the insulation prop-

erties. The nonuniformity of the glass filament distribution in the glass cloth leads

to nonuniform via hole formation by laser. To avoid such nonuniformity, not

only opening the fibers to be thin filaments but also fabricating the bunch of the

filaments to be flattened, the glass filament distribution becomes uniform and

the 30 lm of cloth thickness is achieved.
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9.7.2 Plating Techniques to Realize Fine Circuit Pattern
Wiring

The two types of plating methods to form the conductive patterns, panel plating

and pattern plating (semi-additive) methods, are described in Sect. 9.5.1 and

illustrated in the middle part of Fig. 9.8. The more detailed steps are shown in

Figs. 9.15 and 9.16. As described in Sect. 9.5.1, the semi-additive method is

recommended to make much finer conductor patterns, because etched amount can

be decreased to prevent side etching of copper patterns. Figure 9.15a indicates the

panel plating method. Electrolytic copper plating is applied to the whole panel

surface. After the etching resist pattern is formed by photosensitive dry film,

copper circuit pattern is fabricated by etching, followed by removal of the resist.

Figure 9.15b indicates the pattern plating method. Photosensitive plating resist

film is laminated on the electroless copper surface, then the plating resist pattern is

Table 9.8 Thickness of the glass fiber cloth compatible with laser fabrication

Features Typical thickness (mm)

General laser compatible glass fiber cloth 0.10–0.015

Highly uniform laser compatible glass fiber cloth 0.09, 0.045

single filament

glass bunch

resine

Fig. 9.13 Bunch of glass

filaments treated by fiber

opening (Resin is uniformly

impregnated into the bunch)

Fig. 9.14 Woven glass fiber

cloth compatible with laser

fabrication a Woven glass

cloth after fiber opening

b Cross-sectional view.

Bunch of filaments becomes

flattened
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formed by light exposure and developed. Electrolytic copper plating is made only

on the opening parts to form the plated pattern. After that, the plating resist is

removed, and the unnecessary copper layer is eliminated by quick etching to form

copper patterns. The comparison between these methods is illustrated in Fig. 9.16.

The thickness distribution of plated copper of panel plating is uniform because the

plating is applied to the whole panel surface. However, the conductive patterns are

made by etching which is associated with side etching of the patterns resulting in

large distribution of pattern width and decrease of pattern accuracy. On the other

to solder resist formation

circuit pattern
completion

rinse stripping etching
resist

drying
rinse

drying

Panel
electroplating etching

light exposure

rinse

drug out rinse

rinse

pickling
develop

pretreatment

rinse

drying

 Electroless Cu
Plating finished

Panel Cu plating
finished

hole plugging (hole plugging)

coating liquid
etching resist

lamination of dry film
etching resist

mask pattern film

artwork

1

Fig. 9.15 aProcess flow of the panel plating methodbProcess flow of the pattern plating method
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hand, in the pattern plating method, the pattern width can be controlled by the

opening width of the plating resist and the etched amount is much smaller than

that in panel plating because the amount is only for the electroless plating and

the thin copper foil. By thinning the copper foil as much as possible and/or

eliminating the copper foil, the etching time can be shortened to lead to accurate

pattern width due to inhibiting of pattern side etching. So semi-additive processes,

which eliminate use of copper foil and can minimize side etching, are widely used

for formation of very fine patterns for high density wiring.

The thickness distribution of electrolytic copper plating is one of the most

important issues. To make the thickness distribution more uniform, the current

density distribution in the electroplating cell must be controlled by setting some

to solder resist 
formation

rinse

drying

circuit pattern
completion

stripping metal resist

rinse

rinse

develop

etching

metal resist plating

drying

rinse

etching
rinse

pretreatment

rinse

pattern Cu plating

light exposure

rinse
pretreatment

drying

stripping film resist

rinse

drying
rinseartwork

mask pattern film

 Electroless Cu2
Plating finished

lamination of dryfilm
plating resist

Fig. 9.15 continued
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shields and/or dummy electrodes and adjusting them. There is a reported method in

which convex electrodes are set in the neighborhood of the plating area [15]. In this

case, the convex electrodes work as the dummy electrodes and the current density

distribution can be controlled by adjusting some factors such as height, size, area,

and so on. Figure 9.17 indicates how such convex electrodes set at the side of the

cathode can control the current distribution: (a) when the convex surface is con-

ductive, current tends to go to it preferentially, and the current density on the

cathode becomes lower. (b) When the partially masked convex electrode is set at

the side of the cathode, the current density can be controlled to be uniform by means

of adjusting the masked amount, and so on. (c) When the convex surface is insu-

lated, all current goes to the cathode and the current density at the edge becomes

higher. In case of pattern plating, the nonuniformity of pattern density causes the

thickness distribution. The improvement to minimize the thickness distribution is

also to be considered [16].

9.7.3 Via Filling and Through Hole Filling by Electroplating

The via holes with small diameter is used for connecting the layers in the build-up

PWBs. Figure 9.18 shows the two types of stacking via structures. The conformal

vias in Fig. 9.18a cannot be stacked on the vias in the lower layer, so the vias must

be located in staggered way. This structure lowers the electrical performance and

the wiring density. However, the filled vias in Fig. 9.18b, in which the inside is

direction of
etching progress

direction of
etching progress

etching resist

electrolytic copper

electroless copper

Cu foil

insulatoin resin

direction of 
pattern plating

direction of 
pattern plating plating resist

electroless copper

Cu foil

insulatoin resin

(a)

(b)

Fig. 9.16 Comparison between the panel and the pattern plating methods. a Panel plating

b Pattern plating
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filledwith plated coppermetal, can be stacked on the vias in the lower layer, resulting

in better electrical performance and larger wiring density than those for the con-

formal vias. Therefore the application of filled vias is expanding. The example of

wiring structure using a lot of the stacking filled vias is illustrated in Fig. 9.19, which

is difficult to be substituted by conformal vias. The adequate control of the additives

and the plating conditions in the copper plating is very important to achieve the

successive and continuous filling performance. The mechanisms of copper filling

should be recognized, as described previously in this book.

For making the plated through holes of the core substrate, the control of

additives and plating conditions can result in filling of the small through holes as

long as the substrate is not so thick, which can improve the electrical performance

electrode

insulator

(a)

(b)

(c)

Fig. 9.17 Current

distribution changes by

means of the convexity

electrodes set at the side of

the cathode (see text)
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and wiring density. Figure 9.20 shows the filled through hole by means of copper

electroplating. This filled through hole can increase the fine-sized holes and their

density in the core substrate, leading to high density wiring of the core substrate.

9.7.4 The High Adhesion Strength of Copper Circuit
on the Flat Resin Surface

Not only high density wiring but also high signal transmission properties are

required for build-up PWBs. As indicated in Table 9.4, due to the skin effect, most

of the signal transfers within about 2 lm of the surface in case of 1 GHz signal.

Therefore, the interface between the conductors and the insulators must be flat.

Otherwise the signal transfer route becomes longer. On the other hand, a flat

interface tends to have lower adhesion strength. A surface treatment compatible

with a flat interface with high adhesion strength should be developed. When the

resin adheres on the copper surface, surface treatment of the copper can enhance

insulation resin insulation resin

filled via

(a) (b)

Fig. 9.18 Comparison of two types of stacking via structures a Staggered connection (conformal
vias) inductance: 190 pH hole diameter (bottom): 65 lm thickness between layers: 30 lm via

pitch :150 lm b Stacked connection (filled vias) inductance: 46 pH hole diameter(bottom): 65 lm
thickness between layers: 30 lm

semiconductor 
chip solder bump

underfill resin

Fig. 9.19 Example of wiring

structure using a lot of the

stacking filled vias
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the adhesion. When the electroless copper plating has to be applied to a flat resin

surface, additional treatment of the resin is important, because usual electroless

plating does not normally adhere to the surface. The several methods are described

as follows:

(1) Adhesion of resin on low profile copper foil

Usual copper foils have rough surfaces to which resins adhere by means of

anchor effects. The roughness affects the transmission properties, so low

profile copper foils with small roughness have been wide-spread. As shown in

Fig. 9.21, a cross-sectional view of copper foils, the conventional copper foil

(a) has 7*9 lm of roughness (Rz) and the low profile one (b) has

2.7*3.3 lm. Recently copper foil with the lower profile, 1.3*1.7 lm or less,

has been developed. Figure 9.22 indicates that the transmission loss depends

on the copper foil profile, and it shows that low profile foil is better. On the

other hand, the low profile may bring lower adhesion with the resin, but this is

not yet a practical issue. A recent research result shows improvement of the

adhesion with resin by means of coating the silane coupling agent on the

copper foil [17]. In this method, the coated silane coupling agent was heated

on the flat copper foil at the high temperature to enhance the adhesion. The

combination of silane coupling agent and resin is important.

(2) The Adhesion of electroless copper plating on the cured resin surface. In the

semi-additive processes, electroless plating is applied to the resin surface to

make it conductive. The adhesion strength between the electroless plating and

the resin is important. Usually, by means of optimizing resin composition and

Fig. 9.20 Example of filled

through hole
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making 2*3 lm of roughness by desmearing (resin chemical etching), the

resin has anchors to provide adhesion. As the roughness enlarges the trans-

mission loss, the adhesive electroless plating made on the flat resin surface is

an important subject. Many researches have been conducted and some typical

methods are indicated as follows:

(a) Modification of the resin surface by irradiation with ultraviolet.

(b) Generation of active groups to connect with copper surface by chemical

treatment of the polyimide resin surface.

(c) Introduction of dispersed nanoparticles in the resin followed by dissolution

of the particles to form fine roughness.

(d) Coating the organic layer with a porphyrin structure compound which can

stick to both resin and plated copper.

(e) Formation of an organic thin layer on resin and reactive group to acquire

the affinity to plated copper.

(f) Introduction of compounds containing nitrogen, sulfur and silicon between

the resin and the electroless copper plating to form a molecular bond.

There have been many other proposed methods. These may be effective for the

single side and double side laminate boards. However, for the build-up PWBs, in

(Rz = 2.7~3.3µm)
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which the steps of flattened resin coating and desmearing are repeated for each

layer, it seems that these are neither compatible with the current processes nor sure

to replace them in practical use.

(3) The Pattern Transferring Processes on Smooth Resin Surface [18, 19].

The methods by which the formed conductor patterns are transferred on the

uncured resin have been proposed for fabricating build-up PWBs. The methods

have not been practiced yet. Some attempts for development were made and some

derived processes were designed. A few examples are described as follows [20]:

The basic process flow is illustrated in Fig. 9.23. At first, a flash copper plate is

made on the base metal plate of which surface is finished to make the plated copper

stripped easily. After the plating pattern resist is formed, the pattern plating is made,

followed by a surface treatment for adhesion with the resin. Next, these plated

circuit patterns are transferred on the core board with the uncured resin by means of

hot press. After cooling and stripping the base metal plates, the surfaces are covered

with the flash copper plating previously made on the base metal plate. Following the

sequential steps, hole forming by laser, desmearing, electroless plating, plating

resist formation, and pattern electroplating into the holes, the via connection

between the layers is made. The via filling plating is preferable for this purpose.

Then by stripping of the resist and etching of the remained flash plating by quick

etching, the formation of the conductive circuit layer is completed. The surface is

flat as the conductive patterns buried in the resin except for the vias. The resin also

has a flat surface and adheres to the conductive patterns strongly enough because the

adhesion of patterns is made with not only the bottom but also with the side edges.

Repeating these procedures, the build-up layers can be added. In Fig. 9.23, the

illustrated processes are incorporated with the basic ones described in Sect. 9.5.2.

Also the processes described in Sects. 9.5.3 and 9.5.4 can be applied to these

transferring processes. The merits of these transferring processes are as follows:

– A flat resin and copper surface can be obtained.

– The Pd catalyst for electroless copper plating used in the via formation step can

be removed in flash etching step.

– No Pd catalyst residue exists between the patterns.

– Solder resist coating is easy because the surface is flat.

9.8 Closing Remarks

The various topics related to the build-up PWBs, the history, manufacturing

process, materials, recent developments, and so on, are described. In the circum-

stances where the electronic equipment is going to the direction of requiring high

operation speed and high density assembly and semiconductor devices become

more integrated, the build-up PWBs have been enhancing the importance,

regardless of the categories from the package substrates assembling bare chips to
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the mother boards uniting whole system. In order to respond the importance, it is

necessary for us to construct the optimal manufacturing processes and improve the

manufacturing circumstances to achieve high reliability.
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Chapter 10
Copper Foil Smooth on Both Sides
for Lithium-Ion Battery

Akitoshi Suzuki and Jun Shinozaki

10.1 Introduction

An electrodeposited copper foil has been used in many areas of printed-wiring
boards, such as rigid printed-wiring boards and flexible printed-wiring boards, as
shown in Fig. 10.1. Even now, it is estimated that more than 90 % of all the
electrodeposited copper foil production is being used for printed-wiring boards.

On the other hand, the use of electrodeposited copper foil as the negative
electrode collector of lithium-ion batteries has recently been attracting attention.
The time when the electrodeposited copper foil came into use in this field
was comparatively recent, i.e., in the latter half of the 1990s. Many lithium-ion
batteries are being used for mobile phones, smart phones, notebook personal
computers, etc. In addition, major automakers around the world are currently
studying its use in EV, HEV, PHEV, etc.

A ‘‘copper foil smooth on both sides,’’ which is an electrodeposited copper foil
for lithium-ion batteries, has been developed during the optimization process
because a decrease in the capacity retention rate occurred during repeated charge
and discharge of the battery when the electrodeposited copper foil for a printed-
wiring board was used as the lithium-ion battery negative electrode collector.

Around 1991 lithium-ion batteries began to be industrially mass-produced. At
that time, a rolled copper foil was used as the negative electrode collector. In the
mid-1990s, an attempt to use an electrodeposited copper foil as the negative
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electrode collector instead of the rolled copper foil was performed in order to
reduce costs. Because only the electrodeposited copper foil for printed-wiring
boards existed as an electrodeposited copper foil at that time, the electrodeposited
copper foil for printed-wiring boards was used as the negative electrode collector
in manufactured batteries for charge–discharge tests.

The electrodeposited copper foil for printed-wiring boards has (a) a ‘‘matte
side’’ with pyramidal convexities and the opposite side and (b) a ‘‘shiny side’’ with
a smooth face as shown in Fig. 10.2.

Though the battery capacity retention rate of lithium-ion batteries gradually
decreases with repeated charge and discharge, the capacity retention rate of the
battery using the electrodeposited copper foil for printed-wiring boards as the
negative electrode collector decreased at a rate faster than that of the battery using
the rolled copper foil.

As a result of various analyses of this phenomenon, it was found that the
decrease in the capacity retention rate was promoted if the copper foil having a
remarkably different surface roughness of the ‘‘matte side’’ versus the ‘‘shiny side’’
like the electrodeposited copper foil for printed-wiring boards was used, and that
the decrease in the capacity retention rate could be suppressed if the electrode-
posited copper foil with both sides smooth and shiny was used.

An electrodeposited copper foil for use in lithium-ion batteries was developed
based on such a finding of a ‘‘copper foil smooth on both sides’’ as shown in
Figs. 10.2c, d.

Fig. 10.1 Uses of electrodeposited foil
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During the production of the ‘‘copper foil smooth on both sides,’’ a copper-
sulfuric acid electrolyte in which organic additives and chloride ions were added
was used in order to obtain a copper foil with a smooth shiny surface. The organic
additives used in this study are the same types of organic additives used in the Cu
damascene electroplating process.

In this paper, regarding the ‘‘copper foil smooth on both sides,’’ which is being
used for the lithium-ion battery negative electrode collector, its manufacturing
process, mechanical characteristics, characteristics as a negative electrode
collector, and recent trends are described.

10.2 Manufacturing Process of Electrodeposited Copper
Foil

The manufacturing process of the electrodeposited copper foil is first described.
The manufacturing process of the electrodeposited copper foil consists of a dis-
solving process to dissolve the copper raw material, an electroforming process, a
surface treatment process, a slitting process to slit the copper foil to the required
width, and a sheeting process to further cut the copper foil after slitting when a
sheet-shaped copper foil is required as shown in Fig. 10.3.

Fig. 10.2 SEM micrographs of surface morphology of 10 lm untreated copper foils a Matte side
of copper foil for PWB b Shiny side of copper foil for PWB c Matte side of copper foil for LIB
d Shiny side of copper foil for LIB
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In the electrodeposited copper foil for the printed-wiring board, the product
after slitting and the product after cutting are used according to the manufacturing
process of the customer.

On the other hand, though the product after slitting is used for the electrode-
posited copper foil for lithium-ion batteries, there are few cases in which the
product after cutting is used. The reason for this is that the negative active material
is applied to the coiled copper foil during the manufacturing process of the lith-
ium-ion battery’s negative electrode.

10.2.1 Dissolving Processes

This is a process to dissolve the copper raw material in a copper-sulfuric acid
electrolyte. Since copper is used as the anode in a conventional copper plating
process, the copper concentration in the electrolyte is unchanged because when the
copper is electrodeposited on the cathode from the electrolyte, almost the same
amount of copper dissolves from the anode. Consequently, this process is not
required in the conventional copper plating process.

On the contrary, in the manufacturing process of the electrodeposited copper
foil, the copper concentration in the copper-sulfuric acid electrolyte decreases and
the sulfuric acid concentration increases when the manufacturing of the electro-
deposited copper foil is continuously carried out because the manufacturing is
carried out using an insoluble anode (DSE) as described in Sect. 10.2.2.

Fig. 10.3 Manufacturing process of electrodeposited copper foil
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It is required to maintain a certain copper concentration in the copper-sulfuric
acid electrolyte in order to continuously carry out the manufacturing of the elec-
trodeposited copper foil. Therefore, copper is dissolved in the copper-sulfuric acid
electrolyte during this process, and the copper concentration in the electrolyte
remains constant.

The copper-sulfuric acid electrolyte having a concentration of about
Cu = 50–100 g/l and H2SO4 = 50–150 g/l is used as the electrolyte.

As for the copper raw material, scrap wire, which is prepared by shredding
electric wire of about 2–3 mm in diameter to the size of about 20–30 mm in
length, is used. However, the scrap wire with a high purity of greater than 99.9 %
of copper is used although it is called scrap wire. Moreover, the reason to use the
raw material of such a shape is to promote the copper dissolution.

The dissolution of copper is carried out using a dissolution vessel made of SUS
as shown in Fig. 10.2. The scrap wire is charged into the copper-sulfuric acid
electrolyte at a temperature of about 40–70 �C, and air is bubbled through it. The
reactions at this time are expressed as ionic Eqs. (10.1) and (10.2).

Cuþ 1=2O2 ! CuO ð10:1Þ

CuOþ H2SO4 ! Cu2þ þ SO2�
4 þ H2O ð10:2Þ

10.2.2 Electroforming Processes

The electroforming process is shown in Fig. 10.4. In this process, various organic
additives and chloride ions are added to the copper-sulfuric acid electrolyte pre-
pared by the preceding dissolution process. The blended electrolyte is kept at a
temperature of about 40–60 �C, and supplied from the lower side of the rotating
cylindrical titanium drum, then the electrolysis is carried out.

A titanium drum is used as the cathode, and an DSE is placed under the
titanium drum. The copper-sulfuric acid electrolyte flows between the titanium
drum and the DSE, an electric current is applied to the electrodes at the high
current density of about 30–100 A/dm2, and a copper layer is electrodeposited on
the titanium drum. After the thickness of the copper layer meets the predetermined
thickness requirement, the copper layer is peeled and coiled, and a raw electro-
deposited copper foil is obtained.

The reaction on the titanium drum (cathode) is expressed by ionic Eq. 10.3.

Cu2þ þ 2e� ! Cu ð10:3Þ

On the other hand, the reaction of ionic Eq. 10.4 occurs on the DSE to produce
oxygen gas. This oxygen gas agitates the electrolyte.

H2O! 2Hþ þ 2e� þ 1=2O2 ð10:4Þ
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The amount of electrodeposited copper on the titanium drum is proportional to
the quantity of electricity (current density 9 time) passed through the titanium
drum and the DSE. The current density is usually kept constant, therefore, the
thickness of the copper foil is adjusted by the rotation speed of the drum.

The thickness of the electrodeposited copper foil for lithium-ion batteries is
from about 6 to 20 lm.

On the other hand, the thickness of the electrodeposited copper foil for printed-
wiring boards is usually about 9 to 210 lm, and recently, a copper foil with a
thickness of about 400 lm is also being manufactured.

The copper foil manufactured in this process is called ‘‘untreated copper foil.’’
The ‘‘untreated copper foil’’ means a copper foil, which has not been subjected to
any surface treatment after it was peeled from the drum. [1]

Figure 10.2 in Sect. 10.1 shows the surface profiles of the ‘‘untreated copper
foil’’ used for printed-wiring boards and for lithium-ion batteries.

As for the electrodeposited copper foil for printed-wiring boards, the surface
with pyramidal convexities shown in Fig. 10.2a is called the ‘‘matte side,’’ and the
smooth surface in Fig. 10.2b is called the ‘‘shiny side.’’ The ‘‘matte side’’ is a
surface which was in contact with the copper-sulfuric acid electrolyte. The reason
why it is called the ‘‘matte side’’ is that it has a rough surface with pyramidal
convexities on the electrodeposited copper foil used for printed-wiring boards as
shown in Fig. 10.2a.

The ‘‘shiny side’’ is a face which was in contact with the titanium drum in
Fig. 10.4. Though it has a smooth shiny surface in appearance, and called the
‘‘shiny side,’’ a small streak is observed when observed by SEM as shown in

←→

6 210μm

Fig. 10.4 Electroforming process
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Fig. 10.2b. The reason for this is that the ‘‘shiny side’’ is a replica of the brush
lines caused by polishing the surface of the titanium drum.

The surface of the titanium drum is polished at regular time intervals. Since the
surface of the titanium drum is always exposed to the copper-sulfuric acid elec-
trolyte at high temperature and high concentration of sulfuric acid, the surface of
the titanium drum gradually becomes rough, thus it becomes difficult to peel off
the copper foil when the copper foil is continuously manufactured for a long time.
In order to prevent this problem, the surface is polished at regular time intervals to
make it easy to peel off the copper foil.

As for the electrodeposited copper foil for lithium-ion batteries, the ‘‘shiny
side’’ of Fig. 10.2d is no different from the electrodeposited copper foil for prin-
ted-wiring boards, however, the ‘‘matte side’’ of Fig. 10.2c has a shiny smooth
surface. The reason for the difference in both types is that a different organic
additive is added to the copper-sulfuric acid electrolyte, which is used in the
electroforming process.

The use of the basic bath composition for the copper-sulfuric acid electrolyte is
common in both copper foil manufacturing processes. The electrodeposition of
copper is carried out after the chloride ion and organic additives are added to the
electrolyte. The surface profile of the copper foil can be adjusted by selecting the
type of organic additive to be added.

Organic additives to produce pyramidal convexities on the surface are added
when making the electrodeposited copper foil for printed-wiring boards, and
organic additives to produce a shiny smooth surface are added when making the
electrodeposited copper foil for lithium-ion batteries.

In addition, the reason to make the shiny smooth surface on the electrodeposited
copper foil for lithium-ion batteries is explained in Sect.10.4.

10.2.3 Surface Treatment Processes

For the electrodeposited copper foil for printed-wiring boards, the untreated copper
foil, which is the raw foil produced by the electroforming process, is placed in the
treater shown in Fig. 10.5. The ‘‘matte side’’ is subjected to a surface treatment in
the following order: copper plating (called copper nodule plating) with a grain size
of about 1–3 lm, nickel plating and zinc plating with a thickness of about
10–30 nm, chromate coating with a thickness of about 1–3 nm, and a silane
coupling treatment.

On the other hand, the ‘‘shiny side’’ is subjected to zinc plating with a thickness
of about 10–30 nm, and a chromate coating with a thickness of about 1–3 nm.

The copper foil before being subjected to the surface treatment process and the
one after the surface treatment process are shown in Figs. 10.5a, b as the untreated
copper foil and treated copper foil, respectively.

The purpose of applying such a copper nodule plating and the surface treatment
is improvements in the following characteristics of (1–6) are demanded for the
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electrodeposited copper foil for printed-wiring boards when the electrodeposited
copper foil is laminated with a glass–epoxy prepreg or polyimide films, etc., by hot
pressing and the wiring circuit is formed by etching.

(1) Improve the adhesive strength between the copper foils and resin substrates.
(2) Prevent discoloration of the copper foils caused by the hot pressing.
(3) Improve the etchability of the wiring circuits.
(4) Reduce the undercutting of the foil during the etching of the wiring circuits.
(5) Prevent deterioration of the adhesive strength between the copper foils and

resin substrates caused by air, heat, moisture, etc., during use of the printed-
wiring boards.

(6) Preventing discoloration when the copper foil is stored for a long term.

On the other hand, in the case of the electrodeposited copper foil for lithium-ion
batteries, only the chromate coating is applied to the ‘‘matte side,’’ ‘‘shiny side,’’
and none of platings, such as the plating of copper particles called copper nodule
plating, nickel plating, and zinc plating, are applied. The reason for this is as
follows: when a carbon active material layer is formed on the surface of the
electrodeposited copper foil to assemble a battery, and its cycling characteristics
are measured by repeating the charge and discharge, the copper foil having a
concavoconvex ‘‘matte side’’ and a smooth ‘‘shiny side’’ exhibits a greater
decrease in the capacity retention rate compared to the copper foil having both
sides smooth. This is explained in Sect.10.4.

(a) (b)

Fig. 10.5 Treatment Process a Untreated copper foil (12 lm raw foil) b Treated copper foil
(12 lm)
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Chromate coating is a treatment to deposit the oxide of chromium on the
surface of the copper foils, and the oxide is formed by soaking the foil in a
chromium containing aqueous solution or by electrolysis. It is a very thin coating
with a thickness of about 1–3 nm.

Figure 10.6 shows the surface profiles of the copper foils used for printed-
wiring boards and lithium-ion batteries after the surface treatment process.

The chromate coating given to the copper foil for use in lithium-ion batteries is
very thin with a thickness of about 1–3 nm as previously described. Consequently,
the surface profile of the chromate-treated copper foil for use in lithium-ion
batteries observed by SEM, Figs. 10.6 c, d, is rarely different from that of the
untreated copper foil shown in Figs. 10.2c, d in Sect. 10.1.

In addition, the purpose of applying the chromate coating is to satisfy char-
acteristics (1)–(3).

(1) Prevent any decrease in the cycling characteristics during repeated charging
and discharging of the batteries by maintaining an excellent electric contact
between the copper foil and the active material.

(2) Improve the wettability when the active material slurry is coated.
(3) Prevent discoloration of the copper foil when it is stored for a long term.

Fig. 10.6 SEM micrographs of surface morphology of treated copper foils. a Matte side of
copper foil for PWB (12 lm) b Shiny side of copper foil for PWB (12 lm) c Matte side of copper
foil for LIB (10 lm) d Shiny side of copper foil for LIB (10 lm)
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10.2.4 Electrodeposited Copper Foil for Lithium-Ion Battery

The lithium-ion batteries currently being marketed were invented in 1985 as
lightweight and high capacity batteries using LiCoO2 for the positive electrode and
carbon for the negative electrode. [2, 3] Studies for industrialization were then
carried out, and they were put in practical use in 1991, and the industrial
production started.

Figure 10.7 shows the structure of a lithium-ion battery. A material that a
carbon powder is attached to the surface of a copper foil is used as the negative
electrode. The raw materials of the active material layer, which is applied to the
surface of the copper foil of the negative electrode collector, consists of a negative
active material, conductive material, binder, and solvent.

The negative active material is a carbon powder with an average particle size of
5–30 lm. Carbon black with particles of about 0.03 lm coupled like a chain is
often used as the conductive material.

Different binders and solvents are used for the solvent binder and aqueous
binder. The solvent binder is polyvinylidene fluoride (PVDF) and the solvent is
1-methyl-2-pyrrolidone (NMP).

On the other hand, for the aqueous binder, the binder is the styrene-butadiene
copolymer (SBR), and the solvent is water. In addition, as the aqueous binder,
sodium carboxymethylcellulose (CMC) is also added as a thickener.

When lithium-ion batteries first appeared on the market, a solvent binder was
used. However, aqueous binders began to be used, and they account for about
90 % of the current market.

The reasons why aqueous binders are principally used are as follows: [4]

(1) The calorific value of the thermal decomposition of the electrode is low while
charging.

(2) It is easy to obtain a high capacity.

Copper foil as negative electrode collector 
coated with carbon powder 

Positive electrode 
terminal

Negative electrode

Positive  
electrode

Separator

Case
( Negative 
electrode)

Gasket

PCT

Gas discharge    
valve 

Fig. 10.7 Lithium-ion battery and negative electrode
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(3) It excels in the charge/discharge cycling characteristics.
(4) Water with few environmental burdens can be used as the solvent.
(5) The cost of collecting organic solvents can be reduced.
(6) An explosion-proof type coating machine is unnecessary.

Figure 10.8 shows the manufacturing process of the negative electrode. [5] The
solvent is first added to the negative active material, the conductive material, and
the binder, and they are mixed to form a slurry.

As shown in Fig. 10.8, the slurry is applied to the surface of the copper foil
while continuously running the coiled copper foil of 8–10 lm thickness. Usually,
the thickness of the slurry layer is about 50–300 lm. The coated copper foil is then
passed through the drying oven to evaporate the solvent, and it is reeled again into
a coiled state. The drying condition at this time is said to be from several minutes
to tens of minutes at 100–150 �C though it differs among battery manufacturers.

Furthermore, the copper foil coated with the active material is pressed by
passing through the gap between the rolls. The thickness and density of the active
material are equalized by the pressing. Usually, the thickness of the active material
after pressing is about 10–100 lm though it differs according to the required
characteristics of the battery.

Fig. 10.8 Manufacturing process of negative electrode Ref. [5]
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10.2.5 Reason for the Need of a Copper Foil Smooth on Both
Sides

As for the electrodeposited copper foil for lithium-ion batteries, electrodeposited
copper foils with a smooth and shiny surface on both sides are used. The magnified
surface profiles of the ‘‘matte side’’ and the ‘‘shiny side’’ by SEM are slightly
different as shown in Figs. 10.6c, d in Sect. 10.2.3. However, it is difficult to
distinguish the ‘‘matte side’’ from the ‘‘shiny side’’ because both sides visually
look smooth and shiny.

During the early development stage of lithium-ion batteries, a rolled copper foil
was mainly used as the copper foil for the negative electrode collector. There are
considerable differences in their characteristics between the electrodeposited
copper foil and the rolled copper foil, and these differences are largely dependent
on the difference in their manufacturing processes.

The rolled copper foil is manufactured by first making a square copper ingot,
and repeating rolling by passing many times it through the gap between the rolls.
The surface profile of the rolled copper foil is a replica of the surface profile of the
mill roll as shown in Fig. 10.9. Therefore, there is no significant difference in their
shapes and roughness between both sides.

In the mid-1990s, the use of electrodeposited copper foils instead of rolled
copper foils was examined as a cost reduction measure of the copper foil for the
negative electrode collector.

The manufacturing cost of the rolled copper foil has a tendency to increase with
a decrease in thickness though the manufacturing cost of the electrodeposited
copper foil does not increase very much even if its thickness decreases. In general,
it is said that the manufacturing cost of the electrodeposited copper foils is less
expensive than the cost of rolled copper foils when the thickness becomes less than
35 lm. At that time, copper foils with a thickness of about 10 lm were used for
the negative electrode collector. It was highly expected to reduce the cost by using
the electrodeposited copper foil instead of the rolled copper foil. However, the
electrodeposited copper foil at that time was only the electrodeposited copper foil
used for printed-wiring boards. It was a copper foil, which had a ‘‘matte side’’ with
pyramidal convexities as shown in Figs. 10.2a, b in Sect.10.1 and a smooth surface
on the ‘‘shiny side.’’

Fig. 10.9 SEM micrographs
of rolled copper foil surfaces
(Thickness of copper
foil:10 lm). a Rolled copper
foil A Side (10 lm) b Rolled
copper foil B-Side (10 lm)
opposite side of A side
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When the electrodeposited copper foil for printed-wiring boards with such
remarkably different surface profiles on both sides was used for the negative
current collector of lithium-ion batteries, a problem occurred such that the
decrease in the capacity retention rate was greater than when using a rolled copper
foil with both side smooth. Though this reason could not be initially understood, it
turned out that the decrease in the capacity retention rate due to the charge–
discharge cycling of the battery occurred when the surface profile of one side
of the copper foil was significantly different compared to the other side. This
phenomenon is explained in detail in the following experimental results.

10.3 Experimental

10.3.1 Manufacturing Process of Negative Electrode

Three kinds of electrodeposited copper foils and electrodeposited copper foils for
printed-wiring boards (STD foil) that were 12 lm thick with different surface
roughnesses between the front side and the back side were used in this experiment
as listed in Table 10.1. Each roughness value of the ‘‘matte side’’ and the ‘‘shiny
side’’ is listed in Table 10.1.

In this experiment, test pieces having the roughness of the ‘‘matte side’’
Rz = 0.70–3.70 lm were prepared by changing the type and amount of the
organic additives added to the copper-sulfuric acid electrolyte.

In addition, Rz denotes the 10-point average roughness defined by JIS-B-0601-
1994. [6]

On the other hand, the roughness of the ‘‘shiny side’’ was changed by adjusting
the polishing of the titanium drum. Though the roughness of the most rough one
was Rz = 2.00 lm, there exists some over 2.00 lm in actual products. However,
peeling the copper foil off the titanium drum becomes difficult when the surface
becomes too rough. Therefore, it is difficult to manufacture one exceeding
Rz = 3.00 lm.

As for the negative active material, petroleum pitch was used as the starting
material. It was baked to produce a rough granular pitch coke. This rough granular
pitch coke was ground into a powder with a mean particle diameter of 20 lm, and

Table 10.1 Test specimens of charge–discharge cycle test

Matte side roughness Shiny side roughness Difference between M-side and S-side
Rz (lm) Rz (lm) Rz (lm)

Specimen1 2.10 1.58 0.52
Specimen2 1.32 1.60 0.28
Specimen3 0.70 2.00 1.30
Specimen4 3.70 1.93 1.77
(STD foil)
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the powder was baked in an inert gas at 1,000 �C to remove impurities, thus a coke
material powder was obtained.

The negative electrode material contained 90 % by weight of the obtained coke
material powder and 10 % by weight of polyvinylidene fluoride as a binder.

Next, this negative electrode material was dispersed in a solvent of 1-methyl-2-
pyrrolidone to make a slurry.

This slurry was applied to both sides of the above-described belt-like electro-
deposited copper foil of 12 lm thickness. It was compressed by the roller press
after drying to make a negative electrode strip. This negative electrode strip had a
90 lm layer thickness on both sides of the negative electrode material after
forming, and its width was 55.6 mm and length of 551.5 mm.

10.3.2 Manufacturing Process of Positive Electrode

A positive active material (LiCoO2) was prepared by mixing 0.5 mol of Li2CO3

with 1 mol of cobalt carbonate. This mixture was then baked for 5 h in air at
900 �C, and LiCoO2 was obtained.

The obtained positive active material (LiCoO2), the graphite conductor and
polyvinylidene fluoride binder in 91, 6 and 3 % by weight were mixed to prepare
the positive electrode material, respectively. This material was dispersed in
n-methyl-2 pyrrolidone to make a slurry.

The slurry was next uniformly applied to both sides of a belt-like aluminum
positive electrode collector having a thickness of 20 lm. It was compressed by the
roller press after drying to make a positive electrode with a thickness of 160 lm.
This positive electrode strip has the same 70 lm thickness on both sides of the
layer of the positive electrode material after forming, and its width was 53.6 mm
with a length of 523.5 mm.

10.3.3 Battery Manufacturing Process

The prepared belt-like positive electrode and belt-like negative electrode were
stacked along with a microporous polypropylene film separator of 25 lm thickness
and 58.1 mm width to make a stacked electrode assembly.

This stacked electrode assembly was spirally wound many times in the longi-
tudinal direction with the negative electrode inward, and the outermost end of the
separator was fixed with a tape to make a spiral electrode assembly. The dimensions
of this spiral electrode assembly were a 3.5 mm inside diameter and 17 mm
external diameter.

The spiral electrode assembly described above was placed in a nickel-plated
steel battery case with insulation plates on both the top and bottom sides of the
assembly.
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In order to make an electrical connection to the positive and negative electrodes
with the battery case, the positive electrode collector was connected through an
aluminum lead to the battery case lid, and the negative electrode collector was
connected through a nickel lead to the battery case.

Five grams of a nonaqueous electrolyte, which was prepared by dissolving
1 mol/l of LiPF6 in the mixed solvent comprised of equal parts of propylene
carbonate and diethyl carbonate, was poured into the battery case in which the
spiral wound electrode assembly had been placed.

The battery case lid was then fixed by placing a gasket coated with asphalt
between the battery case lid and the battery case, and tightening the battery case.

As described above, a 18650 size cylindrical battery was prepared.

10.3.4 Test Results of Charge/Discharge Cycle of Batteries

The capacity retention rate after 100 cycles of repeated charge/discharge at the rate
0.5C of the cylindrical battery was examined, which used the electrodeposited
copper foils listed in 1–4 in Table 10.1 for the negative electrode collector.

The capacity retention rate was calculated from the following formula using the
discharge capacity, Q1, at the first cycle and the discharge capacity, Q100, at the
100th cycle.

Capacity retention rate ¼ Q100ð Þ= Q1ð Þ � 100

Figure 10.10a, b shows the results. It is preferable that the surface roughness Rz
of the matte side is less than 3 lm, because the capacity retention rate significantly
decreased if the surface roughness Rz of the matte side was greater than 3 lm.
Moreover, as for the shiny side, it is desirable that the surface roughness Rz is less
than 3 lm.

(a) (b)

Fig. 10.10 Relation between surface roughness of copper foil and capacity retention rate.
a Matte side roughness Rz (lm) b Differnce between M-side and S-side Rz (lm)
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Moreover, the capacity retention rate decreases with an increase in the differ-
ence of the surface roughness Rz between the matte side and the shiny side as
shown in Fig. 10.10b. As a result, it can be concluded that the desirable difference
in the surface roughness between the matte side and the shiny side be less than
1.3 lm.

Based on these results, an electrodeposited copper foil, i.e., ‘‘copper foil smooth
on both sides,’’ which had a low surface roughness on the matte side and a small
difference in roughness on the matte side and the shiny side, has been developed as
an electrodeposited copper foil for the negative electrode collector of lithium-ion
batteries.

However, the facts that the capacity retention rate decreases when the surface of
the negative current collector copper foil is rough and when the difference in the
surface roughness of both sides is significant are well-known phenomena. The
reason for this has not yet been elucidated.

10.4 Manufacturing Process of Copper Foil Smooth
on Both Sides

As already described, the ‘‘copper foil smooth on both sides’’ has a smooth and
shiny surface on the ‘‘matte side’’ as well as on the ‘‘shiny side.’’ When compared
to the STD foil for printed-wiring boards, though there is no difference in the shape
of the ‘‘shiny side,’’ the shape of the ‘‘matte side’’ is quite different and has a
smooth shiny surface.

The reason for such a difference in the surface profile is that the type of organic
additives added to the copper-sulfuric acid electrolyte is different. The bath in
which the organic additives, such as glue and gelatin, and chloride ions were added
was used for the copper-sulfuric acid electrolysis solution, which was used for
manufacturing the electrodeposited copper foil for printed-wiring boards is shown
in Fig. 10.2a, b in Sect. 10.1.

When these organic additives were used, and a surface with pyramidal con-
vexities was obtained as shown in Fig. 10.2a in Sect. 10.1.

On the other hand, the ‘‘copper foil smooth on both sides’’ has a smooth and
shiny surface of the ‘‘matte side’’ as well as on the ‘‘shiny side’’ as shown in
Figs. 10.2c, d in Sect. 10.1, and Fig. 10.6c, d in Sect. 10.2.3.

When the copper foil smooth on both sides is manufactured, a copper-sulfuric
acid electrolyte, in which the components, such as 3-mercapto-1-propanesulfonic
acid sodium salt (MPS) and bis (3-sulfopropyl) disulfide disodium salt (SPS),
which are called brightening agents for copper plating, are added with a leveler
consisting of a nitrogen-containing organic compound and an organic polymer
selected from high-molecular-weight polysaccharides, is used.
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Figure 10.11 shows the surface profile of the electrodeposited copper foil
prepared from the copper-sulfuric acid electrolyte containing chloride ions, a
brightening agent (MPS), leveler (L), and polymer (P).

When the copper-sulfuric acid electrolyte, which contained the chloride ions,
MPS, leveler (L), and polymer (P), was used, the matte side with a smooth and
shiny surface was obtained as shown in Fig. 10.11b, and it had a granular crystal
structure as shown in Fig. 10.12.

Figure 10.13 shows the X-ray diffraction results of this copper foil. It was
concluded that the electrodeposited copper foil for printed-wiring boards is formed

Additive - free MPS+L+P+CL-(a) (b)

Fig. 10.11 SEM micrographs of electrodeposited copper foil surface

Fig. 10.12 FIB—SIM image of copper foil smooth on both sides cross-sections (10 lm)
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with crystals having the (110) orientation [7–11] Unlike the copper foil for printed-
wiring boards, this copper foil has a strong XRD peak for (200) orientation.

As for the copper electrodeposition using a copper-sulfuric acid type electro-
lyte, which contained the 3-mercapto-1-propanesulfonic acid sodium salt (MPS),
bis (3-sulfopropyl) disulfide disodium salt (SPS), leveler (L), and polymer (P), it
was carried out by panel plating during the early stage of the development of the
electrodeposited copper foils. Moreover, a similar type of organic additive is being
used in the current copper damascene electroplating process. However, in the case
of the panel plating, the electrolysis was carried out under the conditions of a low
electric current density of about 1–5 A/dm2 using a soluble copper anode.

On the other hand, in this study, the electrodeposited copper foil has been
manufactured at a high electric current density of 30–100 A/dm2 using a DSE for
the first time.

10.5 Properties of the Copper Foil Smooth on Both Sides:
Mechanical Properties, Conductivity, Impurities
in Copper Foil

The ‘‘copper foil smooth on both sides’’ has the feature that its ‘‘matte side’’ is
smooth and shiny as well as its ‘‘shiny side.’’ Moreover, it has another feature; in
that, it has a high electrical conductivity, high elongation, and low impurities in the
copper foil compared to the conventional STD foil for printed-wiring boards
(Table 10.2).

Fig. 10.13 X-ray diffraction data of copper foil smooth on both sides
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It is indicated that the ‘‘copper foil smooth on both sides’’ contained a lower
amount of organic additives compared to the STD foil. It seems that this fact is
related to the properties of the higher conductivity and the higher elongation
compared to the STD foils.

10.6 Properties of Copper Foil Smooth on Both Sides:
Room Temperature Recrystallization Phenomenon

The ‘‘copper foil smooth on both sides’’ has a very high tensile strength of about
650 MPa immediately after manufacturing. However, it gradually becomes soft
when it is kept at room temperature, and finally, its tensile strength becomes stable
at about 320 MPa as shown in Fig. 10.14. The commercially available copper foil
for lithium-ion batteries has a stabilized tensile strength after the room temperature
recrystallization.

The room temperature recrystallization phenomenon, which occurred in the
electrodeposited copper foil obtained from the copper-sulfuric acid electrolyte
containing a certain type of organic additive, has been known a long time ago [12, 13].

It is postulated that the reasons for the recrystallization phenomenon at room
temperature are that the gradual relaxation of the crystal defects due to the elec-
trolytic deposition and deformation of the crystal lattice due to the adsorption of
the additives at the grain boundary.

Table 10.2 Mechanical properties of copper foil smooth on both sides and STD foil

Copper foil smooth
on both sides (10 lm)

STD foil (10 lm)

Mattle side roughness (Rz:lm) 1.50 3.70
Shiny side roughness (Rz:lm) 1.60 1.95
Tensile Strength (MPa) 320 330
Elongation (%) 10.0 5.0
Conductivity (%IACS) 98.9 96.5

Fig. 10.14 Change in mechanical properties of copper foil smooth on both sides versus time at
room temperature. (Foil thickness:10 lm)
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The occurrence of the room temperature recrystallization phenomenon on the
copper foil was also reported. It was electrodeposited from a copper-sulfuric acid
electrolyte containing chloride ions, SPS, and polyethylene glycol, in which the
same types of organic additives for the electrolyte of the ‘‘copper foil smooth on
both sides’’ were used [14–16].

Concerning the reason why the room temperature recrystallization occurs,
Hasegawa analyzed the details of the copper foil, electrically deposited from the
copper-sulfuric acid electrolyte containing chloride ions, SPS, and polyethylene
glycol. In this study, the X-ray diffraction, resistance and elongation were mea-
sured on the copper foil obtained from three kinds of electrolytes: (a) no-additive,
(b) CL-PEG, and (c) CL-PEG-SPS [14].

Among them, the copper foil obtained from the (c) CL-PEG-SPS bath exhibited
a more intensive peak of the (200) orientation versus the time after the electrolytic
deposition, and the peak ratio, I200/I111, which is the peak ratio of the (200)
orientation to the (111) orientation, significantly changed from immediately after
the electrodeposition to 5 days, and then it equilibrated after 7 days.

Immediately after the electrodeposition, the peak ratio was I200/I111 & 0.1.
However, after 7 days later, it reached I200/I111 & 0.8. On the other hand, the
copper foils obtained from (a) no-additive bath and (b) CL-PEG bath exhibited no
change from immediately after the electrodeposition until 7 days later, and the
peak ratio was I200/I111 & 0.2.

Moreover, when the crystal size was calculated using Scherrer ‘s formula from
the peaks of the (111) orientation and (220) orientation, the crystal size increased
from immediately after the electrodeposition until about 5 days later, and reached
equilibrium after 7 days (Figs. 10.15, 10.16, and 10.17).

Furthermore, Abe also analyzed the room temperature recrystallization phe-
nomenon of the electrodeposited copper foil prepared from the copper-sulfuric
acid electrolyte containing chloride ions, SPS, and polyethylene glycol. In the
analysis, he reported that the aging softening phenomenon of the electrodeposited
copper foil was caused by the grain coarsening, and that the crystal orientation
changed along with it [15, 16].

Since the ‘‘copper foil smooth on both sides’’ uses the chloride ion, MPS, and
the same type of organic additive of polyethylene glycol for the copper-sulfuric
acid electrolyte, it is considered that the room temperature recrystallization occurs
due to a similar mechanism with the electrodeposited copper foil obtained from the
copper-sulfuric acid electrolyte containing chloride ions, SPS, and polyethylene
glycol. As shown in Fig. 10.13 in Sect. 10.4, the X-ray diffraction data of the
copper foil after the room temperature recrystallization, the intensity of the (200)
orientation increased.

However, this room temperature recrystallization phenomenon does not always
take place in electrodeposited copper foils. No change in the tensile strength and
crystal structure was observed in the STD foil for the above-described printed-
wiring board even when it was stored at room temperature.
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Fig. 10.15 Change in XRD
profile of copper deposits
with time at room
temperature. The specimens
were obtained from the
a additive-free, b CL-PEG,
c CL-PEG-SPS baths Ref.
[14]

Fig. 10.16 Change in
crystallographic orientation
with time at room
temperature. The specimen
were obtained from the (})
additve-free, (N) CL-PEG,
(�)CL-PEG-SPS baths. The
grain size was calculated
from XRD peaks for a (111)
and b (200) orientation using
Scherrer’s formula [14]
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10.7 Mechanism of Action of Organic Additive Used
for Manufacturing Copper Foil Smooth on Both Sides

The organic additive, which is added in minute amounts to the electrolyte in the
manufacturing process of electrodeposited copper foils, has a big effect to the
mechanical properties, such as crystal structure, tensile strength, elongation, and
surface roughness of the copper foil. It is important to elucidate the effect of the
additives, which causes the deposition behavior of the copper foils, in order to
satisfy the quality assurance of the current copper foils and various characteristics
of the copper foils that will be demanded in the future.

However, the mechanism of action and the mechanism of the deposition and
characteristics of the copper foils on the additives used in manufacturing of the
current ‘‘copper foil smooth on both sides’’ have not been sufficiently elucidated.
An electrochemical analysis was then done concerning the effect of each additive
on the deposition behavior of the ‘‘copper foil smooth on both sides.’’

10.7.1 Experimental

10.7.1.1 Measurement of Potentiodynamic Polarization Curve

The potentiodynamic polarization curves were measured in order to investigate the
effect of additives on the copper electrodeposition. A three-electrode system po-
tentiostat was used for the measurement, and a borosilicate glass cell was used as
the electrolytic cell.

A copper foil was used as the working electrode, and it was covered with a
heat-resistant and chemical-resistant masking tape except for the test area of

Fig. 10.17 Change in grain size of copper deposits with time at room temperature. The
specimens were obtained from the(}) additve-free, (N) CL-PEG,(�)CL-PEG-SPS baths. The
grain size was calculated from XRD peaks for a (111) and b (200) orientation using Scherrer’s
formula [14]
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3 9 3 mm. The surface of the electrode was soaked in 10 vol% sulfuric acid for
30 s to remove the oxide film immediately before the soaking in the test solution.

A Pt plate was used for the counter electrode, and a Ag/AgCl (sat. KCl)
electrode was used as the reference electrode. The standard electrode potential at
298 K is 0.196 V (vs. NHE). In the following sections, all potential data are
expressed versus this electrode potential as the standard.

A copper-sulfuric acid electrolyte, which was prepared in the laboratory, was
used as the test solution. The electrolyte composition is listed in Table 10.3. Three
kinds of additives, which were used for manufacturing the ‘‘copper foil smooth on
both sides,’’ were used.

Each additive was dissolved in deionized water at the ratio of about 1,000 mg/L,
and a given amount of this aqueous solution was added to the above-described
electrolyte to prepare the test solution. After the additive had been added, the air in
the cell was replaced by N2 gas for 30 min. After the open circuit potential of the
working electrode had been measured for 60 s, the working electrode was
cathodically polarized from that potential at the constant rate of 1 mV/s.

In addition, the test solution temperature was kept at 333 K during the mea-
surement using a water bath.

10.7.2 CV Measurement in the Solution Without Copper Ion

In order to observe the electrochemical behavior and adsorption behavior of the
additive, cyclic voltammetry (CV) was done using a solution without the copper
ions. The same three-electrode system potentiostat as used in Sect. 10.7.1 was
used for the measurement, and an acrylic H-shaped cell was used as the electro-
lytic cell.

Two pieces of Pt wire were used for the working electrode and the counter
electrode, respectively, and a Ag/AgCl (sat. KCl) electrode was used as the ref-
erence electrode. The diluted sulfuric acid of 100 g/L was used as the test solution.
Each additive was added to this solution, and the measurement was done after the
air had been replaced with N2 gas for 30 min.

After the open circuit potential of the working electrode had been measured for
60 s, the potential sweep was started from that potential in the direction of the
cathode potential. The potential sweep rate was carried out at 200 mV/s, the potential
sweep range was -0.25 to –1.5 V, and the measurement was done for 3 cycles.

In addition, the liquid temperature was kept at 333 K during the measurement
using a water bath.

Table 10.3 Electrolyte composition

Cu H2SO4 Chloride ion

(g/L) (g/L) (ppm)
50–100 50–150 10–50
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10.8 Results and Discussion

10.8.1 Changes in Electrochemical Characteristics
of Copper-Sulfuric Acid Electrolyte Containing
Additives

In order to investigate the effect of the additives on the electrodeposition of copper,
the potentiodynamic polarization curve was measured, and the results are shown in
Fig. 10.18.

When the curve without the additive and the one with added MPS were com-
pared at the same potential, the electric current density of the MPS-added solution
was slightly higher in the range of about -0.1 to 0.1 V. Therefore, it was con-
firmed that the electrodeposition of copper was promoted. Since the production of
copper foil in the mass production facility is carry out at a constant current density,
the potential becomes more noble by the addition of MPS. Based on the electro-
chemical aspect, it is expected that the grain size during the electrodeposition
become larger because the over-voltage required during the electrodeposition is
low. Moreover, it is expected that the hydrogen evolution reaction becomes

Eleotrode potential, V vs. Ag/AgCI (sat. KCI)
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Fig. 10.18 Current dencity-potential curve of Cu-H2SO4 electrolyte containing various kinds of
organic additives
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difficult to occur. However, when the effect by the reaction between the additive
and the copper ion or by the incorporation of the additive appears, it does not
necessarily simply occur this way.

Similarly, it is understood from the curve with the leveler that the electrode-
position of copper was inhibited. Though the inhibition of the electrodeposition of
copper is indicated for the polymer additive, its effect is smaller than the leveler.

It was found that a peak occurred at about 0.08 V when all three kinds of
additives were added. Because the change in the reaction behavior was dependent
on the potential in the system containing MPS, it would appear that an electro-
chemical effect other than the physical coating effect by simple adsorption was
produced.

10.8.2 Electrochemical Behavior of Additives in the Solution
Without Copper Ions

Based on the result described in Chap. 8.2.1, it was confirmed that MPS had an
effect on promoting the electrodeposition of copper. In general, it is reported that
the mechanism of action of MPS is similar to Eqs. (10.5) and (10.6), and that it
promotes the electrodeposition of copper.

4MPSþ 2Cu2þ ! 2Cu Ið Þ � thiolateþ SPSþ 4Hþ ð10:5Þ

Cu Ið Þ � thiolate þ Hþ þ e� ! CuþMPS ð10:6Þ

The effect of the additive amount of MPS on the amount of plating was
investigated using Cyclic Voltammetric Stripping (CVS) .

In addition, the amount of plating indicates the quantity of electricity required
for dissolving the copper plating, which was plated on the Pt rotating electrode
using CVS at a constant rate by cathodic polarization and then dissolved by anodic
polarization.

Since the rate and range of the potential sweep were constant, the greater the
dissolving electric current, the easier the plating is done at a given potential sweep.
The relation between the amount of plating and the additive amount of MPS is
shown in Fig. 10.19. Two kinds of solutions, the one in which only the chloride
ions were added to the copper sulfate plating solution, and the other in which the
chloride ion, leveler and polymer were added, were used as the test solutions.

As for the electrolytic bath containing only chloride ions, the amount of plating
did not change with the addition of several ppm of MPS. On the other hand, as for
the electrolytic bath containing chloride ions, leveler and polymer, the amount of
plating increased along with an increase in the additive amount of MPS even for
several tenths of a ppm. These results suggest that the promotion effect of MPS on
the electrodeposition of copper cannot be explained only by Eqs. (10.5) and (10.6),
and that there exists a significant effect by the interaction with the other additives.
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Based on the above results, the CV measurement was done in order to examine
the electrochemical behavior of the additive in the solution without the copper ion.
First of all, the CV behavior of the Pt wire in the bath without the additive is
shown in Fig. 10.20. This graph is used as comparison data to evaluate the fol-
lowing results. Figure 10.21 shows the result when only MPS was added. The
200 mV/s data in Figs. 10.20 and 10.21 were used as examples for making a
comparison. The adsorption peak of the hydrogen atom at about 0 to -0.2 V
decreased as the additive amount of MPS increased. It is presumed that the
adsorption of hydrogen atoms was prohibited by the MPS adsorbed on the elec-
trode. The reduction peak of the Pt oxide at about 0.5 V became smaller along
with an increase in the additive amount of the MPS. This is attributable to the MPS
being adsorbed on the electrode and inhibited the formation of the Pt oxide during
the anodic polarization. Moreover, a big oxidation current peak was observed at
about 1.1 V. Therefore, it can be postulated that an oxidation reaction caused by
MPS occurred. However, the cathodic current corresponding to this reaction could
not be confirmed. Based on these results, it was clarified that MPS was adsorbed
on the Pt electrode, and that it did not develop a direct electrochemical reaction
except for the oxidation at about 1.1 V. Because it did not develop a direct
electrochemical reaction, it is considered that it influenced the electrodeposition of

Fig. 10.19 Determination of MPS concentration by CVS
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Fig. 10.20 Cyclic–voltammetry behavior of Pt surfaces in aqueous H2SO4 (additive-free)

Fig. 10.21 Cyclic–voltammetry behavior of Pt surfaces in aqueous H2SO4 (MPS-added: 200 mV/s)
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copper by either or both the MPS adsorption on the electrode surface and the
reaction with the copper ions.

Next, only the leveler was added, and a similar measurement was done. These
results are shown in Fig. 10.22. Because the leveler also reduced the adsorption
peak of the hydrogen atom and the reduction peak of the Pt oxide as did MPS, its
adsorption on the surface of the electrode is presumed. However, since the effect
was independent of the concentration of the leveler and its effect was smaller than
that of MPS, it is presumed that its adsorption on the surface of the electrode was
weaker than that of MPS. No other electric current, which indicated an electro-
chemical reaction, was observed, therefore, it was clarified that the leveler did not
develop a direct electrochemical reaction.

These results are summarized as follows: in the system containing no copper
ions, it has been found that:

(1) MPS and the leveler were adsorbed on the Pt electrode.
(2) The adsorption of the leveler was weaker than that of MPS.
(3) Neither MPS nor the leveler developed a direct electrochemical reaction

except for the oxidation of MPS at about 1.1 V.

Fig. 10.22 Cyclic–voltammetry behavior of Pt surfaces in aqueous H2SO4 (Leveler added:
200 mV/s)
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10.8.3 Adsorption of Additives Discussion

Figure 10.23 shows the model of the mechanism of action by the leveler and MPS
that was based on the previous results. The leveler was comparatively weakly
adsorbed on the electrode, and a direct electrochemical reaction was not produced.
Moreover, it is known that the leveler is adsorbed by diffusion control.

The effect of the leveler to basically suppress the electrodeposition of copper
increases as the adsorption frequency increases as the stirring intensity increases.
Based on this, it is expected that the leveler with bigger molecular weight is adsorbed
on the tip of the convex part of the electrode more often compared to MPS. It is
presumed that the leveler does not produce an electrochemical reaction on Pt, and
that it does not produce an electrochemical reaction even during the electrodepos-
ition process of copper. Based on this assumption, a model of smoothing the copper
surface can be proposed such that the copper surface is physically covered with the
leveler to decrease the electrodeposition current density of the copper surface by
adsorption. Since MPS is comparatively strongly adsorbed on the electrode, and its
molecular weight is 178, it is presumed to be adsorbed on the concave parts of
the electrode where the frequency of adsorption of the leveler is low and on the
microregions regardless of the convexoconcave nature. Because MPS promotes the
electrodeposition of copper, it is considered that it contributes to the glossiness in
the microregions. Because this effect of MPS appears in the microregions, it is
considered that the smoothing in the macroregions is not carried out in the envi-
ronment where the leveler does not exist, and that no glossiness is obtained.

10.9 Recent Trends

As already described, the rolled copper foil was initially used as the copper foil for
the negative electrode collector of lithium-ion batteries. However, at present, the
ratio of using the ‘‘copper foil smooth on both sides’’ is much higher than that of

Fig. 10.23 Theory of MPS and Leveler adsorption mechanism on cathode
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the rolled copper foil. The reason for this is that the significance of the ‘‘copper foil
smooth on both sides’’ regarding the mechanical properties and the yield during
battery production was confirmed by the battery manufacturers. Table 10.4 shows
the difference in their properties. In addition, the main characteristics are explained
as follows:

10.9.1 Effect of Variation in the Foil Thickness

As shown in Table 10.5 and Fig. 10.24, the ‘‘copper foil smooth on both sides’’
has a feature that the variation in the foil thickness is smaller than that of the rolled
copper foil.

These data show the measured values of the thickness in the transverse direc-
tion and machine direction of the 540 mm wide and 10 m long copper foil by the
b-ray nondestructive thickness tester. The ‘‘copper foil smooth on both sides,’’ has
a small variation in the thickness in both the transverse direction and machine
direction.

This difference in the thickness variation of the copper foil has a huge effect on
the variation in the weight of the negative active material layer when the negative
active material is applied.

Table 10.4 Comparative advantages of copper foil smooth on both sides for Li-ion battery

Copper foil
smooth on both
sides

Rolled
copper
foil

Comparative advantage

(1) Foil width ffi 9 Copper foil smooth on both
sides: * 1 300 mm Rolled copper
foil: * 650 mm

(2) Foil thickness
variation

ffi D Less thickness variation of C activated
layer

(3) Mechanical
property after
annealing

ffi 9 Less wrinkles during C coating

(4) Number of
customers

} D Most customers prefer both side smooth
copper foil

} Excellent ffi Good D Fair 9 Poor

Table 10.5 Foil thickness
measurement data

Copper foil smooth
on both sides

Rolled copper
foil

Number of data (n) 333 333
Average value (g/dm2) 0.891(10 lm) 0.861(10 lm)
Minimum value (g/dm2) 0.885 0.845
Maximum value (g/dm2) 0.902 0.875
r 0.0037 0.0061
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Recently, studies to use lithium-ion batteries for HEVs have been carried out.
The lithium-ion batteries for HEVs have thin active material layers in order to
generate high power unlike the batteries for a conventional mobile phone,
smartphone or personal computer. In that case, it is said that the variation in the
weight of the negative active material layer has an effect on the variation in the
capacity of the batteries.

10.9.2 Mechanical Property After Heat Treatment

During the manufacturing process of the negative electrodes, they are treated at a
temperature of 100–150 �C for several minutes to tens of minutes during the
application and drying of the active material. Though this temperature slightly
varies depending on the battery manufacturer, there is little change in the tensile
strength and elongation of the ‘‘copper foil smooth on both sides’’ even when it is
subjected to such a temperature as shown in Figs. 10.25 and 10.26.

Figures 10.27, 10.28, 10.29, and 10.30 show the crystal structures of the
‘‘copper foil smooth on both sides’’ and the rolled copper foil at room temperature
and after the heat treatment of 200 �C 9 1H. For the ‘‘copper foil smooth on both
sides,’’ the crystal structure is almost unchanged. On the other hand, for the rolled
foil, it is completely annealed and the grain coarsening due to recrystallization is
observed.

As described in Sect. 10.6, since the crystal defects (caused by the electrode-
position) and the deformation of the crystal lattice (caused by the adsorption of the
additives to the grain boundary) of the ‘‘copper foil smooth on both sides’’ have
been relaxed by the room temperature recrystallization, it is considered that it is
stable for heating at about 100–150 �C.

On the other hand, for the rolled copper foil, the dislocations, which multiplied
due to the cold working, disappear, and softening caused by the recrystallization
occurs even by heating at about 100–150 �C. Such a difference in characteristics
has a significant effect on the yield during the manufacturing process. When the
active material is applied to the ‘‘copper foil smooth on both sides’’ and dried, it
produces few wrinkles due to the drying temperature compared to the rolled
copper foil.

Fig. 10.24 Foil thickness
variation of copper foil
smooth on both sides and
rolled foil
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210  ( c)

Fig. 10.25 Tensile strength after heating (foil thickness: 10 lm)

210  ( c)

Fig. 10.26 Elongation after heating (foil thickness: 10 lm)
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Fig. 10.27 Inverse pole figure map of 35 lm copper foil smooth on both sides (RT) a IQ (Image
Quality) Map b IPF Map (ND) c IPF Map (TD) d IPF Map (RD)

Fig. 10.28 Inverse pole figure map of 35 lm copper foil smooth on both sides (after 200 �C 9 1
H) a IQ (Image Quality) Map b IPF Map (ND) c IPF Map (TD) d IPF Map (RD)
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10.10 Summary

(1) A decrease in the capacity retention rate was promoted when an electrode-
posited copper foil for printed-wiring boards was used as the lithium-ion
battery negative electrode collector. The ‘‘copper foil smooth on both sides’’
was developed during the process of solving this problem.
Though the battery capacity retention rate of lithium-ion batteries gradually

decreases with repeated charge and discharge, the decrease in the capacity

Fig. 10.29 Invese pole figure map of 35 lm rolled copper foil (RT) a IQ (Image Quality) Map
b IPF Map (ND) c IPF Map (TD) d IPF Map (RD)

Fig. 10.30 inverse pole figure map of 35 lm rolled copper foil (after 200 �C 9 1 H) a IQ
(Image Quality) Map b IPF Map (ND) c IPF Map (TD) d IPF Map (RD)
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retention rate was promoted if the copper foil having remarkably different
surface roughnesses of the ‘‘matte side’’ and ‘‘shiny side’’ like the electrode-
posited copper foil for printed-wiring boards was used. The decrease in the
capacity retention rate could be suppressed if an electrodeposited copper foil
with both sides smooth and shiny was used.

The electrodeposited copper foil for lithium-ion batteries, ‘‘copper foil
smooth on both sides,’’ was developed based on the above finding.

(2) The ‘‘copper foil smooth on both sides’’ is manufactured using a copper-
sulfuric acid electrolyte to which 3-mercapto-1-propanesulfonic acid sodium
salt (MPS) or bis (3-sulfopropyl) disulfide disodium salt (SPS), a nitrogen-
containing organic leveler, and an organic polymer selected from high-
molecular weight polysaccharides are added.
The copper electrodeposition using the copper-sulfuric acid type electrolyte
containing such an organic compound was carried out by panel plating during
the early stage of the electrodeposited copper foil development. Moreover, a
similar type of organic additive is being used in the current copper damascene
electroplating process. However, this example is the first time that an elec-
trodeposited copper foil was manufactured using an DSE at a high current
density.

(3) The ‘‘copper foil smooth on both sides’’ has a tensile strength of about
650 MPa immediately after manufacturing. However, it gradually softens
during storage at room temperature, but becomes stable at the tensile strength
of about 320 MPa. The copper foil for commercially available lithium-ion
batteries is the one softened at room temperature and then its tensile strength
has been stabilized.

(4) An electrochemical analysis was done for each additive concerning its effect
on the deposition behavior of the electrolyte used in manufacturing the
‘‘copper foil smooth on both sides.’’ It is presumed that the leveler is com-
paratively weakly adsorbed on the electrode, and that the adsorption is carried
out under diffusion controlled conditions. Consequently, the place where the
amount of agitation is higher has a greater effect on suppressing the electro-
deposition of copper due to an increase in the adsorption frequency of the
leveler. Moreover, it is expected that the leveler is selectively adsorbed on the
convex part of the electrode compared to MPS, because of bigger molecular
weight compared to the MPS molecular weight of 178. We suggest a new
model in which the leveler physically coats the copper surface, and that the
current density of the copper electrodeposition at the adsorbed part is sup-
pressed in order to make the copper surface smooth.
Since MPS is comparatively strongly adsorbed on the electrode and has a

molecular weight of 178, it is presumed that MPS is adsorbed on the concave
part of the electrode where the adsorption frequency of the leveler is low and
to more of the microregions regardless of the convexoconcavity. It is con-
sidered that MPS contributes to forming a shiny microregion because MPS
promotes the electrodeposition of copper.
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(5) Though, the rolled copper foil was initially used as the lithium-ion battery
negative electrode collectors, a higher ratio of the ‘‘copper foil smooth on both
sides’’ is currently being used. The reason for this is that the ‘‘copper foil
smooth on both sides’’ excels in mechanical characteristics and in yield when
used in manufacturing batteries.

5.1 There is a feature in which the variation in the foil thickness of the
‘‘copper foil smooth on both sides’’ is lower than that of the rolled copper
foil. This difference in the variation of the copper foil thickness has a big
effect on the variation in the weight of the negative active material layers
when the negative active material is applied.

5.2 During the manufacturing process of negative electrodes, the negative
electrodes are heated to 100–150 �C for a few minutes to tens of minutes
when the coating of the active material is dried. There is little change in
the tensile strength and elongation on the ‘‘copper foil smooth on both
sides’’ even when it is heated to such a temperature. On the other hand, the
rolled copper foil recrystallizes at about 100–150 �C and becomes soft.
Such a difference in characteristics has a significant effect on the pro-
duction yield of negative electrodes. The ‘‘copper foil smooth on both
sides’’ has the feature that it produces few wrinkles due to the drying
temperature compared to the rolled copper foil when the active material is
applied to it and dried.
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Chapter 11
Through Hole Plating

Wei-Ping Dow

11.1 Introduction

Plated through hole (PTH) is an age-old process technology, especially in the
fabrication of printed circuit boards (PCBs). However, PTH is still employed
currently for advanced PCB fabrication. The main differences between the con-
ventional PTHs and the current PTHs are acceptable criteria of process and reli-
ability. For conventional PTH fabrication, a high throwing power is a basic
criterion. Multilayer PCBs with a high density of interconnection (HDI) are
common, and three-dimensional (3D) chip stacking packaging also employs
through-silicon holes (TSHs) as well as through-silicon vias (TSVs). Therefore,
the metallization process becomes more and more complex. For example, both
through-holes (THs) and microvias (i.e., blind vias) may exist together on the same
PCB and are simultaneously put in one plating bath for electroplating. As a result,
not only the throwing power of PTHs but also the filling performance of microvias
has to be taken into account. This is a big challenge because a low copper(II) ion
concentration combined with a high acid concentration usually is suitable for a
high throwing power of a PTH, but a high copper(II) ion concentration combined
with a low acid concentration usually is suitable for filling microvias.

When the THs and microvias are completely filled with copper, it is called
copper Damascene process that is carried out by electrodeposition. The copper
Damascene process can significantly improve the electrical performance and
reliability of PCBs. However, this process relies strongly on organic additives in
the copper plating bath, which can dominate the secondary current density dis-
tribution inside the TH and correspondingly change the deposited profile of copper
in the TH. For conformal deposition in a PTH, the mass transfer of copper(II) ion
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and the conductivity of the plating solution are key for enhancing the throwing
power of the PTH because the primary current density distribution determines the
major plating outcome [1, 2]. For the copper Damascene process, organic additives
play important and critical roles because they dominate the secondary current
density distribution, which sometimes leads to an unbelievable plating result if
someone only considers the effect of the primary current density distribution. For
example, the hole mouth is a ‘‘peak’’ area where current density distribution is
naturally concentrated based on the primary current distribution. On the other
hand, the primary current density at the center position of the TH is relatively low.
Accordingly, copper is preferentially deposited at the mouth rather than the center
of the hole. However, when organic additives are added to the plating solution, the
story is being changed. These organic additives can preferentially adsorb at the
hole mouth due to their specific functional groups, such that the primary current
density distribution does not dominate the copper deposition [1, 2]. Instead, copper
deposition is forced to occur in the TH in galvanostatic plating. At the same time,
if the coverage of the organic additive on the as-deposited copper surface is
potential-dependent, a copper deposition gradient will be generated along the TH.
Because the concentration of the organic additive is higher outside the TH than
inside the TH, copper will be preferentially deposited at the center position of the
TH rather than the mouth.

Copper Damascene process is not originally used for PCB fabrication [3–6] but
for semiconductor fabrication [7–9]. At that time, blind vias rather than THs were
completely filled with copper deposit. The bottom-up copper filling of blind vias is
also caused by the chemical interaction of specific organic additives, which causes
a specific secondary current density distribution to cause copper to be preferen-
tially deposited at the location where the original primary current density distri-
bution is low [10, 11]. Usually, three organic additives, a suppressor, an
accelerator, and a leveler, are necessary for excellent filling of blind vias. For TH
filling, however, a single organic additive is sufficient to achieve a complete filling
[12–14]. A copper plating solution that is suitable to carry out bottom-up filling of
a blind via and contains a single organic additive was merely proposed theoreti-
cally for explaining the mechanism of filling a blind via whose feature size falls
into the nanoscale [7, 15]. A practical copper plating solution that contains a single
organic additive for TH filling plating was not proposed until 2008 [12–14].
Practical TH filling by copper electroplating shows that the secondary current
density distribution controlled by the organic additive is more crucial than the
primary current density distribution.

In this section, two topics will be individually discussed according to their final
applications and reliability criteria. Although HDI process is popular because of
the requirement of smartphones, the conventional PTH with a high throwing power
is still a basic component in the advanced PCBs. In addition, thick PCBs employed
for Web communication stations also need PTHs with a very high aspect ratio.
Therefore, the first part in the section will be focused on the conformal plating of a
TH. The content of the first part will include some basic definitions of conformal
plating of PTHs, throwing power measurement methods and tools, and factors that
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influence throwing power. The second part in the section will be concentrated on
filling plating of THs. This is a novel plating technology but many new products
need the plating technology, such as HDI of PCB, connection of 3D chip stacking,
and heat dissipation substrate of 3D LED. In the second part, the necessity and
benefits of TH filling will be explained. How to evaluate the filling performance of
a TH and how many physical and chemical factors will influence the filling per-
formance of a TH will be discussed herein.

11.2 Conformal Plating of Through Holes

11.2.1 Definition and Criterion of Throwing Power of PTHs

For conventional PTHs of a PCB, a throwing power of 100 % is an ideal criterion.
The definition of throwing power is defined by Eq. (11.1) and illustrated in
Fig. 11.1.

According to the definition illustrated in Fig. 11.1a, the throwing power of a
copper plating solution is as follows:

Throwing power TPð Þ ¼ Hc=Hað Þ � 100 % ; ð11:1Þ

where Ha is the copper thickness plated on the board surface and Hc is the copper
thickness plated at the center position of the PTH. If the TP is equal to 100 %, it
means that the copper thickness plated at the center position equals that on the
board surface. However, the corner around the hole mouth is regarded as a ‘‘peak’’,
such that its local current density is always higher than anywhere else during
plating [16–25]. After electroplating, the local high current density results in

Fig. 11.1 Definition of throwing power on a PTH after copper electroplating. a Throwing power
is (Hc/Ha) 9 100 %, the uniformity inside the PTH is Hc/Hb 9 100 %, b Both the throwing
power and the uniformity are 100 %
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copper overhang, as illustrated in Fig. 11.1a. The top thickness of the copper
overhang is defined as Hb. Sometimes, the TP approaches 100 % but a copper
overhang still occurs, meaning that the uniformity inside the PTH is smaller than
100 %. A perfect PTH is illustrated in Fig. 11.1b, in which both TP and uniformity
are 100 %.

Uniformity inside a PTH ¼ Hc=Hbð Þ � 100 % ð11:2Þ

As to the aspect ratio of a PTH, it is usually defined as L/2R0. However, this
definition does not reflect practical difficulty in achieving uniform plating of PTHs.
Instead, the term, L2/R0, can reflect the difficulty in achieving uniform plating of
PTHs [16, 19, 25, 26].

11.2.2 Measurement Tools and Methods

Regarding the throwing power on a PTH, it can be estimated in advance using the
Hull cell, as illustrated in Fig. 11.2. The Hull cell is a miniature electroplating
tank. The cathode is angled with respect to the anode. As a result, when a voltage
is applied across the anode and cathode, the resulting current density varies along
the length of the cathode, being highest at the point where it is closest to the anode.

The corresponding current density distribution on the cathode is calculated
according to the applied current, as shown in Fig. 11.3. For example, when the
applied current is 2 A, the corresponding current density distribution varies from
80 A�ft-2 (ASF) (the left side) to 1 ASF (the right side) on the cathode. In this way,
one is able to assess the effect of varying current density by means of a single test
run.

At the highest current density, the deposit may be burned to form a dendritic
structure due to a limiting current. At the lowest current density, no deposition
may be observed. Figure 11.4 shows two cathode pictures after a Hull cell test

P/Cu Anode Brass Cathode

P/Cu Anode

Air bubble agitation

(a) (b)

Fig. 11.2 Pictures of a Hull Cell with a volume is 267 mL. The anode is a P-containing Cu plate
and the cathode is a brass plate. Air bubbles jet out at the cell bottom near the cathode for
agitation. a top view, b side view
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using two copper plating formulas. Figure 11.4a shows that the copper plating
formula composed of CuSO4, H2SO4, suppressor, accelerator, and leveler can
perform copper deposition from 80 ASF to 1 SAF. Slightly rough copper deposit
appears at the area A with a dark-brown color. Also, copper can be deposited at the
area B in a good coverage shown in Fig. 11.4a. On the other hand, rough copper
deposit is obtained at the area A by using formula II, composed of CuSO4, H2SO4,
and accelerator, as shown in Fig. 11.4b, no copper is deposited at the area B. This
indicates that formula I exhibits a higher throwing power than formula II if there is
no mass transfer limitation in the plating bath.

11.2.3 Physical Factors

Several physical factors, such as forced convection, electrolyte conductivity,
geometric shape, and so on [19, 25], must be considered in order to obtain a high

Fig. 11.3 The corresponding current density distribution from the left side (highest current
density) to the right side (lowest current density) on the brass cathode
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Fig. 11.4 Pictures of brass cathodes after copper plating at 2 A for 5 min using two copper
plating formulas in the Hull Cell. a Formula I, containing suppressor, accelerator, and leveler,
b Formula II, containing accelerator only
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throwing power within a PTH. One important physical factor that significantly
dominates the plating uniformity is the aspect ratio (AR, L/2R0) of the PTH, which
is defined in the Sect. 2.1. A high AR means the plating solution does not easily
pass through the PTH, which leads to a low metallic cation concentration and a
high ohmic resistance at the hole center [27]. Therefore, the throwing power of the
PTH is low. Regarding the physical factor, a simulation model was proposed to
obtain Eqs. (11.3) and (11.4) [25, 27].

IL; avg ¼
FDiCb

R0
1:15A1=3 � 1:2� 0:65A�1=3
� �

ð11:3Þ

Ic;X ¼ p2RTR0j
�
acFL2; ð11:4Þ

where A is R4
0qV2

0

�
2lDiL2f 2

b ; q is the electrolyte density in g/cm3; V0 is the
maximum PCB moving speed in cm/s; l is viscosity in g/cm�s; Di is diffusivity in
cm2/s; fb is the fraction of the plating bath cross-section not occupied by the PCB
area; and j is the electrolyte conductivity in mho/cm.

IL; avg is the average current density at the limiting mass transfer rate in mA/cm2.
Ic, X is the ohmic critical current density at the center of the PTH imposed by the
ohmic resistance. By comparing Eq. (11.3) with Eq. (11.4), both current densities
are functions of L2/R0. However, Ic, X is much more sensitive to the L2/R0 ratio,
meaning that Ic, X decreases more rapidly than IL; avg as the L2/R0 ratio of the PTH
becomes large. In other words, when the ohmic limitation takes place, its current
density value is still well below that at which mass transfer becomes a significant
limitation. Therefore, the ohmic rather than the mass transfer resistance imposes the
critical limitation on the current density at which a high AR PTH may be uniformly
plated.

Unless the plating process is entirely mass transfer controlled, increasing IL; avg

by strong agitation or jet impingement produces limited improvement in uniform
plating for a high AR PTH [18]. On the contrary, increasing Ic,X by increasing the
electrolyte conductivity (j) or by reducing the board thickness (L) can effectively
reduce the ohmic resistance inside the PTH.

At the same average plating current density, two dimensionless groups, rep-
resented by Eqs. (11.5) and (11.6), are useful for judging the final throwing power
after all plating parameters are given [18, 19].

Iffi ¼ 4FL2i

RTR0j
ð11:5Þ

n ¼ 4FL2i0

RTR0j
; ð11:6Þ

where i is the average plating current density in mA/cm2; i0 is the exchange current
density in mA/cm2. Equation (11.5) represents a dimensionless deposition rate;
Eq. (11.6) represents a dimensionless ratio of ohmic resistance to charge transfer
resistance. According to Eq. (11.5), a board with PTHs of 200 lm diameter and
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3 mm thickness will have more uniform copper deposited inside than a board of
holes 400 lm in diameter and 6 mm in thickness due to the smaller I* value for
the thinner board, although both have the same aspect ratio of 15. However, their
L2/R0 ratios are different, whereas the former is 9 cm, the latter is 18 cm. A higher
L2/R0 ratio leads to a higher I* and n, which causes lower uniformity inside the
PTH [18, 19]. This comparison also shows that the aspect ratio (i.e., L/2R0) cannot
reflect the difficulty in plating a uniform PTH but L2/R0 can do so. Also, increasing
the electrolyte conductivity (j) can decrease both I* and n, which will result in
high copper uniformity inside the PTH. In addition, decreasing i0 by adding an
organic additive also can decrease n, which can improve the plated copper uni-
formity of a PTH. However, this belongs to the effect of chemical factors.

11.2.4 Chemical Factors

The throwing power and uniformity of a PTH are not only influenced by physical
factors but also by chemical factors. Chemical factors mean plating additives. For
a high throwing power, an organic additive, namely a leveler, is significantly
effective. Those levelers which are able to enhance the throwing power of a PTH
have a specific functional group, namely quaternary ammonium cation. Five
typical levelers are illustrated in Fig. 11.5 [28]. Usually, one leveler molecule
bears one quaternary ammonium cation, such as JGB, DB, MV, and SO. However,
the leveler AB has four quaternary ammonium cations.

Since the leveler is an organic cation, it prefers to adsorb onto the cathode
during plating, especially at the area of high current density. They either physically
inhibit copper deposition at a peak position or electrochemically share the charge
for copper deposition at the peak position. Consequently, they exhibit a leveling
effect on copper deposition. The physical inhibition on copper deposition by a
leveler is caused by the selective adsorption of nitrogen cations at the peak
position. The electrochemical charge share is due to the electrochemical reduc-
ibility of these levelers [29, 30]. Both amine and quaternary ammonium cation are
electrochemical reducible. Therefore, when the leveler preferentially adsorbs at
the peak position, the local charges will be donated to the leveler rather than
copper ions. Hence, copper ions will be forced to deposit elsewhere, leading to a
leveling effect.

The reducibility of these levelers means that they are consumed during plating.
Therefore, a concentration gradient of a leveler will be established from the hole
mouth to the hole center. This is the root cause of enhancement in throwing power
as the leveler is added in the plating solution. Since the electrochemical reduction
reaction of the leveler is associated with the pH value of the plating solution [29,
30], and its adsorption is dependent of chloride ion concentration [31, 32], the
leveling mechanism is complex.
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11.3 Filling Plating of Through Holes

11.3.1 Necessity and Benefit

HDI of PCBs [33, 34] and 3Dchip stacking packaging [35–37] have become two of
the most important topics in the field of advanced electronic product fabrication.
To meet the interconnect requirements of high-frequency transmission applica-
tions, i.e., a low electrical resistance and low thermal resistance, THs designed for
PCBs and interposers have become necessary components. However, the tradi-
tional PTH process only metalizes the sidewalls of the THs, which cannot meet the
current reliability specifications. Instead, TH filling by copper electroplating has
been developed to meet the critical reliability requirement [38]. According to the

(a) JGB (b) DB

(b) MV (d) SO

(e) AB

Fig. 11.5 Molecular structures of various levelers. a Janus Green B (JGB); b Diazine Black
(DB); c Methylene violet 3RAX (MV); d Safranine O (SO); e Alcian blue (AB)
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definition of the throwing power of a PTH in Sect. 11.2.1, the throwing power of
the fully filled TH is larger than 100 %. Evidently, the deposited result does not
follow the primary current density distribution, because the current density dis-
tribution from the hole mouth to the hole center is reversed due to the addition of
an organic additive in the plating bath. The reversed current density distribution is
the secondary current density distribution [1, 2], which leads to the fastest copper
deposition occurring at the center position of the TH and results in a butterfly
shaped deposition profile of the filled TH cross-section at the early plating stage, as
shown in Fig. 11.6 [12]. Accordingly, the TH filling technology by copper elec-
troplating is called butterfly technology (BFT) [12–14, 39].

The root cause of the secondary current density distribution is the concentration
gradient of an organic additive. Usually, the plating formula is composed of a
single additive [12–14, 39]. The basic composition for filling TH is a high cop-
per(II) ion concentration and a low acid concentration, which is opposite to that for
the uniform plating of a PTH mentioned in the previous section. Basically, the
mass transfer of copper ions for the TH filling relies on diffusion and migration
rather than convection. Hence, once the forced convection is strong, conformal
deposition (i.e., a high throwing power) will be obtained [14]. Figure 11.6 also
shows that the butterfly shaped deposit profile is independent of the AR of the TH,
meaning that the filling electroplating is not sensitive to the ohmic resistance
inside the TH, as shown by Eqs. (11.4) and (11.6).

11.3.2 Evaluation Methods

The concentration gradient of the organic additive inside the TH is key for the
butterfly shaped deposition profile. Therefore, forced convection is an important
physical factor in control of the concentration gradient of the additive. Cyclic

Fig. 11.6 Cross sections of THs at early plating stage. a Hole diameter is 85 lm and hole depth
is 150 lm (AR = 1.76, L2/R0 = 0.53 mm); b Hole diameter is 60 lm and hole depth is 250 lm
(AR = 4.17, L2/R0 = 2.08 mm) [12]
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voltammetry (CV) [12] and galvanostatic measurements [13] on a rotating disk
electrode can be used to evaluate the filling performance. Commonly, the stronger
the forced convection, the lower the copper deposition rate will be, as shown in
Fig. 11.7 [12]. Figure 11.7 shows that copper electrodeposition is strongly
inhibited when the cathode potential is swept toward more negative potentials.
Once the cathodic potential returns and shifts toward a more positive potential, the
corresponding current density and peak current density of copper deposition is
dependent on the rotation speed of the working electrode.

The faster the rotation speed is, the higher the peak current density will be. This
indicates that the copper electrodeposition is mass transfer-limited. Hence, strong
forced convection is beneficial to the mass transfer of copper (II) ion onto the
cathode when the inhibitor has been electrochemically desorbed from the cathodic
surface. However, when the cathodic potential is more positive than -0.6 V, the
higher the rotating speed is, the smaller the current density will be. This means that
forced convection is beneficial for readsorption of the inhibitor if its adsorption is
potential-dependent. In fact, the practical current density for the TH filling is low,
so that the cathodic overpotential is relatively small. Therefore, copper will be
forced to be deposited at the place where forced convection is relatively weak.

Consequently, the slowest copper deposition rate will occur on the board sur-
face and the fastest copper deposition rate will take place at the center position of
the TH. Since the organic additive is electrochemically reducible, it will share the
charge provided at the hole mouth (i.e., the peak position). Therefore, a dog bone-
like deposition, as illustrated in Fig. 11.1a, does not happen. Instead, a thin copper
layer is obtained at the hole mouth, as shown in Fig. 11.6.

Fig. 11.7 Cyclic
voltammogram of Cu
deposition in plating bath that
contains no accelerator but an
inhibitor only. The plating
solution is composed of
0.88 M CuSO4, 0.18 M
H2SO4, 40 ppm NTBC, and
20 ppm Cl–. The temperature
of the plating solution is
maintained at 25 �C. The
scan rate is 1 mV/s. The
molecular structure of NTBC
is shown in Fig. 11.8 [12]
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11.3.3 Chemical Factors

Figure 11.8 shows two typical organic additives for the TH filling [12–14, 39].
Both molecules have two tetrazolium salts, which are electrochemically reducible
[40–43]. After the electrochemical reduction of tetrazolium salts in the presence of
acid, the nitrogen-carbon ring is opened and their electrochemical properties
change correspondingly [40–43].

NTBC has two nitro groups and TNBT has four nitro groups, which are also
electrochemically reducible to be hydroxyl amine or amine groups in the presence
of acid [41, 42, 44–47]. These hydroxyl amine and amine groups are good ligands
for adsorption onto copper surface. Therefore, when NTBC and TNBT are used as
copper plating additives, their inhibiting effect on copper electrodeposition is
dependent on pH value, cathodic potential, and chloride ion concentration.

The concentration gradient of these additives inside the TH is caused by the
overpotential gradient and by the electrochemical adsorption characteristics of
chloride ion. The overpotential gradient inside the TH determines the conversion
of the electrochemical reduction reaction along the TH. In addition, a high
cathodic overpotential is not beneficial for the transfer and adsorption of chloride
ions into the TH and onto the hole wall, especially at the center position of the TH.
Figure 11.9 shows that copper is preferentially deposited at the hole mouth in the
absence of NTBC. This result is in agreement with that of a common PTH. Since
chloride ion is the only additive, it facilitates copper deposition at the peak
position, resulting in a dog bone-like copper profile [48]. An extremely rough
copper deposit is produced by the accelerating effect of chloride ion [49].

When the copper plating solution only contains NTBC but no chloride ion, the
deposition behavior is significantly changed, as shown in Fig. 11.10. Copper is
preferentially deposited at the center position of the TSH rather than at the hole
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Fig. 11.8 Molecular
structures of
a Nitrotetrazolium Blue
chloride monohydrate
(NTBC), b Tetranitroblue
tetrazolium chloride (TNBT)
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mouth. Evidently, the copper deposited on the wafer surface and at the hole mouth
is very thin. This result implies that the copper deposition is not dominated by the
mass transfer of copper ion or the ohmic resistance of the plating solution. It is
dominated by the concentration gradient of NTBC under the plating condition.

When the current density is increased from 1.5 A�ft-2 to 3 A�ft-2, mass transfer of
copper ion will again be an issue, as shown in Fig. 11.11. The copper deposition rate
is higher than the mass transfer rate of copper ion, such that the position of the fastest
copper deposition moves from the hole center toward the hole mouth. However, little
copper is deposited at the peak position (i.e., hole mouth), meaning that
NTBC ? chloride ions can effectively inhibit copper deposition at the peak position.

When the current density is decreased to 1.5 A�ft-2, the TSH can be fully filled
by copper electroplating, as shown in Fig. 11.12. It is worthy to note that the
overburdened copper layer on the wafer surface is very thin, implying that copper
is preferentially deposited inside the TSH because there is a concentration gradient
of an inhibitor (NTBC ? Cl) from the outside surface of the TSH to the center of
the TSH during copper plating.

When the THs are completely filled with the copper deposit and are free of
voids, a metallization process and pattern design of a PCB can be accordingly
changed. For traditional PTHs, only the hole wall is metallized by copper elec-
troplating. The empty center is filled with a polymer or nonconducting material.
Therefore, a ring pad must be made around the TH opening, which is used as a

Fig. 11.9 Cross-sections of through-silicon holes (TSHs) after copper electroplating. The plating
solution is composed of 0.88 M CuSO4, 0.54 M H2SO4, and 20 ppm Cl-. The current density is
1.5 A�ft-2. The depth and diameter of the TSH are 380 and 50 lm, respectively [48]

Fig. 11.10 Cross-sections of through-silicon holes (TSHs) after copper electroplating. The
plating solution is composed of 0.88 M CuSO4, 0.54 M H2SO4, and 40 ppm NTBC. The current
density is 1.5 A�ft-2. The depth and diameter of the TSH are 380 and 50 lm, respectively [48]
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terminal of a conducting line. However, these ring pads occupy a lot of pattern
area; they do not meet the criterion of HDI. Alternatively, the pattern area can be
saved when the THs are fully filled by copper electroplating. After electroplating,
exposure, development, and etching processes, copper bumps are formed. These
copper bumps are usable as the terminals, so the ring pad design is unnecessary.
This is called a padless process [12].

In addition, if a microvia is stacked on the PTH, the empty center of the PTH
must be filled with a polymer or a nonconducting material to act as a supporting
material for the subsequent stacked microvia. Accordingly, the top surface of the
polymer or the nonconducting material that is filled in the TH must be metallized
again by copper electroplating. Obviously, the process is complex, and an adhesion
issue exists between the filling material and the plated copper layer. Alternatively,
if the THs are fully filled by copper electroplating, a process without pad design is
feasible. Besides, the entire conductivity of the patterns will be greatly enhanced
because the polymer-filled THs are replaced by the copper-filled THs [12].

Fig. 11.11 Cross-sections of through-silicon holes (TSHs) after copper electroplating. The
plating solution is composed of 0.88 M CuSO4, 0.54 M H2SO4, 20 ppm Cl-, and 40 ppm NTBC.
The current density is 3.0 A�ft-2. The depth and diameter of the TSH are 380 and 50 lm,
respectively [48]

Fig. 11.12 Cross-sections of through-silicon holes (TSHs) after copper electroplating. The
plating solution is composed of 0.88 M CuSO4, 0.54 M H2SO4, 20 ppm Cl-, and 40 ppm NTBC.
The current density is 1.5 A�ft-2. The depth and diameter of the TSH are 380 and 50 lm,
respectively [48]
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